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Abstract

Nisin A is the model system for lantibiotics. Since its discovery nearly 100 years ago, new
naturally occurring variants have been discovered. Nisin A is expressed as a pre-peptide and is
post-translationally modified. These modifications are performed by the modification enzymes
NisB, which is responsible for the dehydration of serine and threonine residues in the core
peptide; and the cyclase NisC, which forms the lanthionine rings via Michael-condensation.
These lanthionine rings are responsible for the stability and the antimicrobial activity of nisin
A. The modified pre-peptide is secreted via the ABC transporter NisT into the extracellular
space, where the protease NisP cleaves off the leader peptide from the core peptide. This results
in active nisin A, which is antimicrobial in nanomolar concentrations.

In this thesis, the stoichiometry of the modification complex was determined to be a dimer of
NisB and a monomer of NisC in complex with one molecule of nisin A. The visualization of
the assembled complex was done with small-angle X-ray scattering (SAXS). Furthermore, the
lanthionine ring E was found to be a trigger factor for the modification complex, inducing its
dissociation.

The next focus was to analyze the effect of the different nisin mutations on the secretion and
modification machinery. The purified nisin variants were cleaved with a purified soluble
version of NisP and the cleavage efficiency was determined.

The antimicrobial activity of all variants was tested and benchmarked against the immunity
system NisFEG and Nisl from Lactococcus lactis as well as the nisin resistance system NSR
and SaNsrFP from Streptococcus agalactiae. Here, it was shown that all nisin variants were
secreted and post-translationally modified. Only one variant, in which isoleucine at position
one was changed to a proline, was not cleaved by NisP. Furthermore, variants with an aromatic
residue at position one showed higher antimicrobial activity than other mutations. This even
holds true in comparison to the natural nisin H, with a phenylalanine at position one.
Intriguingly, the recognition of the variant Cysx9Pro by NSR was drastically reduced, resulting
in a bypass of this resistance protein. Furthermore, a variant in which an isoleucine and valine
were introduced after the hinge region was less recognized by all the tested immunity and

resistance proteins.



Zusammenfassung

Nisin A ist das Model Peptid fiir Lantibiotika. Seit seiner Entdeckung vor fast 100 Jahren
wurden viele Nisin Varianten identifiziert und untersucht. Nisin A wird als Pre-peptid
exprimiert und posttranslational modifiziert. Dies geschieht liber die Modifikationsenzyme
NisB, verantwortlich fiir die Dehydratisierung der Serin und Threonin Reste im Kernpeptide,
und der Zyklase NisC die mittels einer Michael-Addition die namensgebenden Lanthioninringe
ausbildet. Diese Lanthioninringe sorgen fiir eine hohe Stabilitdt und die antimikrobielle
Aktivitdt von Nisin A. Das modifizierte Pre-peptid wird mittels des ABC-Transporters NisT in
den extrazelluldren Raum sekretiert und dort von der Protease NisP in seine biologisch aktive
Form iberfiihrt, indem das Signal-peptid des Kernpeptids abgeschnitten wird. Das
resultierende Nisin A ist gegen bestimmte Bakterienstimme in nanomolare Konzentration
wirksam.

In dieser Arbeit wurde die Stochiometrie des Modifikationskomplexes von Nisin A untersucht
und eine Stochiometrie von einem NisB Dimer, zu einem Monomer NisC und einem Nisin A
Molekiill ermittelt. Ebenso konnte mittels Kleinwinkelstreuung (SAXS) der
Modifikationskomplex visualisiert werden. Weiterfithrend konnte der letzte Lanthioninring E
als Faktor identifiziert werden, der den Modifikationskomplex destabilisiert und somit seinen
Zerfall einleitet. Des Weiteren, wurden diverse Mutationsstudien von Nisin A und natiirlich
vorkommenden Nisin-varianten durchgefiihrt. Ziel war es dabei herauszufinden wie sich die
einzelnen Mutationen auf die Expression, den Modifikationsstatus der nisin varianten und auch
auf die Sekretion auswirken. Die aufgereinigten Varianten wurden dann mittels einer
gereinigten NisP Protease in ihre biologisch aktive form tiberfiihret. Die Auswirkungen auf die
Schneideeffizienz konnten ebenfalls bestimmt werden. Danach war ein wesentlicher Schritt die
Untersuchung der biologischen Aktivitdt auf das Immunitéts-System NisFEG und Nisl von
Lactococcus lactis, als auch auf das bekannte Resistenz-System NSR und SaNsrFP von
Streptococcus agalactiae. Es konnte gezeigt werden, dass alle genutzten Varianten sekretiert
und auch posttranslational modifiziert wurden. Eine Variation der Position eins im Kernpeptid,
an der ein Isoleucin gegen ein Prolin getauscht wurde, konnte von NisP jedoch nicht mehr
geschnitten werden. Es konnte gezeigt werden, dass Mutationen der Position eins im
Kernpeptid einen grolen Effekt auf die antimikrobielle Aktivitdt hatten. Insbesondere
aromatische Aminosiuren konnten die Aktivitit von Nisin A steigern, was ebenfalls mit dem

natiirlich vorkommenden Nisin H validiert werden konnte, da hier bereits ein Phenylalanin an



Position eins vorliegt. Im Rahmen der Untersuchungen konnte ebenfalls gezeigt werden, dass
die Nisin variante CysoPro von NSR nicht mehr effektiv erkannt wird und somit den
Resistenzmechanismus aufler Kraft setzten kann. Ebenso zeigte eine Mutante in der Isoleucin
und Valin hinter der hinge-Region eingefiigt wurden, eine verminderte Erkennung durch alle

getesteten Immunitéts- oder Resistenz-Proteine.
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1 Introduction

1.1 Antibiotics

Bacterial infections are responsible for millions of deaths in the history of mankind and there
was no effective treatment for it before the 20™ century. In 1928, Alexander Flemming
discovered the first antimicrobial substance and named it penicillin (Fleming, 1929). This
started a revolution as the treatment of infections was now possible and eventually lead to the
discovery of more antimicrobial substances in the following years (Powers, 2004; van Hoek et
al., 2011). Antibiotics can be classified based on their mode of action and their different targets,
including bacterial cellular enzymes, bacterial cellular metabolism, nucleic acids, ribosomes
and the cell wall/membrane, respectivly (Bbosa et al., 2014).

One group of antibiotics, which has become more prominent are antimicrobial peptides (AMP)
(Bahar & Ren, 2013; Hancock & Lehrer, 1998; Malmsten, 2014). Based on the synthesis of
these AMPs, they are grouped into two superfamilies; the ribosomally synthesized and post-
translationally modified peptides (RiPPs) and the non-ribosomally synthesized peptides
(NRPs) (Arnison et al., 2013; MclIntosh et al., 2009; Montalban-Lopez et al., 2021; Rodnina et
al., 2007; Schwarzer et al., 2003; Strieker et al., 2010).

As the name suggest, the biosynthesis of NRPs is not based on a mRNA template. It has the
advantage of implementing non-proteinogenic amino acids such as ornithine, or the use of fatty
acids (MclIntosh et al., 2009). One famous member of the NRP family is the antibiotic
vancomycin, discovered in 1950 (van Wageningen et al., 1998).

In contrast, RiPPs depend on mRNA templates and thereby, uses proteinogenic amino acids.
To extend the spectra of diversity, RiPPs also share the feature of post-translational
modifications (PTM) of amino acids (Arnison et al., 2013; Montalban-Lopez et al., 2021).
RiPPs are synthesized by the ribosome as a precursor peptide. This precursor peptide can be
divided in an N-terminal leader peptide and a C-terminal core peptide (Arnison et al., 2013;
Montalban-Lopez et al.,, 2021). The leader peptide serves as recognition motif for the
modification enzymes as well as the transporting protein and keeps the peptide in an inactive
state within the cell (Abts et al., 2013; Burkhart et al., 2015; Burkhart et al., 2017; Furgerson
Ihnken et al., 2008; Mavaro et al., 2011; Oman & van der Donk, 2010; Patton et al., 2008; Plat
et al., 2013; Rink et al., 2005; Trabi et al., 2009; van der Meer et al., 1994). Furthermore, the

PTM modifications only occur in the core peptide and not in the leader peptide (Arnison et al.,
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2013; Plat et al., 2013). One frequently observed PTM is the formation of (methyl-) lanthionine
rings, which are a characteristic feature of the new superfamily of lanthipeptides (Figure 1).
Within this new superfamily, lanthipeptides with antimicrobial activity are called lantibiotic
(lanthionine-containing antibiotic) (Ingram, 1969; Kellner et al., 1988; Knerr & van der Donk,
2012; Newton et al., 1953; Schnell et al., 1988; Xie & van der Donk, 2004).

1.1.1 Lantibiotics

Lantibiotics are promising candidates for treatment of pathogenic strains (Dischinger et al.,
2014) and are mainly produced by Gram-positive bacteria (Klaenhammer, 1993; Sahl &
Bierbaum, 1998). A huge number (>50) of lantibiotics have been already identified. Due to
advancements in the computational field, new tools like BAGEL4 (van Heel et al., 2018),
RiPPMiner (Agrawal et al., 2017) and antiSMASH (Blin et al., 2017), can identify new
members of the lantibiotic family and thereby, increase this number (Tracanna et al., 2017).
Today, the highly resistant strains like methicillin-resistant Staphylococcus aureus (MRSA) or
vancomycin-resistant enterococci (VRE) have become a common source of hospital infections.
Lantibiotics could counteract on such pathogenic and resistant bacteria, they are highly
efficient against these strains and pre-clinical trials are already in progress for the same (Brunati
et al., 2018; Crowther et al., 2013; Dawson & Scott, 2012; Dischinger et al., 2014; Jabes et al.,
2011; Mota-Meira et al., 2000; Ongey et al., 2017; Sandiford, 2019).

Lantibiotics are synthesized as a precursor peptide with a size of 30-60 amino acids. After the
release of the precursor peptide from the ribosome, several modification enzymes are involved
in maturation of the precursor peptide to become biologically active. One feature of maturation
is PTMs and these modifications take place in the core peptide only (Arnison et al., 2013; Plat
et al., 2013; Schnell et al., 1988). The leader peptide is responsible for the recognition of the
modification enzymes and maintain the peptide in an inactive state prior to its translocation
(Abts et al., 2013; Khusainov & Kuipers, 2012; Kuipers et al., 2004; Kuipers et al., 1993;
Mavaro et al., 2011; Plat et al., 2013; van der Meer et al., 1994). The leader peptide is cleaved
off before or after the secretion across the membrane via an ABC transporter (Nishie et al.,
2011; Ortega et al., 2014; van der Meer et al., 1993; van der Meer et al., 1994).

Usually, PTMs occur in two step, in the first step, serine and threonine residues within the core
peptide are dehydrated to 2,3-di-dehydroalanine (Dha from serine) and 2,3-didehydrobutyrine
(Dhb from threonine) (Figure 1, PTM 1) (Gross & Morell, 1967, 1971; Gross et al., 1969;

-11-



Newton et al., 1953). During the second step, these dehydrated amino acids (Dhb and Dha)
form (methyl-) lanthionine rings with a cysteine residue in a Michael-type condensation
reaction (Figure 1, PTM 2) (Barber et al., 1988; Gross & Morell, 1967, 1971; Gross et al.,
1969). These (methyl-) lanthionine rings are responsible for the high thermostability,
antimicrobial activity and resistance of a lantibiotics against proteolytic digestions (Chan et al.,

1996; Gross & Morell, 1967; Lu et al., 2010; Oppedijk et al., 2016).

PTM 1

. . ehydration | 5
”‘1{ ,,Eu\xn/ ,Eu\xn/ ,f‘\jr‘ o ~|_‘1< ,‘/Hkxn/ [&Xn/ ,fkﬁ_‘f
R"OSOH R COH SH R R s
H
R =H, Me

addition PTM 2

PTM 2

R protonation

4
4

R (o)
| e
A
H (0]
DL-Lan (R = H)
DL-Melan (R = Me)

Figure 1: PTM reactions in common lanthipeptides. The first modification (PTM 1) is the dehydration of the
serine and threonine residues within the core peptide via a dehydratase. The second step (PTM 2) is the cyclisation
of the dehydrated amino acids Dha and Dhb via a Michael-type condensation with a cysteine residue, catalyzed
by a cyclase resulting in (methyl-) lanthionine ring formation. The acronym X, stands for n-quantity amino acids.
Based and modified from (Lagedroste et al., 2020; Repka et al., 2017)

1.1.2 Different lanthipeptide classes

Originally, bacteriocins were subdivided into four classes based on their structural diversity
and properties (Chatterjee et al., 2005; Heng & Tagg, 2006; Jung, 1991; Klaenhammer, 1993;
McAuliffe et al., 2001; Sahl & Bierbaum, 1998). This classification also included antimicrobial
peptides without (methyl-) lanthionine rings and was not specific for lantibiotics. Thus, a new
classification system was established in 2013 (see Figure 2) (Knerr & van der Donk, 2012;

Willey & van der Donk, 2007). The new classification is based on the modification enzymes
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which are involved in the maturation of the lantibiotics (Knerr & van der Donk, 2012; Lee &

van der Donk, 2022; Pei et al., 2022; Willey & van der Donk, 2007; Xu et al., 2020).

Zinc ligands

Class | Dehydratase LanB CyclaseI ” LanC

ciess 1 (R —— cvios | || Law
Class Il Lyase —“— Cyclase ‘LanKC
Class IV Lyase —m——Cyclase | ” LanL

Class V Lyase LanY LanK Cyclase

Figure 2: Classification of the different Lanthipeptides. Organization of the enzymes involved for the PTM
installation in lanthipeptides from classes I — V. In class I lantibiotics the dehydration of the Ser/Thr residues is
done via glutamylation followed by an elimination reaction. The other classes use a NDP-dependent
phosphorylation reaction for the dehydration of the Ser/Thr residues instead of a glutamylation reaction. The
following cyclisation reaction is catalyzed via a zinc dependent or independent cyclase (zinc ligands are indicated
as dark lines). Taken and modified from (Pei et al., 2022).

The first major difference between the classes is the organization of the involved modification
enzymes. class I lantibiotics were modified by two discrete enzymes (e.g. LanB and LanC) for
the dehydration and the cyclase reaction, respectively. However, these steps are done in classes
II-1V lantibiotics via multifunctional single enzymes (LanM, LanKC, and LanL), catalyzing
the dehydration via a dehydratase in class II; and lyase and kinases in class III-V, followed via
a cyclase reaction from a zinc dependent or independent cyclase (Figure 2) (Arnison et al.,
2013; Chatterjee et al., 2005; Knerr & van der Donk, 2012; Koponen et al., 2002; Lee & van
der Donk, 2022; Okeley et al., 2003; Ortega et al., 2016; Ortega et al., 2015; Pei et al., 2022;
Repka et al., 2017; Zhang et al., 2012). The second major difference between the classes is the
dehydration process itself. In class I lantibiotics, the dehydration of the Ser/Thr residues is done
via glutamylation followed by an elimination reaction. This step is catalyzed via a glutamyl-
tRNA-dependent LanB dehydratase. The other classes use a NDP-dependent phosphorylation
reaction for the dehydration of the Ser/Thr residues instead of a glutamylation (Arnison et al.,
2013; Chatterjee et al., 2005; Goto et al., 2010; Knerr & van der Donk, 2012; Lee & van der
Donk, 2022; Ortega et al., 2016; Ortega et al., 2015; Pei et al., 2022; Repka et al., 2017; Willey
& van der Donk, 2007; Zhang et al., 2012). The newly discovered class V lantibiotics differ
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from other previously known classes as they combine the usage of the phosphorylation reaction
from the classes II-IV, but with separate enzymes like class I (Figure 2) (Lee & van der Donk,
2022; Pei et al., 2022).

1.2 Nisin and its variants

Nearly one century ago, nisin A from Lactococcus lactis was discovered as the first natural
nisin variant (Rogers, 1928; Rogers & Whittier, 1928) and belongs to the class I family of
lantibiotics. With the increased need of highly active antimicrobial peptides, other natural nisin
variants were also found and so far, nine natural variants of nisin are known (Figure 3). Nisin
Z was discovered from Lactococcus lactis NIZO 221 86 strain in 1991, almost 60 years after
the discovery of nisin A (Mulders et al., 1991). Due to advanced data-mining tools, the other
nisin variants were found in a shorter time span. Nisin Q from Lactococcus lactis 61-14 in 2003
(Zendo et al., 2003), nisin U and U2 from Streptococcus uberis 42 and D536, respectively, in
2006 (Wirawan et al., 2006), nisin F from Lactococcus lactis F10 in 2008 (de Kwaadsteniet et
al., 2008), nisin P from Streptococcus gallolyticus subsp. Pasteurianus in 2012 (Wu et al.,
2014; Zhang et al., 2012), nisin H from Streptococcus hyointestinalis DPC 6484 in 2015
(O'Connor et al., 2015), nisin O1 to O4 from Blautia obeum A2-162 in 2017 (Hatziioanou et
al., 2017) and nisin J from Staphylococcus capitis APC 2923 in 2020 (O'Sullivan et al., 2020).
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Figure 3: Natural nisin variants. Sequence alignment of the natural nisin variants: nisin Oj.4, nisin P, nisin U
and U2, nisin J, nisin H, nisin Q, nisin F, nisin A and nisin Z. Alignment was performed with Clustal Omega and
the figure was created with Jalview 2.11.0 using the Taylor colour code (Sievers et al., 2011; Taylor, 1997;
Waterhouse et al., 2009)

All natural nisin variants contain the characteristic five Cys residues and thereby have the

ability to form five (methyl-) lanthionine rings (Figure 3, yellow highlighted Cys residues).
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Compared to nisin A, several variations in the amino acid sequence were found in the other
natural variants. With just a single change in position 27, in which His is changed to Asn, nisin
Z in the most identical natural variant (Mulders et al., 1991). In addition to the His2;Asn
exchanged (also found in nisin Z), nisin F also has an Ile3pVal variation in the core peptide (de
Kwaadsteniet et al., 2008). These variations are in the C-terminal part of the core peptide. The
other natural nisin variants vary in the amino acid sequence spanning the whole core peptide.
Nisin Q, for example, shares the same Hisy7Asn and Ile3pVal modification as mentioned before,
but has additional Ala;sVal and Metz1Leu substitutions (Zendo et al., 2003). Compared to nisin
A, nisin H has substitutions in five positions (Ile;Phe, LeusMet, GlyisThr, Met1Gln and
His31 Tyr) (O'Connor et al., 2015). In addition to the diversity in the amino acid sequence of the
core peptide, the other natural nisin variants (O1.4, U, U2, P and J) also differ in the length of
the core peptide. Nisin U, U2, and P are 31 amino acids in length, nisin O1.3 33 consists of
amino acids, Os4 32 comprises of amino acids, whereas nisin J is the longest variant with 35
amino acids (Figure 3) (Hatziioanou et al., 2017; O'Sullivan et al., 2020; Wirawan et al., 2006;
Wu et al., 2014; Zhang et al., 2012).

1.3 The nisin operon

The nisin operon of the class I lantibiotic nisin A (visualized in Figure 4) from L. lactis contains
eleven genes which have different function: regulation (nisR, nisK), synthesis (nis4), PTM
(nisB, nisC), transport (nisT), cleavage (nisP), as well as the self-immunity system (nis/ and
nisFEG) (Buchman et al., 1988; Kuipers et al., 1993; Qiao et al., 1996; van der Meer et al.,
1993). The two-component system comprising of NisR (respone regulator) and NisK (histidine
kinase) is responsible for quorum sensing of nisin and induces the expression of all genes of

the nisin A operon (de Ruyter et al., 1996; Kuipers et al., 1995).
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Figure 4: The nisin operon. The nisin operon consists of 11 genes. The lantibiotic nis4 (grey), the modification
enzymes nisB (blue) and nisC (yellow). The transporter nisT (black) and the protease nisP (green). The immunity
genes nis/ (red) and nisFEG (orange) and the regulation genes nisR (cyan) and nisK (light blue). Black arrows
indicate promotors.
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1.3.1 Nisin A

Nisin A is the best studied model of the class I lantibiotics. It is produced by L. lactis strains
and was discovered in 1928 (Rogers, 1928; Rogers & Whittier, 1928). Nisin A is used in food
industry since 1953 and received the status as ‘generally recognized as safe’ (GRAS) from the
Food and Drug Administration (FDA) in 1988 (Delves-Broughton et al., 1996). As a class I
lantibiotic, the PTMs (dehydration and (methyl-) lanthionine rings A-E) are installed via two
modification enzymes, NisB (dehydratase) and NisC (cyclase), respectively (Koponen et al.,
2002). The serine at position 29 is not dehydrated like the other Ser/Thr residues, due to steric
hindrance of the (methyl-) lanthionine rings D and E (Figure 5, lower part) (Lubelski et al.,
2009). The transport across the membrane is done via the ABC transporter NisT and the leader
is cleaved off via the protease NisP (Kuipers et al., 2004; van der Meer et al., 1993). Nisin A
has a 23 amino acid long leader peptide fused to a 34 amino acid long core peptide (Kaletta &
Entian, 1989). The leader peptide (Figure 5, upper part) contains a conserved motif, the FNLD-
box, which is responsible for the recognition of the modification enzymes NisB and NisC (Abts
et al., 2013; Khusainov et al., 2013; Mavaro et al., 2011; Plat et al., 2011). The structure of
nisin A was solved via NMR spectroscopy in 1991 (Van de Ven et al., 1991).

20 -15 -10 5 -1
teader peptide (M(SXDO@LHM LY LOEWEEEESE@BEE®)

Core peptide

Ceaser D

N-terminus hinge C-terminus

Figure 5: Nisin A with all PTMs installed. The nisin A leader peptide is shown in the upper part. The recognition
motif -FLND-box for the modification enzymes is highlighted. In the lower part the core peptide with the attached
leader peptide is shown. The (methyl-) lanthionine rings A-E are highlighted in red and orange and the dehydrated
amino acids (Dha, Dhb), as well as the cysteine residues are highlighted in yellow and orange, respectively. The
serine at position 29 is not dehydrated like the other Ser/Thr residues, due to steric hindrance of the (methyl-)
lanthionine rings D and E. Taken and modified from (Mavaro et al., 2011).

The core peptide of nisin A is composed of three different parts. The N-terminal part with the
(methyl-) lanthionine rings A, B and C, is responsible for the binding of nisin A to the cell wall
precursor lipid II (Figure 6, a-b) (Hsu et al., 2004). A flexible hinge region in between provides
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flexibility to the C-terminal part to reorient and insert into the membrane. It forms a stable pore
with rings D and E comprising of eight nisin and four lipid Il molecules which leads to leakage
of cell contents and eventually to cell death (Figure 6, c-d) (AlKhatib et al., 2014a; Hasper et
al., 2004; Medeiros-Silva et al., 2018; van Heusden et al., 2002; Wiedemann et al., 2004). This
dual mode of action (binding and thereby, blocking lipid II and pore formation) are the reason
behind the nanomolar range antimicrobial activity of lantibiotics (Abts et al., 2011; Chan et al.,

1996; Gross & Morell, 1967; Oppedijk et al., 2016).
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Figure 6: Pore-formation mechanism of nisin. (a) Nisin from the extracellular space reaches the bacterial
plasma membrane. (b) Nisin binds to Lipid II via the (methyl-) lanthionine rings A, B. (¢) After the binding to
Lipid II, the C-terminal part of nisin is inserted into the membrane. (d) The pore forming complex consists of
eight nisin and four Lipid II molecules, leading to cell death. Taken from (Breukink & de Kruijft, 2006)

1.3.2 NisB

NisB is the dehydratase of the nisin modification machinery (Koponen et al., 2002). The gene
of the dehydratase, nisB was identified in the 1992, but due to experimental challenges, the
mechanistic aspects of the dehydration reaction remained unclear (Engelke et al., 1992).
Sequence analysis, in which an amphipathic a-helix was identified lead to the expectation that
NisB is membrane associated (Engelke et al., 1992). Deletion mutations of NisB on a plasmid-
based expression system, resulted in an unmodified nisin A precursor peptide, indicating the
function of NisB within dehydration reaction (Karakas Sen et al., 1999; Koponen et al., 2002;
van den Berg van Saparoea et al., 2008). By 2011, it was possible to purify NisB in high and
stable amounts and analysis of the oligomeric state via multi-angle-light scattering (MALS)
showed that NisB is a dimer in solution (Mavaro et al., 2011). Substrate binding studies via

Surface Plasmon Resonance (SPR) with NisB and different nisin A precursor variants were

17-



conducted and an affinity in the micromolar range could be determined (Mavaro et al., 2011).
The mechanism of the dehydration process and the involved components were solved nearly
20 years after the identification of the gene, revealing that the dehydration process uses a
glutamylation step followed by an elimination step (Garg et al., 2013; Ortega et al., 2015). For
the dehydration reaction, NisB utilizes glutamyl-tRNASY to transfer the glutamyl-group onto
the hydroxyl group of a Ser or Thr side chain, followed by a B-elimination to convert these
residues in Dha or Dhb, respectively (Ortega et al., 2015).The structure of NisB dimer was
solved in 2015 (shown in Figure 7) and showed that these steps are organized in separate
domains, the N-terminal for glutamylation domain (Figure 7, cyan and blue domains) and the
C-terminal for elimination domain (Figure 7, orange and light orange domains) (Ortega et al.,

2015).

Figure 7: Crystal structure of dimeric NisB (PDB ID: 4WD9). The glutamylation domain of the first protomer
is highlighted in cyan and the elimination domain in light orange. The corresponding protomer is highlighted in
blue (glutamylation domain) and orange (elimination domain). The visible part of the leader peptide of nisin A is
shown in a ball-and-stick representation. Taken and modified from (Lagedroste et al., 2020) and created with
PyMOL 2.5 (Schrodinger, 2022).

Mutation analysis identified several critical amino acid residues in these domains (Garg et al.,
2013; Khusainov et al., 2015; Ortega et al., 2015; Repka et al., 2017; Rink et al., 2005). Within
the glutamylation domain, residues Argis, Tyr so Argss, Arggz, Thrso, Aspi21, Asp29o, and Argass
are important and in the elimination domain Argrss, Argsss, and Hisos1 result in poly-

glutamylated products (Garg et al., 2013; Khusainov et al., 2015; Ortega et al., 2015; Repka et
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al., 2017; Rink et al., 2005). Also, mutations within the leader, especially in the -FNLD- which
is responsible for the recognition, drastically influences the dehydration process (Khusainov et

al., 2013; Khusainov et al., 2015; Mavaro et al., 2011; Plat et al., 2011; Plat et al., 2013).

1.3.3 NisC

NisC is a zinc ion-dependent cyclase of the nisin modification machinery, guiding the (methyl-
) lanthionine ring formation (Koponen et al., 2002; Li et al., 2006; Okeley et al., 2003). Its
structure was solved in 2006 and revealed two domains: an o-toroid core and a SH2-like
domain (Figure 8) (Li et al., 2006). Within the a-toroid core, a zinc ion is coordinating in a
tetrahedral orientation via three important residues, Hiss3i, Cys3zo and Cyszg4 and a water
molecule (Li et al., 2006). The residues His212 and Argaso support the correct (methyl-)
lanthionine ring formation (Figure 8) (Li & van der Donk, 2007).

Figure 8: Crystal structure of NisC (PDB ID: 2G0D). On the left side, the overall structure of NisC is shown.
The a-toroid core is shown in green, the SH2-like domain in cyan and the zinc ion as grey sphere. On the right
side is a zoom-in of the active center. The important residues for the zinc coordination (Hiss31, Cyss3o and Cysasa)
and for function (Hiszi» and Argsso) are shown in ball-and stick representation. Taken from (Lagedroste et al.,
2020) and created with PyMOL 2.5 (Schrodinger, 2022).

The (methyl-) lanthionine ring formation can occur spontaneous at high pH values (>7.5) in an
uncontrolled way, resulting in erroneous stereochemistry or ring topology (Burrage et al., 2000;
Okeley et al., 2000). NisC catalyses this reaction in a regio- and stereo-specific manner
(Koponen et al., 2002; Okeley et al., 2003). The zinc ion in the active center reduces the pKa

value of the sulphur atom of a cysteine residue and the resulting deprotonated thiolate attacks
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a Dha or Dhb residue via Michael condensation and forms a (methyl-) lanthionine ring (Okeley
et al., 2003). An affinity of ~2 uM for nisin A precursor was determined via Isothermal
Titration Calorimetry (ITC) experiments (Abts et al., 2013). Although the function of the SH2
domain is still unclear, an interaction with the substrate is postulated but so far, no experimental

evidence supports this hypothesis (Bradshaw & Waksman, 2002; Li et al., 2006).

1.3.4 NisT

NisT is an ABC transporter, responsible for the export of nisin A precursor peptide (Qiao &
Saris, 1996; Ra et al., 1999). NisT is a half size transporter, containing a transmembrane domain
(TMD) with six transmembrane helixes (TMH) and a nucleotide binding domain (NBD) and
is functional as a dimer (Figure 9) (Siegers et al., 1996).
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Figure 9: Homology model of the ABC transporter NisT. The TMDs are colored in green and dark green while
the NBDs are in red and dark red for each protomer. The different conformations: inward-facing (left), occluded
(middle) and outward-facing (right) are shown. Created with PyMOL 2.5 (Schrodinger, 2022), based on
conformation homology models of Tm287 (PDB ID: 3QF4), McjD (PDB ID: 5EG1) and Sav1866 (PDB ID:
20N]J). NisT model was created using AlphaFold2 (Jumper et al., 2021).

It was shown that NisT is able to transport the precursor peptide independent of the
modification state of the core peptide, but in the presence of NisB and NisC, no transport of
partly modified precursor peptides was observed (Kuipers et al., 2004). This core peptide
independent transport even holds true if the core peptide is completely substituted against a
non-lantibiotic core, like angiotensin, which makes NisT interesting for the secretion of

different types of proteins, as long as they contain the nisin A leader peptide (Kluskens et al.,
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2009; Kuipers et al., 2004; Rink et al., 2005). Nevertheless, the translocation efficiency for
nisin A precursor is dependent on the presence of the modification enzymes NisB and NisC.
Without both modification enzymes the secretion drops to ~2 %, while when only NisC is
absent, the secretion is 30 %. This leads to the conclusion that NisB and NisC have a channeling
function for NisT and they act as a multimeric lanthionine synthetase complex, such as SpaBTC
(Kiesau et al., 1997; Lubelski et al., 2009; Siegers et al., 1996; van den Berg van Saparoea et
al., 2008). The structure of NisT as well as the entire multimeric lanthionine synthetase

complex is lacking, which is required to shed some light on the interplay of these enzymes.

1.3.5 NisP

NisP is a serine protease, responsible for the cleavage of the nisin A precursor peptide, yielding
mature and biologically active nisin A. It belongs to the subtilisin-like proteases (Rawlings &
Barrett, 1993; van der Meer et al., 1993) and is ribosomally synthesized as a pro-protein with
an N-terminal signal sequence for the Sec-dependent translocation (Schneewind & Missiakas,
2014; van der Meer et al., 1993). After secretion, NisP processes an auto cleavage reaction to
remove the pro-sequences, thereby, becoming a functional protease (Siezen et al., 1995; van
der Meer et al., 1993).

Additionally, NisP contains a -LPxTG-motif at the C-terminus, which is recognized by a
sortase A and anchors NisP in the cell wall via lipidation of Thress (Dieye et al., 2010;
Schneewind et al., 1995; Schneewind & Missiakas, 2014; van der Meer et al., 1993).

The structure of NisP was solved in 2014 (Figure 10) and consist of 16 B-sheets and 11 a-
helixes (Xu et al., 2014). The catalytic triad with Aspzse, Hiszos and Sersi> which are located
on B-sheet 1 and a-helixes 3 and 9, respectively (Xu et al., 2014). NisP cleaves off the leader
peptide from the nisin A core peptide after the sequence -GASPR- and releases biologically
active nisin A, which constitutes the last step of the nisin A maturation pathway (Figure 10)
(van der Meer et al., 1993). Initial experiments stated that the cleavage of the nisin A precursor
is dependent on at least one (methyl-) lanthionine ring, but recent experiments showed that
although NisP is independent but its catalytic activity is dependent on the modification state
(Kuipers et al., 2004; Lagedroste et al., 2017; Montalban-Lopez et al., 2018; Plat et al., 2011,
van der Meer et al., 1993).
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Figure 10: The protease NisP (PDB ID: 4MZD). On the left side, the protease NisP is shown after the auto
cleavage reaction. The anchor for its binding to the peptidoglycan is shown in red, the residues from the active
center (Sersi2, Hissos and Aspaso) are highlighted in orange. On the right side, the cleavage reaction from the
precursor peptide nisin A to the mature and biologically active nisin A is shown. The (methyl-) lanthionine rings
A-E are highlighted in red and orange and the dehydrated amino acids (Dha, Dhb), as well as the cysteine residues
are highlighted in yellow and orange. Created with PyMOL 2.5 (Schrodinger, 2022).

1.4 Nisin immunity system

Nisin producer strains need a system to survive against the antimicrobial activity of their self-
produced lantibiotic. This so-called immunity system contains the lipoprotein Nisl and the
ABC transporter NisFEG, both located in the nisin operon and under control of the two-
component system NisRK (de Ruyter et al., 1996; Engelke et al., 1994; Kuipers et al., 1993;
Siegers & Entian, 1995). Both proteins work in a cooperative manner to provide full immunity

(Raetal., 1999; Takala et al., 2004; Takala & Saris, 20006).

1.4.1 Nisl

Nisl is a lipoprotein anchored in the membrane and act as the first line of defense against nisin.
The structure was solved in 2015, consists of two domains which are structurally similar to
each other but differ in their surface charge (Figure 11) (Hacker et al., 2015). The positively
charged N-terminal domain contains a signal sequence with a sequence motif which is
responsible for membrane anchoring (16-GLSGCY-21) where Cysxo is linked to a
diacylglycerol in the membrane (Hacker et al., 2015; Jeong & Ha, 2018; Qiao et al., 1995;
Takala et al., 2004). The highly negative charged C-terminal domain is important for the
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binding of nisin and modulates the membrane affinity of the N-terminal domains, as shown by
various studies (AlKhatib et al., 2014a; Hacker et al., 2015; Jeong & Ha, 2018; Takala & Saris,
2006). The two domains are connected via a linker which gives the domains a high flexibility
as shown in SAXS experiments (Hacker et al., 2015). The evaluated Kp values from NMR
titration experiments of the nisin binding to Nisl shows an affinity in the micromolar range,
which is surprisingly high because nisin is active in the nanomolar range (Hacker et al., 2015;
Takala et al., 2004). This suggests that the mode of action from Nisl is more complex than just
simply binding to nisin. Later studies concluded that in the presence of nisin, the expression of
Nisl changes the morphology of L. lactis cells. The cells cluster in long chains of up to 30 cells,
thereby reducing the available surface for the nisin interaction (AlKhatib et al., 2014a). Thus,
Nisl exhibits immunity against nisin through two functions: first is its binding to nisin, thereby
protecting the nisin producing bacteria and secondly by clustering the cells. Furthermore, Nisl
doesn’t modify or degrade nisin (AlKhatib et al., 2014a; Geiger et al., 2019; Koponen et al.,
2004; Qiao et al., 1995; Ra et al., 1999; Stein et al., 2003; Takala et al., 2004).
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Figure 11: The lipoprotein Nisl (PDB ID:5XHB). The N-terminal domain is shown in orange with the
membrane anchor in red. The C-terminal domain, responsible for the binding of nisin is shown in blue. Created
with PyMOL 2.5 (Schrodinger, 2022).

1.4.2 NisFEG

The ABC transporter NisFEG is the second line of defense against nisin (Stein et al., 2003).
The functional transporter contains two different transmembrane domains, NisE and NisG and
two copies of the NBD called NisF, with a stoichiometry of NisF2EG (see Figure 12) (Siegers

& Entian, 1995). NisE and NisG, functional as a heterodimer, are responsible for the nisin
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binding and for the export out of the membrane and powered by NisF (AlKhatib et al., 2014b;
Okuda et al., 2010; Stein et al., 2003). The ABC transporter NisFEG confers immunity against
nisin by extruding the substrate (nisin) out of the membrane and exporting it back into the
extracellular space (AlKhatib et al., 2014b; Stein et al., 2003). This export prevents pore
formation, within a concentration range of up to 60 nM, as shown for nisin A (AlKhatib et al.,
2014b). Mutants of nisin where the (methyl-) lanthionine rings D and E (CCCCA and CCCAA)
were missing or the truncation variants (nisini» and nisinj.g), showed a drastic reduction in
the immunity provided by NisFEG, clearly indicating that NisFEG recognizes the C-terminal
part of nisin (ring D/E) (AlKhatib et al., 2014b). Although the ABC transporter NisFEG works
independently but in order to achieve full immunity against nisin A, it works in a cooperative
manner with the lipoprotein Nisl as sown for SpaFEG (Ra et al., 1999; Siegers & Entian, 1995;
Stein et al., 2005; Stein et al., 2003).
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Figure 12: The ABC transporter NiSFEG. The TMDs domains NisE and NisG are shown in yellow and cyan
and the two NBDs NisF in red and dark red, respectively. Created with PyMOL 2.5 (Schrodinger, 2022), NisFEG
models were created using AlphaFold2 (Jumper et al., 2021).

1.5 Nisin resistance operon

Although lantibiotics are highly effective against various bacteria, however, some lantibiotic
non-producer strains established a resistance mechanism against lantibiotics (Draper et al.,
2015). These resistance systems can either be unspecific such as changes in bacterial cell wall

and membrane or more specific through ATP-mediated efflux pumps or two-component
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system regulation or proteolytic degradation of the lantibiotic itself (Bastos Mdo et al., 2015;
Draper et al., 2015; Nawrocki et al., 2014; Sun et al., 2009). One such example for specific
resistance system is the Nisin resistance system from S. agalactiae COH1, containing SaNsrFP
which encodes for a BceAB-type ABC transporter and a nisin resistance protein NSR. Both
genes are located on an operon together with the genes encoding the two-component system
(TCS) NsrK and NsrR, and together these five genes constitute the nisin resistance operon (see
Figure 13) (Khosa et al., 2013; Khosa, Frieg, et al., 2016; Khosa, Hoeppner, et al., 2016; Khosa,
Lagedroste, et al., 2016). NsrK belongs to the intermembrane sensing kinase (IMSK) family,
with a characteristic short loop domain responsible for sensing and thus, unable to sense the
extracellular space (Mascher, 2006). An external trigger is required for the activation of the
histidine kinase, which is postulated to be the extracellular domain of the BceAB-type ABC
transporter SaNsrFP (Clemens et al., 2017; Khosa et al., 2013). The response regulator NsrR
consists of the classic helix-turn-helix motif, with the putative residues for DNA binding, but
the distinct promoter regions on the nisin resistance operon remain unclear (Khosa, Hoeppner,

etal., 2016).
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nsr nsrF nsrP nsrR nsrK

Figure 13: The nisin resistance operon. The nisin operon consists of five genes. The nisin resistance protein nsr
(red) and the BceAB-type ABC transporter nsrF'P (orange) and the regulation genes ns7R (cyan) and nsrK (light
blue). Promoter regions are unknown so far (Khosa, Hoeppner, et al., 2016).

1.5.1 NSR

The nisin resistance protein NSR from S. agalactiae COH1 is a membrane-anchored
endopeptidase with a high hydrophobicity (Khosa et al., 2013). The membrane-anchoring
occurs through a 21 amino acid residues long transmembrane sequence at the N-terminus
(Froseth & McKay, 1991). NSR belongs to the S41 family of peptidases, specifically the C-
terminal processing peptidases (CTPs). NSR confers resistance against nisin through a
degradation reaction, cleaving nisin between (methyl-) lanthionine ring E (position 28) and
Sero, resulting in a nisin molecule, nisini-2g, which has 100-fold less antimicrobial activity and
reduced affinity towards the cell membrane (Figure 14, right part) (Khosa et al., 2013; Khosa,
Frieg, et al., 2016; Liang et al., 2010; Sun et al., 2009). When NSR is expressed in L. lactis
strain, it confers 18-20 fold resistance against nisin (Khosa et al., 2013). The structure of NSR

(Figure 14) was solved in 2016, and consists of eleven B-strands and eleven a-helixes organized
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in three domains: a N-terminal helical bundle, the protease cap and a core domain (Khosa,
Frieg, et al., 2016). These domains form a hydrophobic tunnel with a width of 10 A. The active
center is formed by a dyad of two residues, Hisos and Ser236 (Khosa, Frieg, et al., 2016). With
simulations and molecular docking studies, it was demonstrated that the nisin molecule is
trapped within the tunnel near the catalytic dyad by the (methyl-) lanthionine rings D and E
(Khosa, Frieg, et al., 2016). It was further confirmed though cell growth assays that NSR
recognizes the C-terminus of nisin and the last two rings of nisin are important for the

interaction between nisin and NSR (Khosa, Frieg, et al., 2016).

cytoplasm

Figure 14: The nisin resistance protein NSR (PDB ID: 4Y68). On the left side, the structure of the protease
NSR is shown. The anchor for the membrane binding is shown in red, the residues from the active center dyad
(Hisos and Ser36) are highlighted in orange and the protease cap in magenta. On the right side, the NSR cleavage
reaction from the mature biological active nisin to a less efficient variant, nisin;_»s, missing the last six amino acids
is shown. The (methyl-) lanthionine rings A-E are highlighted in red and orange and the dehydrated amino acids
(Dha, Dhb), as well as the cysteine residues are highlighted in yellow and orange. Created with PyMOL 2.5
(Schrodinger, 2022).

1.5.2 SaNsrFP

The ABC transporter SaNsrFP from Streptococcus agalactiae, belongs to the BceAB-type
ABC transporter and consists of nucleotide binding domain SaNsrF and a transmembrane
domain SaNsrP in a 2:1 stoichiometry (Khosa et al., 2013). SaNsrP is 69.4 kDa in size and
comprises ten TMHs (Figure 15, cyan) with a large ECD of 220 amino acids between helices
VII and VII (Figure 15, orange). On the contrary, SaNsrF is only 28.3 kDa in size and is
composed of 250 amino acids containing all the signature motifs of the ABC transporters

(Figure 15, red and dark red)(Khosa et al., 2013). BceAB-type ABC transporters are putatively
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involved in the removal of AMPs from the membrane, functioning as an exporter, or as flippase
of undecaprenyl pyrophosphate (UPP) (Gebhard & Mascher, 2011; Kingston et al., 2014;
Kobras et al., 2020) and have been named after the BceAB transporter system from Bacillus
subtilis that confer resistance against bacitracin (Ohki et al., 2003; Rietkotter et al., 2008).
Interestingly, the TMD (containing ten TMHs) is encoded by a single protein and contains an
extracellular domain (ECD), which is in contrast to other resistance or immunity ABC
transporters. This ECD appears to be the hallmark of BceAB-type ABC transporters, because
it is involved in the substrate binding and sensing (Clemens et al., 2017; George et al., 2022;
Khosa et al., 2013; Ohki et al., 2003; Rietkotter et al., 2008). Normally, in other resistance or
immunity operons, sensing is performed via its designated TCS system. However, in BceAB-
type operons, the histidine kinase has only a short loop, normally only responsible for substrate
sensing. This short loop is almost entirely located in the cytoplasmic membrane and thus,
cannot sense the extracellular substrate (Mascher, 2006). It is proposed, that the substrate
binding of the ECD also triggers the histidine kinase, which, in combination with the regulator
protein upregulates the operon (Bernard et al., 2007; Dintner et al., 2014; Gebhard, 2012). The
BceAB transporter from B. subtilis has been shown to form a multicomponent complex with
its designated TCS BceRS upon binding of bacitracin (Dintner et al., 2014; Dintner et al., 2011;
George et al., 2022). Such a detailed information is lacking so far for the ABC transporter
SaNsrFP and its TCS system NsrRK.
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Figure 15: The BceAB-type ABC transporter SaNsrFP. The TMD domain is shown in cyan and the
characteristic ECD in orange. The NBDs SaNsrF are highlighted in red and dark red, respectively. Created with
PyMOL 2.5 (Schrodinger, 2022), SaNsrFP model was created using AlphaFold2 (Jumper et al., 2021) and is in
line with the previously solved structure of the first BceAB-type ABC transporter from Bacillus subtilis (George
et al., 2022).
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2 Aims

Since its discovery, nisin A is the best studied class I lantibiotic so far. Most of these studies
were performed mainly on isolated enzymes, for example binding of the leader peptide to one
of the modification enzymes. One major breakthrough was the structure of the dehydratase
NisB and the identification of the mechanism of dehydration, the glutamylation reaction. But
information about the entire modification complex or the effect of mutations on the whole

system are still lacking.

One focus of this work was to analyze the interplay between the modification enzymes NisB
and NisC depending on the substrate; determining the stoichiometry of the assembled
modification complex and identifying the trigger factor(s) for the assembly and the disassembly
of the complex. Although the structures of both, NisB and NisC, were already solved but
structural information of the assembled complex were missing. Using small-angle X-ray

scattering (SAXS), one should be able to visualize the whole assembled complex.

Furthermore, all protein of the nisin biosynthesis machinery will be tested with different nisin
variants to get further insights about the secretion and modification levels of the mutated
substrates. The purified nisin variants still contained the leader peptide, which had to be cleaved
off yield biologically active substrates. Thus, the effect of the mutations on the efficiency of

the protease NisP was also determined.

Finally, the analysis of the antimicrobial activity of the variants against the known immunity
system Nisl and NisFEG as well as the resistance system NSR and SaNsrFP was one major

goal of this thesis.
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Lanthipeptides are ribosomally synthesized and posttranslationally modified peptides,
which display diverse bioactivities (e.g., antifungal, antimicrobial, and antiviral). One
characteristic of these lanthipeptides is the presence of thioether bonds, which are
termed (methyl-) lanthionine rings. These modifications are installed by corresponding
modification enzymes in a two-step modality. First, serine and threonine residues are
dehydrated followed by a subsequent catalyzed cyclization reaction, in which the
dehydrated serine and threonine residues are undergoing a Michael-type addition with
cysteine residues. The dedicated enzymes are encoded by one or two genes and
the classification of lanthipeptides is pending on this. The modification steps form the
basis of distinguishing the different classes of lanthipeptides and furthermore reflect
also important mechanistic differences. Here, we will summarize recent insights into the
mechanisms and the structures of the participating enzymes, focusing on the two core
modification steps — dehydration and cyclization.

Keywords: structural biology, biochemistry, lanthionine, enzymes, protein-protein interaction

INTRODUCTION

Ribosomally synthesized and posttranslationally modified peptides (RiPPs) are a large family of
natural compounds of diverse biological functions (Arnison et al, 2013). Among the RiPPs,
lanthipeptides form the largest sub-family (Skinnider et al., 2016), which is characterized by the
presence of multiple lanthionine (Lan) or (methyl-) lanthionine rings ((Me)Lan)-, that restrict the
conformational flexibility of the peptides and give rise to their high biological stability (Bierbaum
et al., 1996). Common to lanthipeptides is the ribosomal biosynthesis of a precursor peptide
that is composed of an N-terminal leader peptide (LP) and a C-terminal core peptide (CP),
termed LanA (Oman and van der Donk, 2010; Arnison et al., 2013). While all posttranslational
modifications (PTMs) are introduced only in the CP, the LP increases the efficiency of the PTMs
to the lanthipeptide by its PTM machinery and keeps the peptide in an inactive state prior to
translocation (van der Meer et al., 1994; Kuipers et al., 1993, 2004; Khusainov and Kuipers, 2012).
The fully modified lanthipeptide is termed mLanA (Arnison et al., 2013). Subsequently, the LP is
proteolytically removed either before or after secretion to the extracellular space via its cognate
ABC transporter and the active lanthipeptide is released into the extracellular space (van der Meer
etal., 1993, 1994; Nishie et al., 2011; Ortega et al., 2014). In general, all lanthipeptides share at least
two common PTMs. The first one is the dehydration of serine and threonine residues, resulting
in the formation of 2,3-didehydroalanine (Dha from serine) and 2,3-didehydrobutyrine (Dhb from
threonine) (Figure 1; Gross and Morell, 1967, 1971; Gross et al., 1969). This reaction is catalyzed by
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the dehydratase LanB or dehydratase domains depending on the
classification of the lanthipeptide (see next section) (Gilmore
et al., 1994; Gutowskieckel et al., 1994; Peschel et al., 1996;
Karakas Sen et al,, 1999). The second common PTM is the
Michael-type addition of a cysteine side chain with the previously
dehydrated amino acids yielding meso-lanthionine (from Dha) or
(3-methyl-) lanthionine (from Dhb) (Figure 1) introduced by the
cyclase LanC (Gross and Morell, 1967, 1971; Gross et al., 1969;
Barber et al., 1988). Additionally to these two PTM:s that are the
foundation of lanthipeptides, a range of further modifications
such as labionin (Lab) ring formation (Figure 1; Meindl et al.,
2010; Torio et al., 2014) or tailoring reactions such as halogenation
of tryptophan residues, decarboxylation or acylation have been
observed (Mortvedt et al,, 1991; Kupke et al., 1992; Skaugen
et al, 1994; van de Kamp et al, 1995; Heidrich et al., 1998;
Ekkelenkamp et al., 2005; Castiglione et al., 2008; He et al.,
2008; Velasquez et al., 2011; Huang and Yousef, 2015). However,
these reactions are not further discussed in this review and the
reader is referred to excellent reviews covering these aspects
(Mortvedt et al., 1991; Kupke et al., 1992; Skaugen et al., 1994;
van de Kamp et al., 1995; Heidrich et al., 1998; Ekkelenkamp
et al., 2005; Castiglione et al., 2008; He et al., 2008; McIntosh
et al., 2009; Meindl et al., 2010; Velasquez et al., 2011; Arnison
et al., 2013; Dunbar and Mitchell, 2013; Iorio et al., 2014; Walsh,
2014; Huang and Yousef, 2015; Ortega and van der Donk, 2016;
Repka et al., 2017).

In 2013, a new nomenclature was suggested that subdivides
lanthipeptides based on their modification machinery in four
families, termed class I-IV (Figure 2; Arnison et al., 2013) that
are described in greater detail in the following sections. In this
review, we will follow this new nomenclature. Furthermore, we
will restrict ourselves to the two common maturation steps that
occur in the cytosol of lanthipeptide producing strains.

LANTIBIOTICS - SPECIALIZED
LANTHIPEPTIDES

The hallmark of lanthipeptides is the presence lanthionine or
(methyl-) lanthionine rings. In cases that lanthipeptides possess
antimicrobial activity they are called lantibiotics (Schnell et al.,
1988; Arnison et al., 2013). However, other activities, such as
antifungal, antiviral, morphogenetic, or antinociceptive have
been described (Kodani et al., 2004, 2005; Ferir et al., 2013;
Torio et al., 2014; Mohr et al., 2015). The antimicrobial activity,
which is mainly directed against Gram-positive bacteria where
the target of most lantibiotics is the membrane and/or a specific
receptor. A prominent example, nisin, a lantibiotic produced by
Lactococcus lactis, targets the peptidoglycan precursor lipid II.
Nisin contains five (Me)Lan rings, where the first two bind to
the pyrophosphate moiety of lipid IT and directly inhibit the cell
wall synthesis. Additionally, nisin and lipid II molecules form
pores in the cell membrane of the target cell in a stoichiometry
of eight nisin and four lipid IT molecules (Severina et al., 1998;
Breukink et al., 1999; Wiedemann et al., 2001; Brumfitt et al.,
2002; van Heusden et al., 2002; Hasper et al., 2004, 2006; Hsu
et al., 2004; Chatterjee et al., 2005b; Breukink and de Kruijff,

2006; Lubelski et al., 2008; Bierbaum and Sahl, 2009; Schneider
and Sahl, 2010; Islam et al., 2012). Despite its usage in the food
industry for almost 50 years (Cotter et al., 2005) this dual mode
of action explains why hardly any acquired resistances have been
described in the literature.

THE FIRST MATURATION STEP - THE
DEHYDRATION REACTION

The major discriminators among the four classes of
lanthipeptides are the lanthipeptide modification enzymes.
Here, four different routes corresponding to the four subfamilies
(LanB, LanM, LanKC, and LanL) have evolved, which mainly
differ in the mechanism of dehydrating serine and threonine
residues (Figure 2).

Class I family dehydratases (LanB) contain the well-studied
enzymes NisB or SpaB that dehydrate their substrates nisin
(NisA) or subtilin (SpaA), respectively (Gross and Morell, 1967;
Gross et al.,, 1969). NisB adopts a dimeric state in solution and
interestingly interacts with the different maturation states of NisA
and not only with its cognate substrate (unmodified NisA) in the
low micromolar range (Mavaro et al., 2011). In vivo co-expression
studies of NisB and the cyclase NisC without purification resulted
in dehydration and cyclization of NisA indicating functional
enzymes (Karakas Sen et al.,, 1999; Kluskens et al., 2005; Rink
et al., 2005; Rink et al, 2007a). In 2013, Garg et al. (2013)
demonstrated in vitro activity of purified NisB by using extracts of
Escherichia coli and subsequently identified the cytosolic extract
to be the key element for glutamylation of NisA. Finally, the
addition of glutamyl-tRNA (tRNAS™), derived from glutamyl-
tRNA synthetase, and glutamate to purified recombinant NisB
restored the in vitro activity and consequently, polyglutamylated
intermediates were identified by MS analysis (Ortega et al.,
2015). This highlighted that the hydroxyl groups of serine and
threonine in the CP of NisA were esterified with the alpha-
carboxyl group of glutamate, where a cognate tRNA is the
glutamyl-donor. Subsequently, the elimination of these activated
residues resulted in the dehydrated residues Dha and Dhb. Of
course, this reconstitution allowed a detailed study of the catalytic
activity and the identification of essential amino acids of this
LanB dehydratase (Garg et al., 2013; Bothwell et al., 2019). In
2015, the fruitful collaboration of the Wilfred van der Donk and
Satish K. Nair groups also reported the crystal structure of NisB
(Figure 3A). Similar to in vitro observations, NisB crystallized as
a dimer (Ortega et al,, 2015; Reiners et al., 2017). Importantly,
NisB was co-expressed with NisA and parts of the LP including
the FNLD box, which is pivotal for the interaction with NisB,
were visible in the final electron density (shown in ball-and-
stick representation in Figure 3A). In the crystal structure, the
LP interacts with a twisted f3-strand resulting in an antiparallel,
four-stranded f3-sheet. This resulted in a 2:2 stoichiometry of
NisB:NisA, which is in contradiction to the in vitro data, which
determined a 2:1 ratio of NisB:NisA using surface plasmon
resonance (Mavaro et al, 2011). In 2019, a co-crystallization
approach with a non-reactive substrate mimic also revealed a 2:2
stoichiometry of NisB-Val169Cys:NisA-Ser3DapS¥-Ser(-12)Cys
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FIGURE 1 | Reaction and structure of common PTMs in lanthipeptides. During a first modification step (PTM 1) a dehydratase catalyzes the dehydration of serine
and threonine residues (Dha, Dhb). In a second step (PTM 2.1) a cyclase catalyzes the Michael-type addition of a cysteine residue to a dehydrated amino acid.
Within the active center an acid (H-A, e.g., His) protonates the enolate. Finally, the Lan or MeLan rings are formed. In some lanthipeptides an additional Michael-type
addition reaction (PTM 2.2) is catalyzed by the cyclase yielding a Lab amino acid. In the scheme the stereochemistry of the chiral center in the final products are
exemplary (e.g., DL-Lan; but LL-Lan is also possible). The acronym X, stands for n-quantity amino acids. The scheme is modified and based on (Repka et al., 2017).
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FIGURE 2 | Classes of lanthipeptides based on the modification machineries. The classification of lanthipeptides depends on their modification enzymes and their
domain organization as well as those PTM mechanisms. In class | (e.g., NisB) the first PTM (dehydration) is catalyzed by a glutamylation/elimination-domain
(green/orange). The dehydration in class Il (e.g., CyIM) take place in a kinase-domain (green). In class Ill (LabKC) and IV (VenL) this modification is catalyzed by a
lyase/kinase-domain (dark green/dark orange). The second PTM (cyclization) is catalyzed by the zinc-dependent LanC enzyme (e.g., NisC; blue) or LanC-like domain
(light blue), whereas in class Il the LanC-like domain is independent from a zinc-ion (cyan). For further details see text.

Frontiers in Microbiology | www.frontiersin.org 3 June 2020 | Volume 11 | Article 1183

-33-


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles
https://www.frontiersin.org/journals/microbiology#articles

Lagedroste et al.

Structural Lanthipeptides Biosynthesis

FIGURE 3 | Comparison of LanB and LanM crystal structures. (A) Crystal
structure of dimeric NisB (PDB ID: 4WD; Ortega et al., 2015), representing the
first example of a class | LanB dehydratase. The glutamylation domain is
highlighted in green and light green, the elimination domain in orange and light
orange. The part of the LP of NisA is shown in ball-and-stick representation.
(B) Crystal structure of dimeric MibB (PBD ID: 5EHK; Ortega et al., 2016).
Color-coding is as in panel (A). (C) Crystal structure of CyIM (PBD ID 5DZT;
Dong et al., 2015), the first example of a LanM enzyme of class Il
lanthipeptides. The kinase-domain is shown in green and the cyclase-domain
in blue. A bond AMP molecule within the kinase-domain is displayed as a
ball-and-stick representation. Cartoons were generated using PyMol
(www.pymol.org).

(Bothwell et al., 2019). Thus, the reason for this difference is still
an open question.

NisB can be sub-divided into an N-terminal glutamylation
domain (green and light green cartoons in Figure 3A of
approximately 800 amino acid residues) and a C-terminal
elimination domain (orange and light orange cartoons in
Figure 3A of approximately 350 amino acid residues). This
two-domain structural architecture was also found within MibB
(Figure 3B), the class I LanB enzyme of NAI-107 (Ortega
et al, 2016). Equally important, MibB like NisB requires
tRNAC! to catalyze the dehydration reaction. Three further
examples of related LanB enzymes use so-called split LanB,
where one protein is involved in aminoacylation and the other
protein in the elimination of activated amino acid (aa) residues
(Hudson et al., 2015; Mohr et al., 2015; Ozaki et al., 2016),
also depend on the presence of tRNAS™ for dehydration.
This clearly demonstrates that class I LanB enzymes use this
rather unexpected mechanism to dehydrate serine and threonine
residues in the CP of lanthipeptides.

In contrast to NisB (Ortega et al, 2015), MibB (Ortega
et al,, 2016) was crystallized in the absence of a substrate and
displayed the same overall dimeric architecture composed
of an approximately 800 amino acids large N-terminal
glutamylation domain (green and light green in Figure 3B)
and an approximately 350 amino acid large C-terminal
elimination domain (orange and light orange in Figure 3B).
The absence of the natural substrate allows the comparison with
NisB to highlight structural changes that occur concomitant
with substrate binding (Figure 4). As evident from the
structural superimposition of both proteins using the C-terminal

FIGURE 4 | Superimposition of NisB and MibB crystal structures. The
superimposition is based on the elimination domain (residues 713-961 of
NisB and 800-1048 for MibB with a RSMD of 3.6 A over 618 Ca atoms). The
glutamylation domain is shown in green (NisB) and gray (MibB), while the
elimination domain is shown in light orange (NisB) and orange (MibB). For
simplicity only monomers of NisB and MibB are shown. The bound LP of NisA
in NisB is shown in red. Cartoons were generated using PyMol
(www.pymol.org).

elimination domain as an anchor point, the glutamylation
domain undergoes a translational and rotational motion resulting
in a more compact shape of the LanB enzyme (Figure 4). This
transition might be reminiscent of the conformational selection
proposed for class II LanM enzymes. Here, the LanM enzyme is
in equilibrium between an inactive and an active conformation.
In the absence of substrate, more precise the LP, the equilibrium
is shifted toward the inactive state, while binding of the LP
shifts it toward the catalysis-competent state. This model is
supported by experiments, in which the LP was added in trans
or fused to the LanM enzyme (Levengood et al., 2007; Oman
et al., 2012; Thibodeaux et al., 2015). In both cases, the isolated
CP was modified although the fusion of the LP resulted in a
more efficient system. Khusainov and Kuipers performed in vivo
studies with separately expressed LP (NisA (1-23) and CP of
nisin (NisA(24-57)-Hg), leaderless nisin (NisA(24-57)-Hg),
and full-size nisin with a C-terminal extension and a His-tag
(NisA(1-57)-Hg). These studies revealed partially modifications
in spite of missing or in trans expressed LP, which led to the
conclusion that the LP is not crucial for PTMs but increases
the efficiency. However, only the fused LP led to complete
modification (Khusainov and Kuipers, 2012). All in all, a mostly
similar scenario could be suggested for class I LanB enzymes. In
contrast, the LP of class III lanthipeptides seems to be crucial for
PTMs (Miiller et al., 2011; Wang and van der Donk, 2012).
Structural information is available for class II LanM enzymes
(Siezen et al., 1996; Zhang et al., 2012) that encode the
dehydration, elimination and cyclization domains on a single
gene (Figure 3C). In clear contrast to LanB enzymes, these
dehydratases require ATP and Mg?* as cofactors as shown
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experimentally for LctM in 2005 (Chatterjee et al,, 2005a).
The crystal structure of CyIM (Dong et al., 2015) revealed the
expected two-domain organization, an N-terminal dehydration
domain (green in Figure 3C) and a C-terminal cyclization
domain (blue in Figure 3C), which resemble the structure of
NisC (Li et al, 2006), a class I LanC enzyme (see below).
Not anticipated, the N-terminal domain displays structural
similarities to eukaryotic lipid kinase domains bearing a
novel, secondary structure topology. The activation loops of
serine/threonine kinases including the P-loop are present as
well as characteristic helices. Nevertheless, also a novel kinase
activation domain is present, whose function was determined
by mutational studies, explaining the dependence of LanM
enzymes on ATP and Mg?". Here, in contrast to LanB enzymes
(Garg et al., 2013), the dehydration relies on phosphorylation
of serine and threonine residues of the substrate, the presence
of phosphorylated instead of glutamylated intermediates and
subsequent the elimination of inorganic phosphate (Chatterjee
et al,, 2005a). However, only AMP was observed in the structure
and conclusions on the molecular mechanism of LanM function
are not available at the moment.

The only recently discovered Class IIT (LanKC) and class
IV (LanL) lanthipeptide modification enzymes, display a three-
domain organization composed of a lyase, kinase and a
C-terminal cyclase domain, which differs among the two classes
(Figure 2; Goto et al., 2010; Meindl et al.,, 2010; Zhang et al.,
2015). While the cyclase domain of LanL is apparently similar
to the C-terminal domain of LanM enzymes or LanC and its
activity also clearly relies on Zn>*. On the contrary, the cyclase
domain of LanKC is apparently not Zn?*-dependent as it does
not contain the highly conserved residues that are required for
the coordination of this ion. Thus, two classes depending on the
ability to coordinate Zn?>* or not were defined and the generic
names LanKC (Class III) or LanL (class IV) were introduced
(Kodani et al., 2004; Goto et al., 2010). Structural information
is so far not available and insights into these lanthipeptide
modification enzymes depend solely on genetic and functional
data. Sequence analysis revealed similarities to serine/threonine
kinases and effector proteins from Gram-negative and Gram-
positive bacteria that catalyze the elimination of phosphorylated
serine and threonine residues (phospholyases) in the N-terminal
part of the protein (Young et al., 2003; Zhu et al., 2007; Chen
et al, 2008). In contrast to class II LanM enzymes that are
strictly ATP dependent, the kinase domains of LanKC and
LanL have no real specificity for a phospho-donor. Depending
on the enzyme under investigation, specificities for GTP/dGTP,
ATP, ATP/GTP/CTP/TTP or any NTP/dNTP were discovered
(Muller et al, 2010; Krawczyk et al., 2012b; Voller et al.,
2012; Wang and van der Donk, 2012; Jungmann et al., 2016).
However, based on the sequence similarities of the lyase and
kinase domains, it can be assumed that the mechanisms of
phosphorylation and elimination are shared between LanKC
and LanL enzymes.

We have now a fairly detailed understanding of how the
dehydration reactions are catalyzed in the different classes
of lanthipeptides synthetases. Nevertheless, class I enzymes
represent a special case as the dehydratase LanB and the cyclase

LanC are separately expressed enzymes that can act on their own
(Kluskens et al., 2005; Li et al., 2006; Li and van der Donk, 2007;
Rink et al, 2007a; Garg et al, 2013). However, in vivo
both enzymes are present. An elegant set of experiments
using plasmid-based expression of the possible combinations
of maturation enzymes demonstrated an astonishing inter-
dependence between the dehydratase NisB and the cyclase NisC.
Here, ring formation and dehydration acted in concert, which
resulted in the protection of potential dehydration positions
during ring formation (Karakas Sen et al., 1999; Koponen et al.,
2002; Kluskens et al., 2005; Li et al., 2006; Li and van der
Donk, 2007; Rink et al., 2007a,b; Lubelski et al., 2009; Oman
and van der Donk, 2010; Plat et al., 2011, 2013; Khusainov
and Kuipers, 2012; Khusainov et al., 2013; Garg et al., 2013;
Ortega et al., 2015). This resulted in the proposal, that a
strict N- to C-terminal directionality is operational in NisA
maturation, suggesting that dehydration and ring formation is
an intertwined process (Ortega et al., 2015). Consequently, such
a directionality would also suggested a sort of channeling of
the substrate that is bound to a LanB/LanC complex forcing
the PTM reactions to start at the N-terminus and proceed all
the way to the C-terminus before finalizing the maturation
reactions. In 2014, Zhang et al. (2014) confirmed for NisB
by mass-spectrometry (more precisely via HSEE analysis) an
overall dehydration process from N- to- C- terminus, but a
closer view revealed no strict directionality. In clear contrast,
in vitro studies of the lanthipeptide NAI-107 (MibA, class I),
suggest the absence of a N- to C-directionality, rather a C-
to N-directionality, after dehydration of the N-terminus was
observed (Ortega et al., 2016). The same C- to N-directionality
was found for class III LanKC enzymes via single-mutation-
studies (AciKC) and isotope labeling studies (LabKC) (Krawczyk
et al,, 2012a; Wang and van der Donk, 2012). Contrary to
this, the synthetases of class II LctM and HalM2 revealed the
opposite modification direction from N- to C-terminus (Lee
et al,, 2009). Surprisingly, the directionality of ProcM, also a
class II synthetase, is distinct from the previous mentioned
LacM enzymes. Zhang et al. (2012) investigated beside NisB
also the dehydration directionality of ProcM, which revealed
a generally C- to N-terminal direction of the dehydration
process via mass-spectrometry. The difference regarding the
directionality of the modification process within one class
(i.e., ProcM and HalM2) may indicate that different binding
modes are present. ProcM and HalM2 are not phylogenetically
closely related, which could have led to distinct binding modes
for the lanthipeptides (Zhang et al, 2012). This obviously
raises the question whether a unique mechanism is operational
and what the molecular ruler underlying these mechanisms
actually is. Further structural studies of synthetases (LanM,
LanKC, and LanL) with the lanthipeptide LanA or LP are
undoubtly necessary to clear up the remaining questions before
conclusions can be drawn. All in all, the directionality of
the dehydration process is non-uniform among the class I
dehydratases (LanBs) and class II synthetases. Consequential,
the directionality can not be assumed based on the class
of the lanthipeptide and each modification enzyme needs to
be investigated.
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FIGURE 5 | Crystal structure of NisC. (Left) The overall crystal structure
comprises an a,a toroidal fold (green) and a domain extension. This extension
a SH2-like domain (cyan) is located close to the catalytic center. Within the
active site a Zn?* ion, shown as a gray sphere, is bound. (Right) Zoom-in
into the active site of NisC. Residues important for the coordination of the
Zn2* jon (Cys284, His330, and Cys331) or function (His212 and Arg280) are
shown in ball-and-stick representation. Cartoons were generated using PyMol
(www.pymol.org).

THE SECOND MATURATION STEP - THE
CYCLIZATION REACTION

LanC enzymes and the cyclization domain of classes II-IV
enzymes catalyze the nucleophilic attack of a thiolate (from Cys)
to dehydrated amino acid (aa), where they facilitating the regio-
and stereoselectivity to form thioether rings with the correct
ring topology. Although, the lanthionine ring formation can
occur spontaneously at basic pH values (pH > 7.5), however,
leading to an erroneous stereochemistry of the Lan or (Me)Lan
rings (Burrage et al., 2000; Okeley et al., 2000; Kuipers et al.,
2004). Due to missing stereochemistry investigations of Lan and
MeLan residues of lanthipeptides and the assumption that all
Lan and (Me)Lan rings in lanthipeptides have the same “DL’-
stereochemistry as previously shown for selected lantibiotics
(Chatterjee et al., 2005b), the discovery that CyIM can catalyze
different stereochemistry within one single polypeptide was
surprising. Furthermore, the studies of Tang and van der Donk
(2013) revealed that the sequence of the lanthipeptide could be
crucial for the stereoselectivity of ring formation.

The analysis of purified LanC enzymes (NisC and SpaC)
revealed the presence of equal stoichiometric amounts of
Zn?T suggesting that the metal ion plays an essential role
in deprotonating the thiol group of the cysteine residue,
presumably by decreasing the pK, value of the cysteine side
chain (Okeley et al., 2003). Such a deprotonation or at least
polarization accelerates the rate of Michael-type additions during
the formation of the (Me)Lan rings. A detailed glimpse on the
mechanism was possible, as the crystal structure of NisC was
reported in 2006 (Li et al., 2006). The protein displays an a,a
toroid consisting of six helices each, a SH2-like domain and
one Zn?T ion (Figure 5). The Zn?>* ion is coordinated by
two highly conserved cysteine residues (Cys284 and Cys330)
and one histidine residue (His331). Additionally, the tetragonal
coordination sphere is complemented by a water molecule (inset
of Figure 5). The presence of the SH2-like domain suggests that
this domain interacts with dehydrated NisA, however there are

FIGURE 6 | Superimposition of NisC and CylM crystal structures. The
superimposition is based on the cyclase domain of CyIM (residues 641-992 of
CylM). NisC is shown in blue and CyIM in green (dehydratase domain) and
light brown (cyclase domain). The bound AMP of CyIM is shown in
ball-and-stick representation. The two Zn2+ ions and the coordination amino
acids are shown as blue sphere (NisC) and light brown sphere (CylM). The
coordination amino acid residues are highlighted in ball-and-stick
representation in blue (NisC) and light brown (CyIM). Cartoons were generated
using PyMol (www.pymol.org).

no experimental evidence supporting this hypothesis and the
functional role of this domain remains elusive. Based on the
crystal structure of NisC, some residues conserved among LanC
proteins were mutated (Li and van der Donk, 2007). There,
the mutations of Cys284, Cys330, and His331 lead to inactive
NisA. Interestingly, the ability to bind Zn?* was preserved
by mutating other active site residues (e.g., mutation H212N,
H212F, and D141N) but no cyclization was detected. Thus, we
slowly obtain a mechanistic picture of how NisC, but also LanC
proteins in general, guide the formation of lanthionine rings.
These insights will likely also hold for the cyclization domains of
class IT and class IV enzymes due to the structural conservation
[Figure 6 — comparison of CylM (LanM) and NisC (LanC)]
or the conservation of residues identified to be essential for
Zn?* coordination or enzyme function. Noteworthy, an SH2-
like domain (Mayer and Gupta, 1998; Li et al., 2006), which
is found in NisC and might be involved in substrate binding,
is not present in CylM. There, an additional subdomain is
included in the cyclization domain, that seem to be important
for substrate binding (Dong et al., 2015). Nevertheless, we still
do not have structural information of the LanA-LanC complex
and only this information will result in a final and complete
picture. In contrast, the putative cyclization domain of class IIT
enzymes (LanKGC, i.e., AciKC) do not contain the conserved Zn?t
coordinating residues, which raises the question how cyclization
takes place (Wang and van der Donk, 2012). Another important
aspect of class III lanthipeptides is the presence of another type of
cyclization, Lab or methyllabionin (MeLab; Meindl et al., 2010;
Torio et al., 2014). After the initial Michael-type addition of a
cysteine residue and Dha, the system undergoes another Michael-
type addition reaction with a second Dha residue, resulting in
the formation of a methylene moiety based ring, a (Me)Lab ring.
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FIGURE 7 | Composition of the NisA maturation complex NisB and NisC and tRNA docking. (A) Crystal structures of NisC and NisB docked into the SAXS envelope
(Reiners et al., 2017). (B) Docking of tRNAGM into the NisA maturation complex composed of dimeric NisB (cartoon representation in green and cyan) and
monomeric NisC (cartoon representation in magenta). The LP bound to NisB is shown in yellow ball-and-stick representation. (C) Zoom-in into the tip region of
bound tRNAGY Residues of NisB (Garg et al., 2013; Khusainov et al., 2013; Ortega et al., 2015), which resulted in abolished dehydration upon mutation (Arg87,
Thr89, Asp121, Asp299, and Arg464), are highlighted in ball-and-stick representation. Cartoons were generated using PyMol (http://www.pymol.org).

However, one has to wait for structural insights into the LanKC
family before further mechanistic conclusions can be drawn.

A CONCERTED ACTION DURING
MATURATION

The individual domains of LanKC (class III) and LanL (class
IV) enzymes are capable of catalyzing their individual reactions
also in the absence of the other domains (Goto et al., 2011).
This especially holds true for class I enzymes. However, early
on, functional studies based on co-immunoprecipitation, yeast
two hybrid approaches or mutational studies demonstrated
that at least LanB and LanC act synergistically (Siegers et al.,
1996; Kiesau et al., 1997; Lubelski et al., 2009). Moreover, a
maturation complex consisting of not only NisB and NisC but
also the ABC transporter NisT apparently exists during the
modification of NisA (Siegers et al., 1996). Further support
of a concerted action came from studies of subtilin, which

suggested also the presence of such a complex composed of the
dehydratase SpaB, the cyclase SpaC and the ABC transporter
SpaT (Kiesau et al., 1997).

First insights into the assembly and architecture of a full
class I lanthipeptide maturation complex was obtained for
the lanthipeptide nisin. Reiners et al. (2017) used purified
components to assemble the NisB/NisC/NisA maturation
complex in vitro. Using size exclusion chromatography
combined with multi-angle light scattering (SEC-MALS),
they demonstrated that the complex was composed of a dimer
of the dehydratase NisB, a monomer of the cyclase NisC and
one molecule of the substrate, NisA resulting in a stoichiometry
of 2:1:1 and a molecular weight of approximately 291 kDa.
Importantly, the formation of the maturation complex was
strictly dependent on the presence of the FNLD box within the
LP as shown previously by in vivo and in vitro studies. Mutation
of the four amino acids of the FNLD to AAAA completely
prevented complex assembly (Khusainov et al, 2011, 2013;
Mavaro et al.,, 2011; Plat et al., 2011, 2013; Abts et al., 2013).
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From a mechanistic point of view, it was also important
that a molecular signal was identified in this study that
triggered disassembly of the maturation complex. Using a
series of (Me)Lan ring mutants, e.g, Cys-Ala exchanges
that prevented ring formation at the corresponding position,
proved that the presence of the last, C-terminal (Me)Lan
ring represented the ‘disassembly signal’. This obviously
goes nicely in hand with the in vivo situation, where a
maturation complex should continue the PTM reaction and
only release the fully modified product. In other words, the
maturation complex is capable of reading out the stage of
modifications and only the terminal modification state, the
fully modified product is released, ready to be secreted by
the cognate ABC transporter. Of course the exact molecular
role of the ABC transporter within such a maturation
complex is currently completely unknown and requires further
investigations addressing its precise role.

Moving one step further, small-angle X-ray scattering (SAXS)
was used to produce a low resolution envelope of the
NisB/NisC/NisA complex allowing to determine the orientation
of the individual high resolution crystal structures of NisB
and NisC into the SAXS envelope (Figure 7A; Reiners et al.,
2017). A comparison of apo-NisB and NisA-saturated NisB
suggested the presence of a tunnel and therefore provided an
idea for the actual substrate-binding site within the complex.
This allowed therefore a first molecular glimpse on the
molecular architecture of a maturation complex of a class I
lanthipeptide (Figure 7A).

Following the protocol of Ortega et al. (2015) the
crystal structure of tRNAGM (extracted from pdb entry
IN78) was docked into the complex using the HDOCK
server' employing standard settings (Yan et al, 2017).
The proposed tertiary complex is shown in Figure 7B.
Interestingly, the tRNAS™ binding sites are similar in the
isolated NisB dimer and the maturation complex. Mapping
residues, which result in impaired functionality, cluster
around the potential tRNAS!-binding site (Figure 7C)
suggesting that the model is of functional significance.
Additional residues that were identified in mutational
studies were also mapped on the proposed complex (Garg
et al, 2013; Khusainov et al., 2013; Ortega et al., 2015).
Noteworthy, the mutation of arginine and aspartate residues
leading to a complete loss of dehydratase activity in
NisB mapped in the close vicinity of the bound tRNASGM
(Figure 7C). Obviously, this in silico complex requires

! http://hdock.phys.hust.edu.cn
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Stoichiometry and structure of a
lantibiotic maturation complex

Jens Reiners, André Abts, Rebecca Clemens, Sander H. J. Smits & Lutz Schmitt

Lantibiotics are ribosomally synthesized antimicrobial peptides secreted by mainly Gram-positive
* bacteria. Class 1 lantibiotics mature via two modification steps introduced by a modification LanBC
Accepted: 06 January 2017 : complex. For the lantibiotic nisin, the dehydratase NisB catalyzes the dehydration of serine and
Published: 07 February 2017 threonine residues in the so-called core peptide. Second, five (methyl)-lanthionine rings are introduced
. inaregio- and stereospecific manner by the cyclase NisC. Here, we characterized the assembly of the
NisBC complex in vitro, which is only formed in the presence of the substrate. The complex is composed
of a NisB dimer, a monomer of NisC and one prenisin molecule. Interestingly, the presence of the last
lanthionine ring prevented complex formation. This stoichiometry was verified by small-angle X-ray
scattering measurements, which revealed the first structural glimpse of a LanBC complex in solution.

Received: 24 June 2016 :

Bacteriocins are a group of antimicrobial peptides produced by Gram-positive as well as Gram-negative bacte-
ria and some of them undergo posttranslational modifications (PTM(s))". Within bacteria they mostly remain
inactive and are secreted via dedicated transport systems. So far, more than 750 different bacteriocins have been
isolated from natural sources' and the number constantly rises. Within the group of bacteriocins, a subfamily
consists of ribosomally synthesized and posttranslational modified peptides, which are called lantibiotics. Here,
non-natural amino acids and specific structures, which have an essential role on activity (e.g. lanthionine rings,
dehydrated amino acids, heterocycles or head to tail cyclization of the peptide) are posttranslationally introduced.
Common to all class I lantibiotics is a N-terminal leader sequence, which is crucial for the recognition by the
PTM enzymes, secretion and for keeping the peptide in an inactive state within the cell. This leader sequence,
which is often also called leader peptide, is fused to the so-called core peptide, in which all modifications occur.

Lanthipeptides contain the non-natural amino acids lanthionine or (methyl)-lanthionine and in case that
they also display antimicrobial activity, these peptides are consequently called lantibiotics®*. They are classified
in four different classes (Type I-IV) depending on the enzymes involved in the PTM(s)**. Up to now, however,
antimicrobial activities have only been reported for members of class I and II. Type I lantibiotics are modified by
two different PTM enzymes, a lantibiotic dehydratase, LanB, and a lantibiotic cyclase, LanC. The enzyme LanB
dehydrates specifically serine or threonine residues, whereas LanC catalyzes the thioether ring formation of the
dehydrated amino acid and a C-terminally located cysteine residue within the core peptide via a Michael addition
reaction®. This results in the formation of lanthionine (from Ser) or (methyl)-lanthionine (from Thr) rings, which
are crucial for the activity as well as stability®-2 Type II lantibiotics are modified by a single enzyme called LanM,
which catalyzes both, the dehydration and cyclization reaction, respectively'®. In all cases the genes encoding the
lantibiotic as well as the PTM enzymes are localized within in a single gene cluster and are valuable probes to
identify lantibiotic operons in newly sequenced genomes'*.

Nisin is a class I lantibiotic produced by several Lactococcus lactis (L. lactis) strains'®~'. It contains characteris-
tic dehydrated amino acids and five (methyl)-lanthionine rings, named rings A to E'®'. These rings are essential
for the antimicrobial activity displayed against numerous Gram-positive bacteria®*?!. The leader peptide as elab-
orated above is responsible for the recognition by the PTM enzymes, here called NisB and NisC, and furthermore
is essential for the subsequent secretion by the ABC transporter, here called NisT?*-2,

In detail, NisB dehydrates serine and threonine residues in the core peptide after ribosomal synthesis of
nisin®~32. Seminal work on the mechanism of the dehydration reaction has demonstrated that a glutamate is
transferred from glutamyl-tRNAS" to specific Ser/Thr side chains within the nisin core peptide introducing
glutamylated intermediates?*. After glutamate elimination, these Ser/Thr residues are converted to dehydro-
alanine and dehydrobutyrine with absolute stereoselectivity. Subsequently, NisC catalyzes a Michael addition
of a C-terminal cysteine residue with the corresponding dehydrated amino acids to form thioether rings, the
characteristic (methyl)-lanthionine rings>****3%, The entire maturation process is schematically summarized in

Institute of Biochemistry, Heinrich-Heine-University Duesseldorf, Universitaetsstraf3e 1, 40225 Duesseldorf,
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Supplementary Fig. 1. Although the activity of the single enzymes, NisB and NisC, has been demonstrated®**-%,

the assembly of a lantibiotic PTM complex has so far not been described in vitro.

In 1996, the first study revealed an interaction between NisC and NisB as well as between NisC and the ABC
transporter NisT®. Furthermore, information about the directionality of the modification reaction was obtained
suggesting a N- to C-terminal modification mechanism®. This is apparently in contrast to the PTM complex
involved in NAI-107 maturation where an opposite directionality (C- to N-terminal) was discussed, which still
is not fully understood™.

The PTM complex consisting of NisB-NisC-NisA was observed using a system that employed a His-tag fused
to prenisin®. This allowed the isolation of the PTM complex from the cytosol of L. lactis. These associated pro-
teins were identified as NisB and NisC, although in sub-stoichiometric amounts*®.

Structural information is available for both PTM enzymes, NisB and NisC. However, this information
is restricted to the isolated states of both enzymes. Two structures of lantibiotic dehydratases have been pub-
lished®**’. The structure of NisB in complex with its substrate from L. lactis®® as well as the apo structure of
MibB involved in NAI-107 biosynthesis from Actinobacteria® were reported. Despite the low sequence homology
(approximately 20%), the topology and fold of both proteins were very similar®. Interestingly, the amino acids
involved in glutamylation and glutamate elimination are structurally highly conserved in both enzymes, which
obviously suggests a fundamental similar mechanism of dehydration. The structure of NisC in the apo state has
been solved with the catalytically important Zn** ion3**.

Despite our increased knowledge of the nisin maturation reaction, little if any information about the complex
stoichiometry of the PTM NisBC complex is available. Furthermore, the complex assembling process remains
unclear. The nisin maturation machinery has been successfully explored to install PTMs in therapeutic pep-
tides®-*!. This substrate spectrum can be even further extended if the PTM complex could be employed in vitro.

Here, we describe for the first time an in vitro study revealing the formation of the nisin maturation complex
composed of NisB, NisC and either unmodified or dehydrated prenisin peptide. Prenisin presents the essential
trigger to initiate the in vitro formation of the maturation complex. Here, the -FNLD- box located within the
leader sequence was identified as the crucial part in triggering complex assembly. Furthermore, our data demon-
strated that the nisin PTM machinery consists of a functional dimer of NisB, a monomer of NisC and a single
prenisin peptide. Once all rings are installed, as in fully modified prenisin peptide, the complex cannot assemble
anymore suggesting a releasing factor upon formation of the last ring. Finally, structural information of the nisin
modification complex was obtained by small-angle X-ray scattering (SAXS). Here, the same stoichiometry of
the PTM complex was determined and revealed a tunnel located at the interface of NisB and NisC harboring the
prenisin substrate. This result supports our in vitro studies and provides the first molecular picture of a class I
lantibiotic maturation complex.

Results

Characterization of the modification enzymes NisB, NisC and the prenisin variants. Nisin con-
tains several PTMs introduced by a proposed complex of NisB and NisC in an alternating manner®. To investigate
the assembly of such a complex, we purified NisB and NisC to homogeneity. Previously, it was shown for NisC
that the N-terminal His,-tag interfered with substrate binding and was therefore removed by thrombine cleav-
age prior to complex formation®. Both proteins were purified to a highly pure state as judged from SDS-PAGE
analysis (Supplementary Fig. 2A and B). The oligomeric state of isolated NisB or NisC was analyzed via a combi-
nation of multi-angle light scattering and size exclusion chromatography (MALS-SEC)**?°. NisB is a dimer with
amolecular weight of 237.5+ 0.3kDa (Supplementary Fig. 2C) and NisC is a monomer with a molecular weight
o0f 48.1 +0.5kDa. (Supplementary Fig. 2D) as previously reported®>?. The prenisin peptide and its variants were
expressed and secreted by L. lactis NZ9000 and isolated via cation exchange chromatography as described?>%
(Supplementary Fig. 3).

Prior to the complex formation studies, the ability of the single proteins to bind prenisin was tested using
MALS-SEC. Here, a dimer of NisB binds one unmodified prenisin molecule* and the monomer of NisC binds
also one unmodified prenisin molecule?? (Supplementary Fig. 4A and B) resulting in an increase of the observed
molecular masses to 54.5 4 0.6 kDa for NisC and 241.9 £ 0.4kDa for NisB, respectively. Thus, purified NisB and
NisC are capable to binding unmodified prenisin peptide. Higher amounts of prenisin did not result in higher
molecular masses suggesting that both protein can only bind one prenisin molecule.

PTM complex assembly. To assemble the nisin PTM complex in vitro we incubated NisB and NisC in different
molar ratios ranging from 1:1 to 1:8 for 1 h at 25°C and analyzed a potential complex formation by MALS-SEC.
This resulted in two clearly separated elution peaks occurring at 7.4 min and 9.0 min. The first peak contained
dimeric NisB with a theoretical molecular mass of 236.6kDa (Fig. 1, black dashed line) and the second peak
contained only NisC with a theoretical molecular weight of 48.5kDa (not shown). To analyze this further we
subjected single elution fractions of the SEC experiment to SDS-PAGE analysis (Supplementary Fig. 5) combined
with Western blotting (Fig. 2A) using polyclonal antibodies against NisB and NisC, respectively. This revealed
that NisB, even in the presence of a high excess of NisC, formed no complex with NisC (Fig. 1, black dashed line,
Fig. 2A).

Next PTM complex formation was analyzed under conditions, in which either of the two enzymes, NisB
or NisC, was preloaded with unmodified prenisin peptide. Upon saturation of NisB with unmodified preni-
sin peptide and subsequent incubation with 20 uM NisC prior to complex formation, a molecular mass of
263.8 + 0.3 kDa was observed. This indicated formation of a NisB-NisC-NisA complex. When NisC was first
saturated with unmodified prenisin peptide and subsequently incubated with 20 uM NisB, a molecular weight of
247.1 +0.4kDa was observed for NisB (Supplementary Fig. 6).
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Figure 1. MALS-SEC analysis of the mixed protein samples consisting of NisB and NisC, in the presence
or absence of the dehydrated prenisin peptide. The dashed black graph shows the elution profile of a mixture
of 20 pM NisB and 160 pM NisC resulting in a molecular weight of 237.5 4+ 0.3kDa (blue line). The analysis

of 20 M NisB, 160 M NisC and 200 pM dehydrated prenisin peptide is shown by the black graph, revealing

an apparent molecular weight of 291.2 + 0.9 kDa (red line) of the formed complex. The two black dotted lines
indicate the theoretical molecular weight of an isolated NisB (236.6 kDa) dimer and of a complex consisting of a
NisB dimer, a monomer of NisC and one prenisin peptide molecule (291kDa).
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Figure 2. Western blot analysis of the PTM complex containing fraction. Elution fractions marked with a
red box in the corresponding SDS-PAGE gels (Supplementary Figs 5, 7 and 8) were used for further analysis.
The antibodies used are indicated with an arrow. (A) M: protein marker. NisB: The fraction resulting of the
analytical SEC of 20 pM NisB. NisB and NisC: This sample represents the interaction analysis of 20 uM NisB
and 160 pM NisC. NisC: The fraction resulting of the analytical SEC of 160 uM NisC. (B,C) In the following
lanes the results of the complex formation for the different prenisin peptide variants are shown. PTM complex is
formed and consists of NisB, NisC and prenisin peptide.

This demonstrates that the presence of unmodified prenisin peptide triggers complex formation. However, the
molecular mass determined in both experiments did not fit to any theoretically combination of the three compo-
nents (1: 1: 1 or 2: 1: 1 or 2: 2: 2 or any other ratio) (Supplementary Table 2). This suggested that a fully assembled
NisB-NisC-NisA complex with equimolar concentrations of NisB and NisC and an excess of unmodified prenisin
peptide was not obtained under these experimental conditions.

To obtain a fully assembled complex, we kept the concentration of NisB constant at 20 uM as well as the
10 fold-excess of unmodified prenisin peptide (200 uM). We increased the concentration of NisC stepwise
from 10 uM to 160 pM and analyzed the molecular weights of the formed complexes via MALS-SEC. Here,
we observed a gradual increase of the molecular weight at NisC concentrations of up to 80 pM (Fig. 3 and
Supplementary Table 1). Further increase of the NisC concentrations to 160 M did not change the observed
molecular weight of 293.6 & 1.2kDa any further (Fig. 3, Table 1 and for a detailed view Supplementary Table 1).
This suggested the presence of a stable complex of NisC/NisB/unmodified prenisin peptide at NisC
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+ - — 237.5+£0.3
+ - unmodified 241.9+04
- + — 48.1+0.5
- + unmodified 54.540.6
+ + unmodified 293.6+1.2
+ + dehydrated 291.24+0.9
+ + modified 250.4+0.7
+ + FNLD-Box 248.0+£0.9

Table 1. MALS-SEC data summarizing the molecular weight of the complex forming analysis for the
different prenisin peptide variants and without any prenisin peptide. The theoretical molecular weight of a
NisB dimer is calculated to 236.6kDa, 48.5kDa for a cleaved NisC monomer and 5.9 kDa for the unmodified

prenisin peptide.
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Figure 3. Assembly of the nisin maturation complex visualized via MALS-SEC. The molecular weight of
the protein within the elution fraction was determined using MALS-SEC. The concentration of NisB (20 uM)
and the different prenisin peptide variants (200 .M) were kept constant and the NisC concentration was varied
(indicated on the X-axis). The upper dotted line shows the molecular weight of the theoretical PTM complex
of 291 kDa. The molecular weight of NisB incubated with NisC is shown in v. With «, the molecular weight
dependency of the complex with the unmodified prenisin peptide is shown. The dehydrated prenisin peptide
profile corresponds to O. The molecular weight of the complex in the presence of the modified prenisin peptide
is indicated by A. O represents the dependency of the molecular weight of the complex in the presence of the
-FNLD- box (-AAAA-) variant.

concentrations of 80 uM or higher. The corresponding SDS-PAGE and Western blot analysis demonstrated the
presence of both NisB and NisC in the elution fraction, together with the unmodified prenisin peptide (Fig. 2B
and Supplementary Fig. 7A). After calculation of all possible stoichiometry’s, the nisin PTM machinery possessed
a stoichiometry of 2:1:1 (see Supplementary Table 2).

The modification state of nisin dictates complex formation. 'The unmodified prenisin peptide initiated complex
formation between NisB and NisC (Figs 2 and 3). This raised the question whether the modification state within
the prenisin core peptide modulates complex formation? We therefore repeated the experiment employing dehy-
drated or fully modified prenisin peptide. In the latter case, all (methyl)-lanthionine rings are present, while in the
dehydrated prenisin core peptide all serine residues and threonine residues are dehydrated*, but due to the lack
of NisC during expression of prenisin, no (methyl)-lanthionine rings were introduced. We incubated the dehy-
drated and the fully modified prenisin peptide (200 pM) with 20 M NisB and up to 160 pM NisC. We observed
a complex of the PTM machinery after incubation of NisB and NisC with dehydrated prenisin peptide resulting
in a molecular weight of 291.2 & 0.9 kDa employing MALS-SEC analysis (Fig. 1 black line; Figs 2B and 3). This
mass is identical within experimental error with the molecular weight determined for the unmodified prenisin
peptide PTM enzyme complex. Importantly, an increase of the NisC concentration above 120 uM did not result
in higher molecular weights indicating that no higher molecular weight PTM complex was formed (Figs 2B and 3,
Table 1 and Supplementary Table 1). The corresponding SDS-PAGE analysis revealed the presence of NisB, NisC
and dehydrated prenisin peptide in the elution fraction of the PTM enzyme complex (Supplementary Fig. 7B).
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Incubating the fully modified prenisin peptide with NisB and NisC, resulted only in a small shift in the elution
profile indicating that the modified prenisin peptide did not trigger complex formation (Figs 2B and 3, Table 1
and Supplementary Table 1 and Supplementary Fig. 7C). In MALS-SEC, a molecular weight of 250.4 4 0.7 kDa
was determined, which supported the idea of a weak interaction and reflects the lack of a stable PTM complex.
Altogether, this demonstrated that fully modified prenisin peptide is not capable of inducing the formation of the
completely assembled PTM complex, while unmodified and dehydrated prenisin peptide can do.

The role of the (methyl)-lanthionine rings in complex formation.  Only the presence of unmodified
and dehydrated prenisin peptide triggered complex formation (see above). To investigate whether one or more
of the five rings inhibits complex formation, four prenisin peptide variants were produced only differing in the
number of (methyl)-lanthionine rings within the core peptide. The native prenisin core peptide contains five
cysteine residues giving rise to the five (methyl)-lanthionine rings A-E after modification (Supplementary Fig. 1).
By exchanging these cysteine residues subsequently to alanine, prenisin peptide variants were created which vary
in the number of (methyl)-lanthionine rings. The CAAAA variant contains only ring A, CCAAA rings A and B,
CCCAA rings A-C and CCCCA rings A-D. Here the variants are expressed in the presence of NisB and NisC,
which ensures that these variants are dehydrated and the lanthionine rings are present when a cysteine residue
is still available. After purification, we incubated 20 uM NisB, 160 pM NisC and 200 uM of these different ring
variants of the prenisin peptide for 1h at 25°C and analyzed the reaction mixtures by analytical SEC. The corre-
sponding SDS-PAGE analysis is shown in Supplementary Fig. 8A-D. The analysis demonstrated that all ring defi-
cient prenisin peptide variants are capable to form the PTM complex. In all cases, a co-elution of NisB, NisC and
the prenisin peptide was observed. The co-elution fraction was furthermore analyzed by Western blot (Fig. 2C)
to visualize the presence of NisB, NisC and the prenisin peptide variant used. This result demonstrates that the
PTM complex is obtained, in the presence of at least one up to four (methyl)-lanthionine rings. Only when the
last (methyl)-lanthionine ring (ring E) was present, i.e. fully modified prenisin peptide, no complex formation
was detected. This suggests that coming to the last ring or dehydratable residue at the C-terminus might stimulate
the dissociation of the entire PTM complex.

The recognition motive within the leader peptide: the -FNLD- box. 'We showed above that the modification state
of the core peptide has a profound influence on complex formation. Next, we concentrated on the role of the
N-terminal leader peptide in the assembly of the modification complex. The single NisB and NisC enzymes recog-
nize the highly conserved -FNLD- box motif within the leader peptide?>?*. MALS-SEC analysis using the -FNLD-
to -AAAA- mutant resulted in a molecular weight of 248.0 = 0.9 kDa, which indicated low efficiency of PTM
complex formation (Figs 2C and 3, Table 1 and Supplementary Fig. 7D). The SDS-PAGE analysis of the analytical
SEC revealed a minor shift of NisC and only low amounts of NisC co-eluted with NisB (Supplementary Fig. 7D).
This suggests that the -FNLD- box has an important role during complex formation and demonstrated that both,
the leader and the core peptide, are essential for the assembly of the nisin PTM complex. This is in line with the
observations that this prenisin peptide variant is poorly modified in vivo?>?$273%,

Visualization of the nisin modification complex with small-angle x-ray scattering (SAXS). We
used SAXS to obtain a structural glimpse of the fully assembled PTM complex. Here, we applied 200 pl
of each enzyme, NisB (200 M) and NisC (470 uM), respectively, on a Superdex 200 column and measured
the X-ray scatter (Supplementary Fig. 9). We estimated the molecular weight from the POROD volumes*?
(Supplementary Table 3). This resulted in a molecular mass of 239.26 kDa for the NisB sample corresponding to
a dimer, and in a molecular mass of 51.56 kDa for NisC, which corresponds to the monomeric state. These results
fitted to the theoretically calculated masses deduced from the corresponding sequences (Supplementary Table 3)
and were in-line with our MALS-SEC results (Table 1). Next we applied the same method to a NisB sample
saturated with dehydrated prenisin peptide (200 uM NisB, 2 mM prenisin). Here, we incubated NisB with preni-
sin peptide, which should result in saturation of the enzyme. The calculated molecular weight of 256.54 kDa
indicated that dehydrated prenisin peptide bound to NisB. The volumetric envelope was calculated from the
background-subtracted scattering curves using DAMMIF* (Fig. 4).

The structure of NisB (PDB code 4WD9) and NisC (PDB code 2GOD), which were solved previously by
X-ray crystallography, were superimposed into the volumetric envelopes using the program SUPCOMB* (Fig. 4),
demonstrating that the envelope of the enzymes in solution nicely fitted to the published X-ray structures (Fig. 4).
Interestingly in the map of the apo-NisB a tunnel on only one site of the envelope was observed (Fig. 5A), which
might serve as an entrance to the binding site of prenisin. The leader sequence was visible in the X-ray structure of
NisB and after fitting the model into the volumetric envelope obtained by SAXS, it was localized in close vicinity
of the observed tunnel (highlighted in red in Fig. 5A). This further strengthens the suggestion that the tunnel
might be the binding site for the prenisin molecule. This tunnel however appears to be closed in the volumetric
envelope derived from our SAXS measurements of NisB saturated with dehydrated prenisin peptide. An overlay
of both envelopes revealed that the tunnel is blocked in the NisB-dehydrated prenisin peptide map (Fig. 5B).
Please note that the measurement of both samples were performed at similar concentrations and resulted in
volumetric envelopes of comparable resolution. This suggests that the tunnel represents an opening for prenisin,
which is blocked once prenisin is bound. Furthermore, this tunnel points into the active site of NisB and to the
residues involved in the dehydration reaction as well as glutamylation33%,

Next we also measured the fully assembled PTM complex. This revealed a molecular weight of 275.1kDa as
deduced from the POROD volume indicating that the PTM complex was not fully assembled, which is likely due
to the dilution effect occurring during SEC. Even after increasing the concentration of the PTM complex, the
amount of formed complex did not increase. The different molecular weights from the POROD Volume were
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NisB
prenisin

NisC

Figure 4. SAXS analysis of apo-NisB, NisB-prenisin and NisC. The volumetric envelopes are shown for NisB
(grey mesh), NisB-prenisin (blue mesh) and NisC (orange mesh) as calculated from the scattering data using
DAMMIF®. The structure of NisB (PDB code: 4WD9) and NisC (PDB code: 2GOD) were docked into the
volumetric envelopes using SUPCOMB*.

Figure 5. Comparison of the NisB and NisB-prenisin peptide volumetric envelopes as obtained by SAXS.
(A) The volumetric envelope of NisB is shown as a grey mesh. A 30 A clip was calculated around the leader
peptide as derived from the fitted NisB structure (highlighted in red stick representation) (B) An overlay of the
NisB envelope (grey mesh) and the NisB-dehydrated prenisin peptide envelope (blue mesh) highlighted that the
observed tunnel is closed once dehydrated prenisin peptide is bound to NisB.

SCIENTIFICREPORTS | 7:42163 | DOI: 10.1038/srep42163 6

-48-



www.nature.com/scientificreports/

Figure 6. SAXS analysis of the fully assembled PTM complex. (A) The volumetric envelope of the fully
assembled complex is shown as a yellow mesh. (B) The assembled PTM complex as deduced from the program
SASREF** (The monomers of NisB are colored in blue and green, NisC in dark orange). (C) Front view of the
PTM complex with only NisB highlighted, (D) side view of the PTM complex with only NisB highlighted,

(E) fully assembled PTM complex with the complex aligned to the volumetric envelope. (F) Zoom in into the
PTM complex identical to Fig. 5. The observed tunnel in NisB is occupied by dehydrated prenisin peptide and
also NisC is located at the same interface of the protein.

also supported by the calculated Radius of Gyration (R,) as well as estimated D, .. We could observe an increase
for the PTM complex in comparison to isolated NisB (Supplementary Table 3). The overall shape of the obtained
volumetric envelope revealed additional density on top of the NisB volume near the tunnel observed in the NisB
experiment (Fig. 6A-D), suggesting that NisC is localized at that position. Furthermore, no additional volume
large enough to accommodate another NisC molecule was observed. This demonstrates that the stoichiometry
obtained by SAXS was identical to the stoichiometry deduced by SEC-MALS. Independently, we used the pro-
gram SASREF to calculate the shape of the PTM complex using the structures of NisB and NisC and the experi-
mental scattering data. Here a similar location of NisC was observed. NisC is again localized on top of the tunnel
suggesting that this represents the stable conformation of the PTM complex in vitro (Fig. 6D-F). NisC has a bowl
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like structure and the active site points again towards the tunnel (Fig. 6F). This suggests that NisC is localized next
to the prenisin binding site observed for NisB within the PTM complex.

Discussion

Bacteriocins are peptides produced by bacteria and there is one specific class, called lanthipeptides, contains
PTMs introduced by specific enzymes, which can be either a single protein (LanM) or two proteins (LanB and
LanC, respectively)*!>1617 In the case of systems containing LanB and LanC, a complex of both enzymes is pro-
posed to be the catalytically active species, but direct experimental evidence of its existence is rare. Here, we pro-
vide the first in vitro data on the assembly of the nisin PTM complex consisting of the dehydratase NisB and the
cyclase NisC. The enzyme NisB and NisC are proposed to work in an alternating fashion to introduce the PTMs
in the core section of the prenisin peptide®. We only observe the assembly of the PTM complex in the presence of
unmodified and dehydrated prenisin peptide (Figs 2 and 3). This is in line with in vivo and in vitro data, in which
direct interaction(s) between NisB and NisC was never observed without the presence of the substrate*17:363845,
Purification of the prenisin peptide via an affinity tag directly from the cytosol of L. lactis resulted in elution frac-
tions containing both, NisB as well as NisC?®. This strongly suggested that a fully assembled maturation complex
was present within the cytosol. The data presented here provides the first in vitro reconstitution of a lantibiotic
PTM complex using the three separately purified components.

The stoichiometry of the PTM complex was determined to be 2:1:1 (NisB: NisC: prenisin peptide) by two
independent approaches, SEC-MALS as well as SAXS.

The structure of NisB also revealed a dimeric organization with prenisin bound although electron density
only for the region surrounding the -FNLD-box within the leader peptide was clearly visible’>. Within this NisB
structure the leader was detected in both monomers, which might be due to the simultaneous overexpression of
both, NisB and prenisin, respectively, in combination with the lack of NisC. In the recently published structure
of MibB, no substrate was observed®”. While comparing the binding site of both enzymes, it became obvious that
this particular region is rather flexible. This suggests that upon substrate binding NisB undergoes a conforma-
tional change as observed in the SAXS experiment. The differences are however subtle.

Interaction between NisB, NisC and the prenisin core peptide. Here, we demonstrated that complex
formation between NisB and NisC strictly relies on the presence of prenisin, i.e. either the unmodified or the
dehydrated peptide variant. When the cyclization reactions are completed and five (methyl)-lanthionine rings
are present in the prenisin peptide, only a very minor amount of PTM complex can be obtained. This might
reflect the in vivo situation, in which fully modified prenisin peptide is released from the PTM complex as soon
as the (methyl)-lanthionine rings are formed and handed over to the dedicated transport system NisT. Since all
three components were apparently localized at the membrane of L. lactis*®, it seems plausible that an even larger
complex consisting of the PTM enzymes and the ABC transporter exists within the bacterial cell. Installing the
lantibiotic PTMs and the subsequent secretion benefits from an efficient coupling of lantibiotic biosynthesis,
maturation and secretion.

Within the leader peptide of class I lantibiotics, the -FNLD- box is highly conserved?® and was identified as the
recognition motif for the isolated enzymes NisB and NisC, respectively?>?>*. With the exchange of the -FNLD-
motif against four alanines (-AAAA-), the formation of the PTM complex was drastically reduced (Figs 2 and 3
and Table 1). This is in contrast to in vitro results with isolated proteins, where no binding was observed*>*. But
we have to stress that in these in vitro studies only low concentrations of the -AAAA- mutant of prenisin peptide
were used and that the concentrations used in this study were several times higher. Nevertheless, our result clearly
support that this highly conserved motif possesses a strong effect on complex formation as exemplified by the
-AAAA- mutant. This was previously also highlighted by in vivo studies, which demonstrated that this variant is
poorly modified and contains almost no dehydrations or cyclisation within its core peptide?*2%27-3,

SAXS analysis revealed that in the apo-NisB structure a tunnel is present in close proximity of the binding site
of the leader sequence. This tunnel is not observed within the NisB-dehydrated prenisin peptide complex. This
suggested that the dehydrated prenisin peptide occupies this space. Interestingly, only one tunnel is observed
indicating that one prenisin molecule can bind to NisB in solution. The other possible binding site appears to be
closed. Furthermore, we observed that NisC is localized next to this tunnel with its active site pointing towards
the prenisin binding site as well as the region of NisB, which contains the residues important for the dehydration
and glutamylation reactions?*.

Taken all data together the dehydration reaction within the core peptide likely changes the conformation of
prenisin such that the active site of NisC becomes accessible, which is capable to cyclize the first ring. This would
be inline with the model proposed that nisin is modified via a ping-pong mechanism®* were dehydration and
cyclization occur in an alternate fashion. Due to (methyl)-lanthionine ring formation, the peptide shifts forward
and the second dehydration step can occur. It remains unclear whether the position of the leader peptide is also
shifted during this process and consequently moves out of the PTM complex. In vivo this might be favorable since
the leader sequence needs to be recruited by the ABC transporter NisT. Finally, the presence of ring E prevented
complex formation, or stimulate the dissociation. Apparently, the conformation of the core peptide is different in
comparison to the conformation of nisin that contains rings A-D. This likely is ensured by the more bulky inter-
twined conformation of ring D and E®.

In summary, the data obtained in this study identified two factors influencing complex formation of the matu-
ration enzymes NisB and NisC, respectively. First the core peptide, it can be dehydrated and also particular mod-
ified. In vitro the presence of the last (methyl)-lanthionine ring, ring E, abolished complex formation. Second, the
N-terminal leader peptide plays an important role. The highly conserved -FNLD- box is an essential recognition
factor for the modification enzymes NisB and NisC. Finally, the MALS-SEC analysis revealed the first quantitative
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data elucidating the stoichiometry of the nisin maturation complex. This complex revealed a molecular weight of
approximately 291 kDa corresponding to a stoichiometry of 2:1:1 (NisB/NisC/prenisin peptide) in vitro.

Materials and Methods

Cloning the prenisin ring deficient variants.  For producing ring deficient prenisin peptides, a shuttle
vector accessible for the bacteria L. lactis and E. coli was created?”. The correctness of the obtained plasmids was
successfully verified by sequencing.

Purification of NisB, NisC and the prenisin peptide variants. NisB was expressed in L. lactis and purified as
previously described®. The expression and purification of NisC was performed as described in ref. 22. Briefly,
the dehydratase NisB was homologously expressed in L. lactis NZ9000 and purified to homogeneity via immobi-
lized metal ion affinity chromatography (IMAC) followed by SEC. NisC was heterologously expressed in E. coli
BL21 and isolated via a three-step purification strategy. The first step was again IMAC chromatography using a
TALON® Superflow Cartage Colum, followed by a SEC purification step. The N-terminal His,-tag of NisC was
cleaved off by thrombin treatment. Non-digested NisC was removed via a second IMAC step.

The prenisin peptide purification was performed as described in ref. 22. For the determination of the preni-
sin concentration and the variants a RP-18 HPLC column was used®”. In general prenisin is expressed via a two
plasmid system. On the first plasmid wildtype prenisin or the cysteine variants of core nisin or the FNLD variants
of the leader part of nisin is expressed. The second plasmid contains the PTM complex consisting of NisB, NisC
and NisT. By varying the latter plasmid, the modification status of prenisin can be varied. Here, the deletion of
NisC leads to a prenisin peptide variant, which is dehydrated but no lanthionine rings are installed. Similarly, the
deletion of both, NisB and NisC, on the plasmid results in a prenisin peptide varians where no dehydration and
no cyclization are present. The differences in modification are highlighted in Supplementary Figure S1.

Analysis of complex formation. 'To determine the molecular weight and stoichiometry of the NisB/NisC/prenisin
peptide complex, a combination of multi-angle light scattering and size exclusion (MALS-SEC) was used to vis-
ualize complex formation. The analyses were performed on an Agilent 1260 HPLC System in combination with a
triple-angle light scatter detector (miniDAWN TREOS) and a differential refractive index detector (Optilab rEX -
both Wyatt Technology Europe).

Analysis of isolated NisB and NisC were performed by injection of 200 uL of a 20 uM solution of each protein.
The second step was the analysis of prenisin peptide bound proteins. We used 20 .M NisC, respectively 20 pM
NisB and incubate it with 200 uM prenisin peptide for 1h at 25°C.

For the initial complex analysis we saturated NisB with the unmodified prenisin peptide and analyzed the mix-
ture by MALS-SEC. Here, we used 20 M unmodified prenisin peptide saturated NisB and incubate it with 20 pM
NisC for 1h at 25°C. The same analysis was performed with 20 uM unmodified prenisin peptide saturated NisC
and subsequent incubation with 20 uM NisB. A Volume of 200 uL was applied on an Agilent BioSEC-5 colum
(3004, 7.8 x 300 mm) pre-equilibrated with MALS buffer (50 mM HEPES-NaOH, pH 7.5, 500 mM NaCl) at a
flow rate of 1.0 mL/min or on a Superdex 200 10/300 increase colum (GE Healthcare) at a flow rate of 0.75 mL/min.
Data-analysis was performed with the ASTRA software package (Astra V 5.3.4.20) (Wyatt Technology).

To visualize complex formation, we kept the concentrations of NisB (20 pM) and of the prenisin peptide var-
iants (200 M) constant in the different samples. We used only different concentrations of NisC from 10 pM to
160 M.

Analytical co-elution studies. 'The co-elution studies were performed on a Akta Micro system using a Superdex
200 PC 3.2 column (GE Healthcare) equilibrated with 50 mM HEPES-NaOH, pH 7.5, 500 mM NaCl with a flow
rate of 0.05 mL/min.

A 50 pL reaction mixture consisting of 20 uM NisB, 160 pM NisC and 200 uM prenisin peptide variant was
incubated for 1h at 25°C and subsequently applied to SEC analysis. Elution was observed at 280 nm. After
co-elution, the corresponding fractions were analyzed by a 4-20% gradient Tris-Glycine SDS-PAGE (Biorad) gel
stained with Page-Blue (Thermo Fisher).

Immunoblotting and SDS-PAGE analysis. ~ All SDS-PAGE and Western blotting experiments were performed
with standard laboratory techniques**->°. The antibodies for NisB*, NisC* and the nisin leader peptide?® were
kindly provided by Dr. Moll, LanthioPharma, Groningen (Netherlands).

Visualization of the nisin modification complex by small-angle X-ray scattering (SAXS). SAXS data were collected
at ESRF Grenoble on beamline BM29 equipped with a PILATUS 1 M detector (Dectris). The sample to detec-
tor distance was kept fixed at 2.867 m. The achievable g-range under these conditions was 0.025-5nm™". The
maximum measurable R, (radius of gyration) of the investigated particles were 20 nm. All measurements were
performed at 4°C and the system was coupled to a size exclusion chromatography.

For analysis of the nisin modification complex, a mixture of 40 pM NisB, 320 uM NisC and 400 1M dehydrated
prenisin peptide was incubated for 1 h at 25°C. Analysis of isolated NisB was performed with a 200 M solution
and for NisC with a 470 uM solution. A volume of 200 pL was applied on a Superdex 200 10/300 increase colum
(GE Healthcare) pre-equilibrated with SAXS-buffer (50 mM HEPES-NaOH, pH 7.5, 500 mM NaCl, 5% Glycerol)
ata flow rate of 0.75 mL/min. For data processing we used the ATSAS Software package (Version 2.7.1)°!. Primary
data reduction were performed using the program PRIMUS*. The forward scattering I(0) as well as the radius
of gyration (R,) were calculated with the Guinier approximation®?, which is implemented in PRIMUS*. We cal-
culated the pair-distribution function p(r) and estimate the maximum particle dimension (D,,,,) employing the
program GNOM?>*. The low resultion ab initio models were calculated with DAMMIF* (10 runs for each sample)
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and used to perform the docking of the NisB-NisC dehydrated prenisin peptide complex, which was calculated
with SASREF**. For superimposing of the models, we used SUPCOMB*‘. These programs are all part of the
ATSAS program package available on the EMBL website (http://www.embl-hamburg.de/biosaxs/software.html).
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Figure S1: Schematic overview of the nisin maturation process. I) The leader peptide
is shown on the top and the highly conserved -FNLD- box is highlighted by a red box.
The unmodified prenisin peptide represents the ribosomally synthesized peptide. II)
NisB dehydrates specific serine and threonine residues (grey) in the core peptide. The
final peptide is called dehydrated prenisin peptide, which contains the dehydrated
amino acids dehydroalanine (dha) and dehydrobutyrine (dhb). III) These dehydrated
amino acid residues get linked via NisC to C-terminal located cysteine residues (brown),
resulting in the modified prenisin peptide. In the core peptide one lanthionine ring A
(orange) and four (methyl)-lanthionine rings B-E (red) are present. IV) After
introduction of the post-translational modifications the modified prenisin peptide is
secreted via NisT across the cytoplasmic membrane and processed by the serine
protease NisP. The modified prenisin peptide is cleaved into the leader peptide and

mature nisin. Modified from 1.

-20 -15 -10 -5 -1
teader peptide WEOEENDEIOOELEREREEE®EE®
unmodified prenisin peptlde 29 30
DO 0@00“0““@0@0“..0.@.
l NisB (dehydration of serine and threonine residues in the core peptide)
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l NisC (forming of (methyl)-lanthionine rings)

Il modified prenisin peptide@

NisP (cleave of the leader peptide and release mature nisin)

‘NisT (translocation of the modified prenisin peptide)
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Figure S2: SDS-PAGE analysis of the purification process of NisC and NisB,
respectively. (A) NisB purification: Lane M: protein marker. Lane 1: Crude extract of L.
lactis cells expressing NisB-Hiss. Lane 2: Flow through of the IMAC column. Lane 3:
Combined IMAC elution fractions containing NisB-Hise¢. Lane 4: NisB-Hiss elution
fraction after SEC. (B) NisC purification: Lane M: protein marker. Lane 1: Crude extract
of Hiss-NisC expressing E. coli cells. Lane 2: IMAC flow through. Lane 3: Combined Hiss-
NisC IMAC elution fractions. Lane 4: Hise-NisC elution fraction after SEC. Lane 5: Tag-
free NisC after thrombin treatment. (C) Molecular weight determination of NisB using
MALS-SEC: In black the elution profile of a purified NisB sample analyzed with MALS-
SEC is shown. The observed molecular weight of 237.5 + 0.3 kDa fits very well with the

theoretical molecular weight of a NisB dimer 236.6 kDa (www.expasy.org). (D) The

black elution profile represents the MALS-SEC analysis of a purified NisC sample. A
molecular weight of 48.1 + 0.5 kDa was determined, which is in-line with the theoretical

calculated molecular weight of a cleaved NisC monomer of 48.5 kDa (www.expasy.org).
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Figure S3: Page-Blue (Thermo Fischer) stained Tricine SDS-PAGE 2 analysis of the
purified prenisin peptide variants: All variants were purified using cation exchange
chromatography as previously described 13. The final concentration of the purified
peptide variants was determined by subjecting the prenisin peptide variants to HPLC
analysis 3. Due to space limitation several gels have been made, which are indicated by

black boxes and vertical lines.
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NisB and NisC substrate binding

With the MALS-SEC analysis we could show the substrate binding from NisB and NisC.
The prenisin binding to NisC resulted in a changes elution time due to a change in the
hydrodynamic radius (Figure S4 A, black line) in comparison to ligand-free NisC (Figure
S4 A, dashed line). The observed molecular weight of ligand-free NisC was 48.1 + 0.5
kDa. After incubation of unmodified prenisin peptide with NisC, we observed a
molecular weight of 54.5 + 0.6 kDa, which fits to NisC with one prenisin bound
(theoretical molecular weight of 54.3 kDa). NisB showed no difference in the elution
profile, but MALS-SEC analysis highlighted a molecular weight of 237.5 + 0.3 kDa (Figure
S4 B, blue line) for NisB and 241.9 + 0.4 kDa for the NisB-NisA bound complex. This
indicated that one unmodified prenisin peptide molecule was bound to a NisB dimer
(theoretical molecular weight of 242.2 kDa). Thus, these results demonstrate a 1:1
stoichiometry for a monomer of NisC with one prenisin molecule, and also that a dimer
of NisB binds one prenisin molecule. The results are in-line with previous in vitro studies
L3, but in contrast to the NisB structure 4, which showed two leader peptide fragments

bound within the NisB dimer.
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Figure S4: MALS-SEC analysis of the mixed protein samples consisting of NisB or
NisC, in the presence and absence of prenisin peptide. (A) The dashed black graph
shows the elution profile of 20 uM NisC resulting in a molecular weight of 48.1 + 0.5 kDa
(blue line). The analysis of 20 pM NisC and 200 uM unmodified prenisin peptide is
shown as the black graph, revealing an apparent molecular weight of 54.5 + 0.6 kDa (red
line) of the formed complex. (B) The dashed black graph represents the elution profile
of 20 uM NisB resulting in a molecular weight of 237.5 + 0.3 kDa (blue line). The analysis
of 20 uM NisB and 200 pM unmodified prenisin peptide is shown as the black graph

revealing an apparent molecular weight of 241.9 + 0.4 kDa (red line) of the formed

complex.
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Figure S5: SDS-PAGE analysis of fractions of size exclusion chromatograms of NisB
or NisC sample as well as a NisB / NisC sample.

The corresponding SDS gels from the size exclusion chromatography (Superdex 200 PC
3.2) fractions are shown in (A) 20 uM NisB (blue profile). (B) 160 uM NisC (red profile)
(C) 20 uM NisB and 160 pM NisC (black profile). As observed, NisB and NisC are
detected in different fractions of the SEC elution profile. The elution profiles of NisB and
NisC remain unchanged in the case of the simultaneous injection of both proteins (C)
indicating no complex formation. For the analysis of complex formation the fraction
highlighted by a red box was used in SDS page analysis and subsequent Western blot

analysis (Figure 2a).
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Figure S6: MALS-SEC analysis of the pre-saturated protein samples consisting of
NisB or Nis(C, in the presence of prenisin peptide. (A) The black graph shows the
elution profile of 20 uM NisB saturated with unmodified prenisin peptide and incubated
with 20 pM NisC, Resulting in a molecular weight of 263.8 * 0.3 kDa (red line). (B) The
analysis of 20 uM NisC saturated with unmodified prenisin peptide and incubated with
20 pM NisB is shown with the black graph, revealing an apparent molecular weight of

247.1 + 0.4 kDa (red line).
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Figure S7: SDS-PAGE analysis showing the results of the dependency of the leader
and core peptides on complex formation. The corresponding SDS gels from the size
exclusion chromatography (Superdex 200 PC 3.2) fractions are shown. (A) 20 uM NisB
and 160 puM NisC in the presence of 200 uM of the unmodified prenisin peptide. (B) 20
uM NisB and 160 uM NisC in the presence of 200 pM of the dehydrated prenisin peptide.
(C) 20 uM NisB and 160 puM NisC in the presence of 200 uM of the modified prenisin
peptide. (D) 20 uM NisB and 160 pM NisC in the presence of 200 uM of the -FNLD- box
variant (-AAAA-) mutant prenisin. Red-boxed elution fractions were used for Western

blot analysis (Fig. 2b-c).
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Figure S8: SDS-PAGE analysis showing the influence in varying the number of
installed (methyl)-lanthionine rings. The corresponding SDS gels from the size
exclusion chromatography (Superdex 200 PC 3.2) fractions are shown. (A) 20 uM NisB
and 160 uM NisC in the presence of 200 pM of the CAAAA variant. (B) 20 uM NisB and
160 pM NisC in the presence of 200 uM of the CCAAA variant. (C) 20 uM NisB and 160
uM NisC in the presence of 200 uM of the CCCAA variant. (D) 20 uM NisB and 160 pM
NisC in the presence of 200 uM of the CCCCA variant. Red-boxed elution fractions were

used for the Western blot analysis (Fig. 2c).
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Figure S9: SAXS plots of the different Proteins. Experimental curves are shown in
black dots and the ab-initio model fit as red line. Displayed is the intensity as a function
of momentum transfer s. (A) Plot NisB, DAMMIF fit. (B) NisB saturated with dehydrated
prenisin peptide, DAMMIF fit. (C) NisC, DAMMIF fit. (D) NisBCA complex, DAMMIF fit.

(E) NisBCA complex, SASREF fit.
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Table S1: MALS-SEC data summarizing the molecular weight (Mw) of the analysis of
complex forming for the different prenisin peptide variants. For the analysis, we
kept the concentration of NisB (20 pM) and the different prenisin peptides (200uM)
constant. We only changed the concentration of NisC from 0 pM up to 160 uM. The
theoretical molecular weight of a NisB dimer is calculated to 236.6 kDa, 48.5 kDa for a
tag-free NisC monomer and 5.9 kDa for the unmodified prenisin peptide. All

measurements were done at least in triplicate. n.d. = not determined.

NisC without M,, nisin maturation complex [kDa]
concentration| prenisin

[uM] peptide unmodified | dehydrated modified |[FNLD Variant

0 236.4+0.3 n. d. 241904 n.d. n.d.

10 n.d. 247312 | 249305 n.d. n.d.

20 n.d. 256608 | 2493+1.1 n.d. n.d.

40 237503 | 2689+13 | 260303 | 237.5+£0.8 n.d.

60 n.d. 2768+1.0 | 270405 n.d. n.d.

80 238103 | 291.2+1.1 | 2755%0.5 n.d. n.d.
120 n.d. 287.2+0.7 | 292.7+0.8 n.d. n.d.
160 238712 | 2936+12 | 291209 | 2504+0.7 | 248.0+£0.9
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Table S2: Theoretical Molecular weight from different ratios of NisB, NisC and NisA.
The theoretical molecular weight of a NisB dimer is calculated to 236.6 kDa, 48.5 kDa for

a tag-free NisC monomer and 5.9 kDa for the unmodified prenisin peptide

Ratio
Molecular weight
NisB NisC NisA [kDa]
1 1 1 172.7
1 2 1 221.2
1 1 2 178.6
1 2 2 227.1
2 1 2 296.9
2 1 1 291.0
2 2 1 339.5
2 2 2 345.4
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Table S3: Overall SAXS Data

Data collection

parameters
Detector PILATUS1 M
](Z)nel;ector distance 2.867
E;a)m size (um x 700 x 700
Wavelength (A) 0.99
iigliftl)iment Quartz glass capillary, 1 mm g
srange (nm-1)# 0.025-5.0
Temperature (°C) 4

Exposure time per
frame (s)

1.5 s continuously*

Mode of
measurement

online SEC

Sample

NisB

NisBA NisC

NisBCA

Structural
parameters

1(0) from P(r)

19.07

141.10 3.0

58.79

Rg (real-space from

P(r)) (nm)

4.29

4.33 2.41

4.42

1(0) from Guinier
fit

19.20

142.14 3.00

58.94

s-range for Guinier

fit (nm1)

0.12-0.30

0.16 - 0.33 0.21-0.54

0.14-0.32

Rg (from Guinier
fit, AutoR;) (nm)

4.37

4.39 2.42

4.45

Dmax (nm)

13.44

15.06 8.16

15.66

POROD volume
estimate (nm3)

382.82

410.47 82.5

440.17

Molecular mass
(kDa)

From POROD
volume [kDa]

239.26

256.54 51.56

275.1

From I(0)

From sequence

236.6

242.4 | 48.5

291

Software

Primary data
reduction

PRIMUS 5

Data processing

GNOM ¢

Ab initio modelling

DAMMIF 7

DAMMIF7/SASREF8

Evaluation,
averaging of
models

DAMAVER°

Superimposing

SUPCOMB 10

Model
visualization

PyMOL

}s = 4msin(0)/A, 26 - scattering angle, A - Xray-wavelength.* 0.5 s dead time between frames,

n.a. not applicable.
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Impact of the nisin modification
machinery on the transport kinetics
of NisT

Marcel Lagedroste?, Jens Reiners'?, Sander H. J. Smits® & Lutz Schmitt'™

Lanthipeptides are ribosomally synthesized and post-translationally modified peptides containing
dehydrated amino acids and (methyl-)lanthionine rings. One of the best-studied examples is

nisin produced by Lactococcus lactis. Nisin is synthesized as a precursor peptide comprising of an
N-terminal leader peptide and a C-terminal core peptide. Amongst others, the leader peptide is crucial
for enzyme recognition and acts as a secretion signal for the ABC transporter NisT that secretes nisin
in a proposed channeling mechanism. Here, we present an in vivo secretion analysis of this process in
the presence and absence of the nisin maturation machinery, consisting of the dehydratase NisB and
the cyclase NisC. Our determined apparent secretion rates of NisT show how NisB and NisC modulate
the transport kinetics of NisA. Additional in vitro studies of the detergent-solubilized NisT revealed
how these enzymes and the substrates again influence the activity of transporter. In summary, this
study highlights the pivotal role of NisB for NisT in the secretion process.

Abbreviations

ABC transporter  ATP binding cassette transporter

Cp Core peptide

Dha Didehydroalanine

Dhb Didehydrobutyrine

Lan Lanthionine

Lp Leader peptide

MeLan Methyl-lanthionine

MS Mass spectrometry

NBD Nucleotide-binding domain

NisA Precursor peptide of nisin

NisB Dehydratase of nisin precursor peptide
NisC Cyclase of nisin precursor peptide
NisT Transporter of nisin precursor peptide
PTM Post-translational modificationn
RP-HPLC Reverse-phase HPLC

SEC Size-exclusion chromatography

Many natural products (NP) produced as secondary metabolites by microorganisms can be used as pharmaceu-
ticals (e.g. as anticancer, antibacterial or antiviral drugs)'. One class of these NPs are ribosomally synthesized and
post-translationally modified peptides (RiPPs). The RiPP family of lanthipeptides, especially those with antimi-
crobial activity (lantibiotics), is gaining interest as a potential alternative for antibiotics to treat harmful multidrug
resistance strains such as methicillin-resistant Staphylococcus aureus or vancomycin-resistant Enterococci>>.
Lanthipeptides (LanA) are produced as precursor peptides with an N-terminal leader peptide (LP) and a
C-terminal core peptide (CP)*. The LP serves as a signal sequence and recognition site for the modification
enzymes and the export protein®®. Furthermore, the LP keeps the modified peptide (mLanA) inactive in the
cytosol’, while the post-translational modifications (PTM) are installed within the CP and not found in the LP'°.

lnstitute of Biochemistry, Heinrich Heine University DuUsseldorf, Universitatsstr. 1, 40225 Dusseldorf,
Germany. 2Present address: Center for Structural Studies, Heinrich Heine University Disseldorf, Universitétsstr. 1,
40225 Disseldorf, Germany. “'email: lutz.schmitt@hhu.de
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Figure 1. Scheme of nisin modification and secretion system. (a) The lanthipeptide nisin (NisA, grey) operon
encodes for the modification and secretion enzymes. (b) The enzyme NisB (blue) catalyzes the dehydration
reaction of unmodified NisA (uNisA), whereas NisC (red) catalyzes the thioether ring formation resulting in
modified NisA (mNisA). The ABC transporter NisT (green) translocates mNisA across the membrane to the
exterior. Finally, the mature peptide is processed by the serine protease NisP (turquoise) and active nisin is
released. The two-component system (TCS) consisting of NisR and NisK (orange) is controlling the expression
of these proteins. Please note, that the operon is partial represented and shows only proteins responsible for
nisin maturation and secretion.

These PTM’s are unusual amino acids such as didehydroalanine (Dha), didehydrobutyrine (Dhb) or (methyl-)
lanthionine ((Me)Lan)!"!2,

Nisin is produced by the Gram-positive bacterium Lactococcus lactis as a precursor peptide (NisA), where
the genes for modification, secretion and maturation enzymes are located on one operon (Fig. 1a)®. First, the
ribosomally synthesized NisA is modified by the modification enzymes NisB and NisC (Fig. 1b, I). Within the
unmodified NisA serine and threonine residues are dehydrated by the dehydratase NisB via a tRNA-depended
glutamylation and elimination reaction to Dha and Dhb residues’*~**. Subsequently, the dehydrated amino acid
are coupled to neighboring cysteine residues via a Michael-like addition catalyzed stereo- and regio-specifically
by the cyclase NisC'¢~'%. The reaction of both enzymes follows an alternating mode with a N- to C-terminus
directionality yielding (Me)Lan residues'**. Next, the exporter protein NisT secretes the modified NisA (mNisA)
to the exterior (Fig. 1b, II)*!. Finally, the LP is cleaved by the extracellularly located serine protease NisP and
active nisin is released (Fig. 1b, III)'°.

The lanthipeptide exporters (LanT) belong to the superfamily of ABC transporters, which are found in all
kingdoms of life?2. Bacterial ABC transporters are composed of mainly two domains®. One domain is the trans-
membrane domain (TMD) important for substrate translocation. The other domain is the nucleotide-binding
domain (NBD), which binds and hydrolyses ATP to energize conformational changes used for substrate trans-
location. Some lanthipeptide exporters harbor an additional domain, a C39 peptidase domain. This domain
is classified as a bacteriocin-processing endopeptidase** and we term this subfamily of transporters LanT csop.

All known lanthipeptide exporters function as dimers and translocation of the lanthipeptide is LP-depend-
ent>*"?’. For some LanT/ Lanc;opT proteins it is proposed that the exporter and modification proteins assemble a
multimeric enzyme complex at the membrane, which translocate the substrate to the exterior (e.g. nisin, subtilin
and nukacin ISK-1)-3,

In 2004, it was shown that the secretion of nisin without the modification enzymes NisB, NisC and the
protease NisP was possible®. In vivo studies on the secretion process expanded the knowledge on the nisin
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modification and secretion system?® -, According to these studies the observed high secretion efficiency of
NisA by NisBTC was explained by a ‘channeling mechanism’®%. Other studies focused on the application of the
nisin modification machinery to produce nisin variants or lantibiotics and secrete them by NisT?¢~*°. Despite
the in vivo analysis of NisA secretion, a first analysis with labeled precursor peptides was performed and gave
first insights into the kinetics of secretion®. Nevertheless, a systematic and quantitative analysis of the secretion
mechanism by determining kinetic parameters for NisA translocation by NisT is still required.

In our study, we performed an in vivo and in vitro characterization of NisT to shed light on the secre-
tion mechanism of NisA. We determined the kinetic parameters of NisA secretion by analyzing the super-
natant of NisA secreting L. lactis strains via reverse-phase (RP-)HPLC. The resulting apparent secretion rate
(NisA-NisT~!min™") of NisT was compared with the rate of the NisBTC system and demonstrated a large
enhancement in the presence of the nisin modification machinery. The in vitro characterization of NisT is the
first study revealing insights into the specific activity of a LanT lanthipeptide transporter and its modification
enzymes as well as its substrate. In conclusion, we could demonstrate a direct enhancement of the secretion by
the maturation enzymes and a bridging function of the dehydratase NisB for the interaction of NisC and NisT.

Results

In vivo secretion assay of NisA. To obtain further insights into the mechanism of lanthipeptide secre-
tion, the NisA secretion level of the L. lactis strain NZ9000 was investigated in the presence and absence of
the modification machinery. Here, the well-known nisin secretion and maturation system'®*"*>%7 was used to
establish an in vivo secretion assay, where the supernatants were employed to determine the secretion level of
NisA peptide via RP-HPLC analysis. In our study, we used the strain L. lactis NZ9000BTC (Table S1) produc-
ing fully modified NisA (mNisA) that is secreted by NisT. The secretion of other modification states of NisA
can be analyzed by deletions of one of the modification enzymes or by creating inactive mutants. The mutation
NisCyyz314 (strain NZ9000BTCyys;,,) or the deletion of NisC (strain NZ9000BT) resulted in the secretion of
dehydrated NisA (dNisA). Deletion of NisB (strain NZ9000TC) or NisB and NisC (strain NZ9000T) resulted
in the secretion of unmodified NisA (uNisA). The deletion of NisT (strain NZ9000BC) or the mutation of the
histidine of the H-loop in the NBD of NisT (strain NZ9000BTy;s,,C) totally abolished NisA secretion (Fig. 2).
The latter two strains were defined as the background of the secretion analysis, in which NisA is expressed
but not secreted. For the secretion analysis, all L. lactis strains were grown in minimal medium at 30 °C and
after induction samples of supernatants were analyzed every hour (0-6 h). Subsequently, the supernatant was
analyzed by RP-HPLC (Fig. 2, Figure S1) and the peak area of NisA peptides was determined to calculate the
amount of peptide. The amount of secreted peptide was plotted against time and a non-linear fitting was applied
to determine V,,,, (maximal amount of peptide; in nmol) and K, 5 (time point of 50% secreted peptide in min).
These kinetic parameters allowed a direct comparison of the secretion efficiency of the different L. lactis strains
employed in this study.

Strain NZ9000BTC had a V,,,, value of 534 + 44 nmol and a K, 5 of 134 + 12 min. It secreted NisA most effi-
ciently in comparison to the other strains (Fig. 2, Table S3). In the cytoplasmic fraction of this strain only a small
amount of mNisA was detected by Western blot at hours 2, 3 and 4 after induction (Figure S2a). This finding is
similar to the previously published data for the nisin secretion and modification system™®.

Mutation of the H-loop at position 551 to alanine in the NBD of the ABC transporter NisT abolished the
secretion of mNisA and no peptide was detected in the supernatant (Fig. 2, Figure S2¢). The same result was
observed for the strain NZ9000BC (Figure S2g). Here, high amounts of mNisA were detected in the cytoplasmic
fraction of the strains NZ9000BTy;ss;,C and NZ9000BC (Figure Slc/g). Thus, nisT deletion and the H-loop
mutation both abolished mNisA secretion.

Deletion of nisC (strain NZ9000BT) resulted in a lower secretion efficiency of dNisA and the V., value of
247 +15 nmol and a K5 of 152 +9 min (Fig. 2, Table S3). The amount of secreted dNisA was reduced by a fac-
tor of 2.2 in comparison to mNisA (strain NZ9000BTC). Interestingly, the mutation of the catalytic histidine
residue (H331) to alanine* reduced the V,,,, value (168 + 16 nmol) by factor of 3.2. The K, ; value increased to
200+ 16 min (Fig. 2). The analysis of the cytoplasmic fraction of the strain NZ9000BTCy3,, showed a higher
amount of dNisA inside the cell, which only slowly decreased over the time (Figure S2b). Slightly lower amounts
of dNisA were observed in the cytoplasmic fraction of NZ9000BT (Figure S2d).

Strain NZ9000T, which was obtained after the deletion of nisB and nisC, had a slightly reduced V., value of
137 +30 nmol with a K 5 of 144 +41 min (Fig. 2, Table S3). The secretion of uNisA was reduced by a factor of
3.9 compared to strain NZ9000BTC. The lowest amount of secreted peptide was determined in the supernatant
of strain NZ9000TC with a V,,,, value of 38 + 8 nmol. Here, a higher amount of uNisA was detected in the cyto-
plasmic fraction, whereas no peptide was observed in strain NZ9000T.

In all strains, NisB, NisC and NisT were detected in their corresponding fraction (cytoplasmic or membrane)
(Figure S2a-g). The proteins NisB, NisC/NisCy;;,, and NisA were observed in the cytoplasmic fractions (except
uNisA from the cytoplasm of NZ9000T). NisT was detected by Western blot in the membrane fraction of all
strains (Figure S2a-g). In the case of mNisA expressing strains (NZ9000BTC, NZ9000BT}y55,,C, and NZ9000BC)
all proteins were detected by Western blot even at time point zero.

Determination of the apparent secretion rate of mNisA. We measured the apparent secretion rate
(Vs app) by an in vivo secretion assay. First, the amount of secreted mNisA at different time points was deter-
mined and plotted as nmol mNisA against time (Fig. 2). Second, the amount of the ABC transporter NisT
was obtained by analyzing the membrane fraction of strains NZ9000BTC and NZ9000T at each time point by
Western blot (Figure S3a,b). Here, known concentrations of purified NBD protein were used as a standard to
determine the amount of NisT in pmol. Combining these data, the secretion rate of NisA molecules per NisT
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Figure 2. In vivo secretion assay of different L. lactis NZ9000 strains. (a) The supernatants of NisA secreting L.
lactis NZ9000 strains was analyzed by RP-HPLC and the amount of NisA were determined. Amounts of secreted
peptides (nmol) are plotted against time (min) and the resulting curves were fitted by an allosteric sigmoidal

fit. Modified NisA (mNisA, red) was secreted by strain NZ9000BTC (red rhomb) and can be precluded by

nisT deletion (strain NZ9000BC, clear dot) or an ATPase deficient mutant (NZ9000BT}y;5,,C, red square).
Dehydrated NisA (dNisA, blue) was secreted by strains NZ9000BTCy;3, 4 (blue square) and NZ9000BT (blue
dots), whereas unmodified NisA (uNisA, grey) was secreted by the strains NZ9000T (grey dots) and NZ9000TC
(grey square). Dashed square shows a zoom-in on strains with lower secretion level. (b) The kinetic parameter
of Vi, (nmol) of secreted peptides was plotted as bars against the various secretion systems. (c) The secretion
rate of NisA molecules per NisT molecule was plotted against time (min) and fitted by linear regression. The
slope represented the secretion rate of NisA-NisT'-min™" for the strains NZ9000BTC and NZ9000T. All data
represent secretion experiments from at least five different transformants and are represented as means+s.d.
(n=5). ++: WT secretion; o: low secretion; —: no secretion.

molecules was calculated. The plot of nmol-NisA-NisT ! against time (min) was fitted by linear regression (Fig-
ure $3c). The slope of the linear regression corresponds to Vs ,,, of NisA-NisT~"min™", which is 84.8+21 for
the strain NZ9000BTC (Fig. 2c, Figure S3c). A strongly reduced secretion rate was determined for the strain
NZ9000T (8.8+1.8) as described qualitatively previously®. The determined secretion rate thus clearly demon-
strated an enhancement in the presence of the modification enzymes NisB and NisC.

Purification and basal ATPase activity of NisT, a class | lanthipeptide transporter. In order to
determine the in vitro activity of a lanthipeptide ABC transporter, we purified NisT the exporter of the class I
lanthipeptide nisin as a deca-histidine tagged protein variant (10HNisT). 10HNisT was homologously expressed
in L. lactis NZ9000 and purified (Fig. 3a) after solubilization with the lipid-like surfactant Fos-choline-16 (FC-
16, Anatrace) by immobilized metal ion affinity (IMAC) and size-exclusion chromatography (SEC). Similar to
other membrane proteins, 10HNisT (72.5 kDa) showed a higher mobility on the SDS-PAGE gel and migrated
at approximately 60 kDa. 10HNisT eluted as a homogeneous peak from SEC (Fig. 3a), subsequently the main
elution fractions were further concentrated to 50 uM and used for ATPase activity assay.

For the ATPase activity assay, the detergent was exchanged to CYMALS5 (Anatrace) and the ATPase rate was
expressed as specific ATPase rate (nmol-min~'-mg™"). The kinetic parameters of 10HNisT in detergent solution
were determined and resulted in V,,,,, K, and k, values for the transporter without its substrate (basal ATPase
activity). The concentration of 10HNisT was kept constant (1 uM), whereas the concentration of ATP was varied
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Figure 3. Purification and ATPase activity assay of NisT. (a) SEC chromatogram of 10HNisT (WT, black

line) displayed a homogeneous peak (Egc) at 13 ml on a Superose 6 10/300 GL column (V: void volume of

the column). Inset: A typical colloidal Coomassie (cc) stained SDS-PAGE gel shows a protein band between

55 and 72 kDa marker protein bands (M). (b) Purification of the H-loop mutant 10HNisTys5,, (HA, dashed
line) showed comparable results for SEC profile and SDS-PAGE gel (inset). (¢) The specific ATPase rate
(nmol-min~"-mg protein™') of purified WT (black dot) and HA mutant (unfilled circle) was plotted against ATP
concentration (mM) to determine kinetic parameters. The ATPase rate was fitted by Michaelis—-Menten equation
to determine V,,, (nmol-min~'-mg protein™!), K, (mM) and k,, (min™"). Activity assays were performed from
five independent experiments with three replicates and are represented as means+s.d. (n=5).

from 0 to 5 mM and the reaction was stopped after 30 min. The basal ATPase rate of 10HTNisT had a V|, value
0f79.9+2.9 nmol'-min~"-mg™", a K, value of 0.37 +0.04 mM resulting in a k,, value of 143.1+7.3 min™" (Fig. 3c).
As a control the H-loop mutant of 10HNisT (10HNisTyss,,; HA-mutant) was also purified following the same
protocol and used in the ATPase activity assay (Fig. 3b). The ATPase rate of the HA-mutant was reduced by a
factor of 17 (V,, value 4.7 £ 2.5 nmol'min~"-mg™"). The K, value increased by a factor of 1.62 (0.60 £ 0.94 mM),
whereas the k,, value was 10.2 +5.4 min™' (14-fold lower than WT 10HNisT) (Fig. 3c).

In vitro ATPase activity with NisA variants. To investigate the effect of substrate on the ATPase rate
of 10HNisT, we added different NisA variants. First, the NisA peptides in different modification states (uNisA,
dNisA and mNisA, respectively) were purified (Figure S4). Additionally, the leader peptide of NisA (NisA;p) was
used in the ATPase assay to evaluate whether the isolated LP is sufficient for recognition by NisT.

For the activity assay the ATP concentration was kept constant at 5 mM, while the substrate concentration
was varied from 0 to 40 uM. 10HNisT was pre-incubated with the peptides prior to the activity assay. The basal
activity of I0HNisT was set to 100% and the ATPase rate with substrates was expressed as normalized ATPase
rate. The ATPase rate of 10HNisT was slightly increased for all peptides. However, a concentration dependent
stimulation of the transporter was not observed for all the different tested peptides (Fig. 4a,b) suggesting that
the ATPase is not modulated by the NisA variants under the experimental conditions.
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Figure 4. Dependence of NisT ATPase rate on different substrates. The ATPase rate of purified I0HNisT was
analyzed in the presence of different substrates. (a) The leader peptide of NisA (NisAyp, black dots), (b) uNisA
(grey dots), (c) dNisA (blue dots) and (d) mNisA (red dots) was used in various concentrations (uM) and

the ATPase rate is shown as normalized ATPase rate (%). The basal ATPase rate (from 10HNisT without any
substrate; compare Fig. 3) was set as 100% (dashed line) and further values were normalized accordingly. The
assays were performed in at least four independent experiments and are represented as means+s.d. (n=4). The
means were analyzed by a one-way ANOVA and the differences were not significant (p-value: >0.05). ns: not
significant.

In vitro ATPase activity in presence of NisBC and mNisA. Previous studies® and our data demon-
strated that the secretion of NisA is strongly enhanced by the modification proteins NisB and NisC (see in vivo
secretion assay) and therefore the ATPase rate of NisT might also be influenced by these interaction partner. To
investigate the effect of NisB and NisC on the ATPase rate of 10HNisT the ATPase activity assay was repeated
under the same conditions (ATP concentration constant, various concentration of interaction partners). We
observed that the ATPase rate of NisT was independent of the various concentrations of NisB or NisC. Thus, only
fixed molar ratio of 10HNisT to the interaction partner was used (NisT:NisB/NisC 1:2; in the case of NisT:NisBC
1:2:2) (Fig. 5a). The basal ATPase rate of NisT was 62.5+9.4 nmol-min~"-mg~' and was not changed within the
experimental error in the presence of NisB or NisC (54.7 4.5 nmol-min™"-mg™, 59.3+4.9 nmol-min™"-mg™).
If both proteins were used in the assay (NisBC), the ATPase rate of 10HNisT was reduced by a factor of 1.3
(49.3 £4.4 nmol-min~"-mg™"), but the difference was not significant (Fig. 5a).

Next, the ATPase rate of NisT with NisBC was investigated in presence of NisA|, and mNisA, at concentra-
tions ranging from 0 to 40 uM. The ATPase rate with the substrate NisA , was slightly increased but not in a
concentration dependent manner (Fig. 5b), while a decreasing effect on the ATPase rate was observed in pres-
ence of mNisA. However, a concentration dependent is not observed and the change is within the experimental
error (Fig. 5¢).

Interaction of NisT with NisBC. In 2017 the assembly of the nisin modification complex consisting of
NisB,C and NisA was published and shed light on the stoichiometry and structure of the complex in solution*'.
Additionally, an influence of the last ring on complex disassembly was determined. The next step would be
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Figure 5. Influence of NisBC on the ATPase rate of NisT. The ATPase rate of purified 10HNisT was analyzed

in the presence of the modification enzymes NisB and NisC, respectively. (a) ATPase rate of 10HNisT was
plotted against variation of 10HNisT with the modification enzymes NisB, NisC and NisBC. It showed the
normalized ATPase rate, in which the ATPase rate of 10HNisT was set to 100% (dashed line). (b) The substrate
NisA;p (black dots) and (c) mNisA (red dots) were used in the assay with I0HNisT in presence of NisBC. The
normalized ATPase rate was plotted against various concentrations (M), where the ATPase rate of I0HNisT
plus NisBC was set to 100% (dashed line). All assay assays were performed in at least four independent
experiments and are represented as means +s.d. (n=4). The means were analyzed by a one-way ANOVA and the
differences were not significant (p-value: >0.05).

the interaction with NisT prior to secretion, as a proposed transient multimeric nisin modification/secretion
complex?, but detailed information about the interaction with the ABC transporter NisT is still missing.

Therefore, the interaction of NisT with NisB and NisC was investigated by a pull-down assay, in which
10HNIsT was immobilized on Ni-NTA-magnetic beads (Qiagen). Initially, the interaction of NisT was tested with
10 uM NisB, NisC or NisBC. Interestingly, in all cases the interaction partner of NisT were observed in the elution
fractions. This clearly shows a specific interaction of NisB and NisC with NisT independent of NisA (Fig. 6a).
The controls, in which the Ni-NTA-magnetic beads were incubated with NisB and NisC without immobilized
10HNisT, revealed no protein in the elution fractions (Figure S5).

The same set up was used in the presence of the substrate mNisAcccca, Which lacks the last lanthionine-ring
(ring E) and stabilizes the maturation complex of NisBC*'. This substrate showed no additional effect on the
interaction of NisB with NisT. However, the interaction of NisT and NisC was affected and the amount of co-
eluted NisC was strongly reduced (Fig. 6b). After addition of NisB, the interaction of NisB and NisC with NisT
was restored (Fig. 6b). Noteworthy, the addition of mNisA instead of the ring-mutant shows an identical result
on complex formation. Unfortunately, the analysis of all elution fractions with an antibody against the LP gave
no signals for the substrates mNisA/mNisAcccc,. This might be due to low concentrations of the peptides in
the elution fractions.
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Figure 6. Pull-down assay of NisT with NisB and NisC. The interaction of 10HNisT with NisB and NisC was
studied by a pull-down assay. The ABC transporter was immobilized on NTA-magnetic beads, the specific
interaction partner were added and incubated. After six washing steps, the last washing step (W) and the EDTA
elution fraction (E) were analyzed by Western blot with the specific antibodies (a-NDB, a-NisB or a-NisC).
Western blots displayed the eluted bands for NisB, NisT and NisC without substrate (a) and with substrates
mNisA or mNisAcccca (b). The pull-down assay was repeated three times and showed similar results. M:
marker protein bands; +: protein was used in assay; —: protein was not used in assay.

In summary, this is the first time that beside the interaction of NisT and NisC, an interaction of NisT with
NisB was shown. Even the co-elution of NisB and NisC with NisT as a complex in the presence of the substrates
mNisA and the ring-mutant mNisAgcccy Was observed. Although no enhancement of the interaction between
NisT and NisBC in presence of substrates mNisA/ mNisAccccp was detected, NisB seems to have a pivotal role
for complex formation.
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Discussion

The mechanism of lanthipeptide modifications was subject to many studies, but still only little is known about
the secretion process of class I lanthipeptide ABC transporters (LanT). Only a few in vivo studies investigated
the translocation of lanthipeptides nisin, subtilin, Pep5 or epidermin®*>*-**. Amongst these systems, the nisin
modification and secretion system (NisBTC) is the best studied one and is commonly employed to secrete nisin
variants, lanthipeptides or non-lanthionine containing peptides™*"*. It is commonly established, that nisin is
ribosomally synthesized as a precursor peptide NisA which undergoes special post-translational modifications
(e.g. Dha, Dhb, Lan and MeLan)'"*>%. The PTM of the CP are installed in a coordinated manner by the nisin
modification complex NisB,C*47.

Not only is the modification is a tightly coupled process, but also the secretion of mNisA by NisT. A pro-
posed channeling mechanism through interaction with NisB/NisC might explain mNisA translocation. Here,
mNisA can be detected in the medium within the first minute after induction®. We characterized the LanT-type
transporter NisT with respect to the secretion process and its specific ATPase activity. To study the mechanism
of nisin secretion, we focused on two main topics: (I) In vivo secretion rate of NisA by NisT and (II) in vitro
activity of NisT with and without substrate.

In 2008 van den Berg van Saparoea et al. conducted a kinetic analysis of nisin production with the strains
NZ9700 and NZ9000 transformed with a two plasmid system™®. They demonstrated distinct contributions of the
modification enzymes NisB and NisC with respect to lanthipeptide secretion and proposed that the secretion
process of NisT occurred via a channeling mechanism. This hypothesis was supported by further in vivo studies,
in which some mechanistic aspects of NisB and NisC modification were investigated'>**%. Although these stud-
ies clearly demonstrated the dependence of NisA secretion on the modification enzymes, they did not include a
determination of the underlying kinetic parameters. To determine these kinetic parameters, we quantified the
amount of secreted peptide via HPLC from different time points of various NZ9000 strains.

The first two kinetic parameters were V,,,, and K 5, which were obtained by an allosteric sigmoidal analysis
(Fig. 2). Generally, our results are consistent with the aforementioned studies, in which strain NZ9000BTC
had the highest V., and the lowest K 5 value reflecting a high secretion efficiency. The strains, which secreted
uNisA (NZ9000T and NZ9000TC), show lower V. and higher K, ; values. Interestingly, we observed in our
secretion assay some aberrations with respect to dNisA secretion. The expression of a catalytic-inactive NisC
(H331A mutant) in the NisBTC system (strain NZ9000BTCy;;,,) did not restore the secretion level of dNisA
to the WT level. This is in contrast to Lubelski et al., where a recovery of the NisA secretion to WT level was
observed"’. The secretion of dNisA by NZ9000BT has a higher V,,, level and a lower K, 5 value. However, one
has to consider the time scale of the secretion assays, which might explain this difference. In our assay, the early
kinetics of apparent secretion (also see®®) might pronounce the differences between the strains more clearly as
an end-point determination after an overnight secretion. The precise determination of the apparent secretion
efficiency revealed a descending order of the NisA secreting strains (NZ9000BTC > NZ9000BT >NZ9000BT
Chza1a > NZ9000T > NZ9000TC). The secretion efficiency clearly shows, that mNisA is secreted at high rates by
strain NZ9000BTC and every aberration of the secretion system reduced the rate at least by a factor of 2.2 (see
strain NZ9000BT). The third kinetic parameter was the apparent secretion rate Vs, (NisA-NisT~"-min""), which
we determined for the strains NZ9000BTC and NZ9000NisT, in which the secretion efficiency was the highest
for NisBTC system (84.8 +21 NisA-NisT~'-min"'; Fig. 2). This is 9.6-fold higher than with the transporter NisT
alone (8.8 +1.68 NisA:NisT~!-min~!).

We observed similar results like other ABC transporter depended secretion system (e.g. HlyA T1SS*) that
ATP hydrolysis is essential for the secretion process. As the H551A mutant of NisT (strain NZ9000BT ys5,,C)
did not secrete mNisA. This mutant enables ATP binding and NBD dimerization but not ATP hydrolysis®.

Thus, ATP hydrolysis is clearly important for ABC transporter mediated substrate translocation, we deter-
mined the in vitro activity of NisT in terms of ATPase rate without and with substrate. Here, the basal ATPase
activity had a value of 79.9 +2.9 nmol-min~!-mg™! with a K, value of 0.37+0.04 mM, which is in the range of
other ABC transporters®~>* (Fig. 3). In comparison to NisT, the LancspT transporter NukT has a low V,,,
value of 12.6 nmol-min™'-mg™, but it is stimulated by mNukA up to max. 500% (at 50 pM substrate). The
cleaved substrate stimulates up to 200% (at 25 uM substrate) and the unmodified substrate does not stimulate
at all®. In the case of NisT, we did not observe a substrate concentration dependent stimulation in the presence
of NisA;p, uNisA, dNisA and mNisA (Fig. 4). Next, we extended the ATPase activity by addition of NisB and
NisC to simulate NisBTC, in which the secretion of NisA is the most efficient (Fig. 5). The addition of Nis;, had
no effect on the ATPase rate. However, the addition of mNisA revealed an inhibiting effect on the ATPase rate
with increasing substrate concentration, although it was within the experimental error. Interestingly, a similar
behavior was observed for PCAT1°% Another study on an ABC transporter homologue to PrtD from Aquifex
aeolicus also noticed an inhibitory effect on ATPase activity after substrate addition®. The open question is now,
if NisT uses an equivalent mechanism, in which the interaction of the modification/ secretion complex inhibits
the ATPase rate prior to translocation.

In 1996 a multimeric enzyme complex of NisBTC was proposed, but the isolation of such a complex was not
successful®®. Therefore, we choose to study the specific interaction of NisT with NisB and NisC via a pull-down
assay. Such a pull-down assay was performed with His-tagged NisA, where NisB and NisC were co-eluted from
cytoplasmic fraction*”””. In our study, we expanded this set up and used purified NisT, NisB, NisC and NisA
(Fig. 6). We observed a specific interaction of NisT with NisC, which is in line with previously observed interac-
tion of NisT with NisC via co-immunoprecipitation and yeast two-hybrid assay®. Another specific interaction
of the modification enzyme with the ABC transporter was shown for NukM and NukT. Here, the C-terminal
domain of LanM (LanC-like domain; amino acids 480-917) interacts with TMD and NBD of NukT, but not
with the C39 peptidase domain®. Besides the interaction of NisT with NisC, we also noticed an interaction
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of NisT with NisB, which was not observed in the above-mentioned study, but for SpaT and SpaB in a similar
experiment®. Since secretion of dNisA by NZ9000BT was observed®, an interaction of NisT and NisB was also
proposed. Furthermore, we observed for the first time the co-elution of NisBC with NisT in the proposed lan-
thionine synthetase complex. Remarkably, the co-elution of transporter with the modification enzymes is not
increased by addition of the substrates mNisA or mNisAccccy. Similar amounts of the enzymes were co-eluted
and we conclude that the interaction of NisT with NisB and NisC is independent of substrate. One exception was
the addition of mNisAcccca to NisT/NisC, in which the amount of co-elute NisC was reduced. Only the addi-
tion of NisB to the sample increased the co-elution of NisC. It is now commonly accepted that NisB represents
the main component of the NisBTC modification/secretion complex'** and based on our data, NisB stabilizes
the NisBTC complex.

In summary, we have determined the kinetic parameters for the in vivo secretion of nisin peptides by the
modification and secretion complex NisBTC. We demonstrated that alterations in the NisBTC system lead to
impaired secretion of NisA or even to no secretion, when an ATP hydrolysis deficient mutant of NisT was used.
For an efficient secretion by NisT the modification enzymes NisB and NisC are prerequisite and their interaction
with NisT enhances the secretion process directly by the proposed channeling mechanism?. Interestingly, it is
the function not the mere presence of NisC that is required, as the secretion of NisBTC with the catalytically
inactive mutant of NisC did not restore the secretion. Additionally, the in vitro activity data of NisT demonstrate
that the lanthipeptide exporter is not stimulated by the interaction partner and substrate, respectively. The
observed complex formation of NisB and NisC with NisT hint to the proposed lanthionine synthetase complex,
in which NisT under goes a transition to a transport competent exporter in presence of only NisB, NisC and
the substrate mNisA.

Methods

Bacterial strains and growth conditions.  Strains of Escherichia coli and Lactococcus lactis and plasmids
used in this study are listed in Table S1. The strains E. coli DH5a or BL21 were grown in LB medium at 37 °C
under aerobic conditions with appropriate antibiotics (30 pg/ml kanamycin or 100 ug/ml ampicillin). The trans-
formation of E. coli strains was performed following standard procedures.

The strain L. lactis NZ9000 (and its variants) was grown in M17°® or minimal medium (MM)*"*? at 30 °C
under semi aerobic conditions supplemented with 0.5% glucose (GM17/ GMM) and appropriate antibiotics
(erythromycin or/and chloramphenicol at a final concentration of 5 ug/ml). To MM a vitamin mix (100 x stock
solution, 1 x final) was added?'.

For transformation of L. lactis NZ9000 with the expression plasmids a standard procedure for preparation
of competent cells and electroporation was used®.

Cloning of nisT and nisT variants. A nucleotide sequence for a MCS with 10H nucleotide sequence
(5'-3"" CAAAATAAATTATAAGGAGGCACTCAATGCATCATCATCATCATCATCATCATCATCATGATT
ATGATATTCCGACCACCGAAAACCTGTATTTTCAGGGCCCATGGCATATGCATATGTCTAGACACC
ACCACCACCACCACTGAGATCCG) was ordered as a codon-optimized, synthetic gene fragment from Life
Technologies to insert it into the pNZ-SV plasmid®'. The synthetic gene fragment were amplified by Phusion
DNA polymerase (NEB) with the primer pair 10Hfor and 10Hrev (Table S4) for Gibson assembly. The plasmid
PNZ-SV was amplified by Phusion DNA polymerase (NEB) with the primer pair infupNZ-SVfor and infupNZ-
SVrev (Table S4) to linearize the vector. The gene fragment and the vector pNZ-SV were employed in the Gibson
assembly by following the manufactures instructions (NEB). The Gibson assembly reactions were transformed
into E. coli DH5a. The sequence of the construct pNZ-SV10H (Table S5) was verified by DNA sequencing
(Microsynth Seqlab).

The nisT gene (accession number: Q03203) was amplified using genomic DNA from L. lactis NZ97000° as
a template. Phusion DNA polymerase (NEB) with the primer pair infunisTfor and infunisTrev (Table S4) was
used to create overhang sequences for Gibson assembly. The plasmid pNZ-SV10H was amplified by Phusion
DNA polymerase (NEB) with the primer pair linpNZ-SVfor and linpNZ-SVrev (Table $4) to linearize the vector.
Subsequently, the gene and the linearized vector pNZ-SV10H were employed in the Gibson assembly and the
reactions were transformed into E. coli DH5a. The sequence of the construct pNZ-SV10HnisT (Table S5) was
verified by DNA sequencing (Microsynth Seqlab).

To generate the plasmid pIL-SVnisT the nisT gene from pNZ-SV10HnisT was amplified by Phusion DNA
polymerase (NEB) with the primer pair infupIL-SVfor and infupIL-SVrev (Table S4) to create overhanging
sequences. The plasmid pIL-SV*? was linearized by Phusion DNA polymerase (NEB) with the primer pair term-
pNZfor and pnisArev (Table S4). The gene with overhang sequences and the vector was employed in Gibson
assembly. The Gibson assembly reactions were transformed into E. coli DH5a. Additionally, the 10H nucleotide
sequence was deleted by Phusion DNA polymerase (NEB) with the primer pair 10Hfor and infupNZ-SVrev
(Table S4). The sequence of the construct pIL-SVnisT (Table S5) was verified by DNA sequencing (Microsynth
Seqlab).

To generate the nisTy;s5,, mutant, a polymerase chain reaction using Pfu DNA polymerase (Thermo Fischer
Scientific) or Pfu DNA polymerase (Promega), the template pNZ-SV10HnisT or pIL-SVnisT and the primer
pair nisTyss; sfor and nisTy;ss; srev (Table S4) was performed according to standard procedures. The sequence
of the constructs (Table S5) was verified by DNA sequencing (Microsynth Seglab).

The plasmid pNZ-SVnisTNBDyy;,5 was obtained by the deletion of the TMD sequence (1-347) from the plas-
mid pNV-SV10HnisT. The plasmid was amplified with Phusion DNA polymerase (NEB) with the primer pair
AnisTypfor and AnisTpyprev (Table S4). The linear vector was ligated with T4-ligase (NEB) and transformed
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into E. coli DH5a. The sequence of the construct pNZ-SVnisTNBDyy;,5 (Table S5) was verified by DNA sequenc-
ing (Microsynth Seqlab).

Cloning of nisBTC and nisBTC variants. The plasmid pIL-SVnisBTC was generated from pIL-SV and
pIL3BTC®. The plasmid pIL3BTC was digested with the restriction enzymes NotI (NEB) and BstXI (NEB) to
receive a fragment BTC containing the genes nisB, nisT and nisC. Next, pIL-SV®* was also digested with NotI
and BstXI (pIL-SV**). The fragment BTC and pIL-SV** were ligated with T4-ligase (NEB) and transformed
into E. coli DH5a. The sequence of the construct pIL-SVnisBTC (Table S5) was verified by DNA sequencing
(Microsynth Seqlab).

By using Phusion DNA polymerase (NEB) with the appropriate primer pairs (Table S4) the gene deletions of
nisB, nisC or nisT were performed to generate pIL-SVnisBTC derivatives. Subsequently, the linearized vectors
were ligated with T4-ligase (NEB) and transformed into E. coli DH5a. The sequence of the constructs (Table S5)
were verified by DNA sequencing (Microsynth Seqlab).

To generate nisTy;ss 4 and nisCysz,, mutants, a polymerase chain reaction using PfuUltra IT Fusion DNA
polymerase (Agilent Technologies), the template pIL-SVnisBTC and the appropriate pair of oligonucleotides
(Table S4) was performed according to standard procedures. The sequence of the new constructs (Table S5) were
verified by DNA sequencing (Microsynth Seqlab).

In vivo secretion assay: expression and secretion of NisA. Strain L. lactis NZ9000 harboring the
plasmids pIL-SVnisBTC and pNZ-SVnisA hereupon termed NZ9000BTC (Table S1) was used to investigate the
in vivo secretion activity of the nisin modification and secretion system (NisBTC). The use of pIL-SVnisBTC
derivatives and pNZ-SVnisA for transformation into L. lactis NZ9000 led to strains described in detail in Table SI.
For each secretion experiment new transformants were prepared and used to inoculate GM17 (Erm + Cm) with
one colony. The overnight culture was centrifuged at 4,000xg for 20 min and cells were resuspended in GMM.
Subsequently, 0.51 GMM (Erm + Cm) were inoculated to ODy, of 0.3 and incubated at 30 °C. After 60-90 min
the culture (ODgy, of 0.4-0.5) was induced with 10 ng/ml nisin (powder from Sigma-Aldrich dissolved in 50 mM
lactic acid). A 50 ml sample before induction (0 h) and every other hour (1-6 h) was taken. For each sample the
cell were harvested by centrifugation at 4,000xg for 20 min. Subsequently, the cells were resuspended in R-buffer
(50 mM Na-Phosphate buffer, pH 8, 100 mM KCl, 20% glycerol) to an ODgy, of 200, flash frozen in liquid nitro-
gen (N,) and stored at—80 °C until further use. The supernatant was additionally centrifuged at 17,000xg for
20 min at 8 °C. Supernatants were kept on ice before the RP-HPLC analysis. Furthermore, 2 ml or 10 ml of the
supernatant were precipitated by 1/10 volume (10%) TCA. TCA samples were incubated at 8 °C overnight. The
TCA-precipitated peptide was centrifuged at 17,000xg for 20 min at 8 °C and consecutively washed three-times
with ice-cold acetone. The pellets were vacuum-dried and resuspended in 60 ul per ODg, 1 of 1xSDS-PAGE
loading dye containing 5 mM B-mercaptoethanol (B-ME). These resuspended TCA-pellets were analyzed by
Tricine-SDS-PAGE and Western blot.

In vivo secretion assay: analysis of cell pellets. The resuspended cell pellets were thawed on ice and
1/3 (w/v) glass beads (0.3 mm diameter) were added. Cells were disrupted on a vortex-shaker (Disrutor Genie,
Scientific Industries). A cycle of 2 min disruption and 1 min incubation on ice was repeated five times. A low
spin step at 17,000xg for 30 min at 8 °C and subsequently a high spin step at 100,000xg for 120 min at 8 °C was
performed. The supernatant of the latter centrifugation step represents the cytoplasmic fraction and the pellet
corresponds to the membrane fraction. The SDS-PAGE samples of cytoplasmic and membrane fractions were
prepared by adding 4 x SDS-PAGE loading dye containing 5 mM B-ME and used for SDS-PAGE as well as West-
ern blot analysis.

In vivo secretion assay: analysis of culture supernatant. The culture supernatants containing NisA
variants were analyzed by RP-HPLC (Agilent Technologies 1260 Infinity II). A LiChrospher WP 300 RP-18
end-capped column and an acetonitrile/water solvent system were used as described previously’. In the case of
modified NisA 300 pl and for all other variants (dehydrated/unmodified) 500 pl sample were injected. Prior to
the gradient (20-50% acetonitrile) a washing step of 20% acetonitrile was used to remove most of the casein pep-
tides. The peptide amount or NisA in the supernatant was determined using the peak area integration analyzed
with the Agilent Lab Advisor software. In the case of the unmodified peptide (uNisA) a retention time from 29 to
33 min, for dehydrated peptide (dNisA) from 31 to 38 min and for modified peptide (mNisA) from 33 to 38 min
was used for peak integration peak. A calibration with known amounts of nisin or insulin chain B was used to
obtain a linear regression line. Unknown amounts in the in vivo secretion assay samples were calculated as nmol
or UM based on this linear regression line.

In vivo secretion assay: determination of kinetic parameter. The amount of secreted NisA of the
different L. lactis NZ9000 strains were plotted against time and fitted using an allosteric sigmoidal fit (1). Note
that y is the amount of secreted peptide (nmol), V,,,, the maximal secreted amount, x is time (min), K 5 the time
point at which 50% of V,,,, is present and h is the Hill slope indicating cooperativity. The analysis was performed
using Prism 7.0c (GraphPad).

Xh
= Viax ————— (6]
P I s X
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The apparent secretion rate (V,,,) was determined by plotting the amount of NisA and NisT against time
(min). The values were fitted using a linear regression (2). Note that y is the amount of NisA molecules per NisT
molecules (NisA-NisT™'), m is the slope V,,, (NisA-NisT~"-min~"), x is the time (min), and b the y-axis intercep-
tion. The analysis was performed using Prism 7.0c (GraphPad).

y=mx+b )

Expression and purification of NisT. L. lactis NZ9000 strain was transformed with pNZ-SV10HnisT
and placed on SGM17 (0.5 M sucrose, 0.5% glucose, 22 g/l agarose in M17 medium) agar plates containing 5 ug/
ml erythromycin. A GM17 (Erm) overnight culture was inoculated with one colony and incubated at 30 °C. A
GM17 (Erm) main culture was inoculated to an ODg, of 0.1 with the overnight culture. After 3 h incubation,
expression was induced by adding 10 ng/ml nisin (powder from Sigma-Aldrich dissolved in 50 mM lactic acid)
and further grown for additional 3 h. Cells were harvested by centrifugation at 4,000xg for 20 min at 8 °C and
resuspended in R-buffer (50 mM Na-Phosphate buffer, pH 8, 100 mM KCl, 20% glycerol) to an ODy, of 200. To
the resuspended cells 10 mg/ml lysozyme was added and incubated at 30 °C for 30 min. Prior to cell disruption,
cells were incubated on ice for 15 min. The cell suspension was passed through a homogenizer (M-110P, Micro-
fluidics System) at 1.5 kbar at least four times. The homogenized cell suspension was centrifuged at 12,000xg
for 30 min at 8 °C. Subsequently, the supernatant was centrifuged at 100,000xg for 120 min at 4 °C to collect
the membrane fraction. Membranes were resuspended with R-buffer containing 10 mM imidazole and 0.5 mM
AEBSE The total membrane protein concentration was measured by BCA assay (Thermo Fischer Scientific) and
the concentration was adjusted to 5-7.5 mg/ml. Membranes were solubilized with 1% (w/v) of the lipid-like
detergents FC-16 (Anatrace) for 1 h at 8 °C. Insoluble material was removed by centrifugation at 100,000xg
for 30 min at 4 °C. The supernatant was applied to a 5 ml IMAC (Immobilized Metal-Ion-Affinity Chroma-
tography) HiTrap Chelating column (GE Healthcare) preloaded with 100 mM zinc sulphate and equilibrated
with low IMACI buffer (50 mM Na-Phosphate buffer, pH 8, 100 mM KCI, 20% glycerol and 10 mM imidazole)
containing 0.5 mM AEBSF and 0.005% FC-16. Consecutively, non-bound protein was washed and the buffer was
exchanged to low IMAC2 buffer (50 mM Tris-HCI pH 8, 100 mM KCl, 10% glycerol, 10 mM imidazole, 0.5 mM
AEBSF and 0.005% FC-16). After an additional washing step with 30% high IMAC buffer (50 mM Tris-HCI pH
8,100 mM KCl, 10% glycerol, 150 mM histidine, 0.5 mM AEBSF and 0.005% FC-16), 10HNisT was eluted with
100% high IMAC buffer. The elution fractions containing NisT were pooled, 10 mM DTT was added and further
concentrated with a Vivaspin20 100 kDa molecular weight cut off (MWCO) centrifugal concentrator (Sartorius
AG). Next, a size exclusion chromatography (SEC) was performed, where the concentrated protein sample was
applied onto a Superose 6 10/300 GL column (GE Healthcare) equilibrated with SEC buffer (25 mM Tris-HCI
pH 8, 50 mM KCl, 10% glycerol, 0.5 mM AEBSE 2 mM DTT and 0.0015% FC-16). The main peak fractions were
analyzed via SDS-PAGE and further concentrated via a Vivaspin6 100 kDa MWCO centrifugal concentrator
(Sartorius AG) until a concentration of 50 M was reached. The protein concentration was determined by Nan-
oDrop spectrophotometer (Thermo Fischer Scientific) using a molar extinction coeflicient of 86,180 M~! cm™
and the molecular mass of 72.6 kDa. Aliquots of 50 uM 10HNisT were flash frozen in liquid N, and stored
at—80 °C until further use. The NisT variants I0HNisTy;;,, was expressed following the same protocol.

In vitro ATPase activity assay. The ATPase activity of NisT was determined with the malachite green
assay as described previously with experimental alterations®. In this assay the release of inorganic orthophos-
phate after ATP hydrolysis was colorimetrically quantified based on a Na,HPO, standard curve.

All reactions were performed at 30 °C in a total volume of 30 ul in activity assay buffer containing 0.4%
CYMALS and 10 mM MgClL,.

In each reaction ~ 2 pg of detergent-solubilized and purified NisT was used and the reaction was started by
adding ATP (0-5 mM). The background of the reaction was a sample without MgCl,. After 30 min the reac-
tion was stopped by transferring 25 pl of each reaction into a 96-well plate containing 175 ul stop-solution
(20 mM sulphuric acid). Consecutively, 50 pl of a staining solution (0.096% (w/v) malachite green, 1.48% (w/v)
ammonium heptamolybdate and 0.173% (w/v) Tween-20 in 2.36 M sulphuric acid) was added. After 10 min
the amount of free inorganic orthophosphate was quantified by measuring the absorption at 595 nm using an
iMark microplate reader (Bio-Rad).

The specific ATPase activity of NisT was plotted against ATP concentrations and fitted using the Michae-
lis-Menten Eq. (3). Note that y is the reaction velocity, V,,,, the maximal reaction velocity, x is the substrate
concentration and K, the Michaelis-Menten constant. The analysis was performed using Prism 7.0c (GraphPad).

X

y= Vmame ' 3)
For the reactions with substrates (NisA variants) or interaction partner (NisB and NisC) NisT was pre-
incubated at 30 °C for 10 min before ATP was added to start the reaction. All reactions were performed at 30 °C
in a total volume of 30 ul in activity assay buffer containing 0.4% CYMALS5, 400 mM glutamate and 10 mM
MgCl,. In each reaction ~ 2 pg of detergent-solubilized and purified NisT was used and the reaction was started
by adding 5 mM ATP and stopped after 15 min following the procedure described above. In this reaction the
concentration of the different substrates (0-40 uM) and/or interaction partner was varied and the ATPase activity
was normalized to the specific ATPase activity of NisT without substrate/interaction partner. In these cases, the

background was subtracted prior to normalization.
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In vitro pull-down assay. The immobilization of 10HNisT to Ni-NTA magnetic beads (Quiagen) was
performed as described in the manufacturer’s manual. In brief, ~15 pg 10HNisT was incubated with Ni-NTA
magnetic beads for 30 min at 30 °C. Excess of protein was removed by three washing steps with activity assay
buffer containing 0.4% CYMALS5 and 400 mM glutamate. 10 uM of the interaction partners NisC and NisB were
incubated in 1:1 molar ratio (but> 10 x molar excess to NisT) separately with or without mNisA/ mNisAcccca
(20 x molar excess to NisT) in activity assay buffer containing 0.4% CYMALS, 400 mM glutamate and 5 mM
MgATP for 15 min on ice. Next, interaction partner were added to 10HNisT immobilized to Ni-NTA magnetic
beads and incubated for 1 h at 30 °C. Positive control (only 10HNisT) and negative control (NisB, NisC samples
were prepared by incubating the proteins with Ni-NTA magnetic beads separately. After binding the Ni-NTA
magnetic beads were washed six times with activity assay buffer. Finally, 10HNisT was eluted by adding activity
assay buffer containing 50 mM EDTA. The SDS-PAGE samples of pull-down assay fractions were prepared by
adding 4 x SDS-PAGE loading dye containing 5 mM B-ME and used for Western blot analysis.
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Methods

Chemicals and Antibodies

Fos-choline 16 (FC-16) and CYMALS (C5) were obtained from Anatrace. Lyophilized nisin powder
(2.5% nisin content) and insulin chain B were obtained from Sigma-Aldrich. The leader peptide of
NisA was synthesized and obtained from JPT peptide technologies. Antibodies for NisTnep, NisC and
NisAir peptide were purchased from Davids Biotechnology (Germany) as polyclonal antibodies. NisB
antibody was kindly provided by Dr. G. Moll (Lanthio Pharma; Groningen, Netherlands). All standard

chemicals were purchased from Sigma-Aldrich or VWR.

Expression and purification of NisTnsp

L. lactis NZ9000 was transformed with pNZ-SVnisTNBDusss and placed on SMGG17 agar plates
containing 5 pg/ml erythromycin. A GM17 (Erm) overnight culture was inoculated with one colony
and incubated at 30°C. A GM17 (Erm) main culture was inoculated to an ODgoo of 0.1 with the
overnight culture. After 90 min incubation the culture was incubated on ice. Then expression was
induced by adding 10 ng/ml nisin (powder from Sigma-Aldrich dissolved in 50 mM lactic acid) and
further grown for additional 3 h at 20 °C. Cells were harvested by centrifugation at 4000 xg for 20
min at 8°C and resuspended in R-buffer (50 mM Na-Phosphate buffer, pH 8, 100 mM KCI, 20%
glycerol) to an ODggyo of 200. Then 10 mg/ml lysozyme was added and incubated at 30°C for 30 min.
Prior to cell disruption, cells were incubated on ice for 15 min. Then the cell suspension was passed
through a homogenizer (M-110P, Microfluidics System) at 1.5 kbar at least four times. The
homogenized cell suspension was centrifuged at 12,000 xg for 30 min at 8°C. Subsequently, the
supernatant was centrifuged at 100,000 xg for 120 min at 4°C. The supernatant was applied to a 5ml
IMAC HiTrap Chelating column (GE Healthcare) preloaded with 100 mM zinc sulphate and
equilibrated with low IMAC1 buffer (50 mM Na-Phosphate buffer, pH 8, 100 mM KCl, 20% glycerol
and 10 mM imidazole). Consecutively, non-bound protein was washed by a 30% step with high IMAC
buffer (50 mM Na-Phosphate buffer, pH 8, 100 mM KCl, 20% glycerol, 500 mM imidazole). The
protein 10HNisTnspn3ss Was eluted by a gradient of 30 to 100% high IMAC buffer. The elution fractions
containing NisTnepnzas (Tneo) were pooled, 10 mM DTT was added and further concentrated with an
Amicon 10 kDa MWCO centrifugal concentrator (Millipore). Next, the concentrated protein sample
was applied onto a HiLoad Superdex 200 16/60 prep grade column (GE Healthcare) equilibrated with
SEC buffer (25 mM CAPS pH 10, 20% glycerol, 2 mM DTT). The main peak fractions are analyzed via
SDS-PAGE and further concentrated with an Amicon 10 kDa MWCO centrifugal concentrator

(Millipore). The protein concentration was determined by NanoDrop spectrophotometer (Thermo
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Fischer Scientific) using a molar extinction coefficient of 45,840 Mecm™ and the molecular mass of

32.2 kDa. Aliquots of 30 uM Tngp were flash frozen in liquid N, and stored at —80 °C until further use.

Expression and purification of nisin modification enzymes NisB and NisC

NisB and NisC were expressed and purified as described previously 3. Aliquots of concentrated
proteins (90 uM (NisB) or 110 uM (NisC)) were flash frozen in liquid nitrogen and stored at -80 °C
until further use. For the in vitro ATPase activity assay and pull-down assay the buffer of the proteins
was exchanged via a PD SpinTrap G-25 spin columns (GE Healthcare) to activity assay buffer (25mM
Tris-HCI pH 7.5, 50 mM KCl) containing 400 mM glutamate and 0.4% CYMALS (3 x cmc). Proteins
were stored on ice and directly used for the in vitro assays. The protein concentration was
determined by NanoDrop spectrophotometer (Thermo Fischer Scientific) by using the theoretical

molar extinction coefficient and the molecular mass of the proteins.

Expression and purification of NisA variants

All NisA variants used in this study were expressed and purified as described previously with
modifications . Briefly, NisA variants were purified after 5 h expression in MM from 2 1 (0.5 | in the
case of the secretion experiments) culture supernatant via cation-exchange chromatography (clEX).
The cell-free supernatant was diluted 1:1 with LA buffer (50 mM lactic acid, pH 3) and applied to a 5
ml HiTrap SP Sepharose column (GE Healthcare). The column was washed by applying a pH gradient
from 100 % LA buffer to 100% H buffer (50 mM HEPES-NaOH, pH 7). Finally, the peptides were eluted
with H buffer containing 1 M NaCl. The fractions containing the peptides were pooled and
concentrated with an Amicon (Millipore) centrifugal concentrator. First, the flow through (FT)
fraction of a 30 kDa molecular weight cut off (MWCO) concentrator was collect. Then a 3 kDa MWCO
filter was used to concentrate the peptides of the FT fraction. Aliquots of concentrated peptides
were flash frozen in liquid N, and stored at —80 °C until further use. For concentration determination
the NisA variants were analyzed by RP-HPLC (Agilent Technologies 1260 Infinity II) with a LiChrospher

WP 300 RP-18 end-capped column and an acetonitrile/water solvent system as described previously

2

SDS-PAGE and immunoblotting for protein/ peptide analysis

In general the sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) experiments
were performed using standard procedures °. In the SDS-PAGE gels the acrylamide portion was 10%
to have a separation range from 30 to 120 kDa for the proteins NisC (~48 kDa), NisT (~69 kDa) and
NisB (~117 kDa).
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All peptides (NisA variants) from secretion experiments or from clEX purification were analyzed by
Tricine-SDS-PAGE °. For Tricine-SDS-PAGE gels (12%) a Mini-Protean system (Bio-Rad) was used.
Tricine-SDS-PAGE and SDS-PAGE gels were stained with colloidal Coomassie (cc) 7.

All immunoblotting experiments were conducted following standard procedures. For the
quantification of NisT in the membrane fractions (in vivo secretion assay) various amounts of a Tnsp
standard (stock solution 12.5 ug/ml) was added to create a calibration curve. The band intensities on
the Western blots were processed and determined by Imagel 8 Then the amount of NisT was

determined as pmol protein of the different membrane fractions of the time points 2-6 h.

Mass spectrometry analysis

NisA variants were either desalted via ZipTip (C18 resin) purification accordingly to the manufacture
manual (Merk-Millipore) or by RP-HPLC and vacuum dried.
For the MALDI-TOF-MS analysis the vacuum dried pellet was dissolved in 50% acetonitrile solution

containing 0.1% TFA and analyzed as described elsewhere °.



Results (supporting results section of main manuscript)

In vivo secretion assay

The supernatants of the in vivo secretion assay were analyzed by RP-HPLC. The secreted
peptides were separated by an acetonitrile/water gradient after a 20% washing step on a C-
18 RP-HPLC column. The eluted peptides were monitored via UV signal at 205 nm and
collected fractions of 1 ml were collected and used for MALDI-TOF-MS analysis. The MS
analysis confirmed the correct masses for NisA peptides (uNisA, dNisA or mNisA) in fractions
30-36 min of the chromatogram (Figure S1). The modified peptide mNisA with eight (-Met:
5689 Da) or seven (-Met: 5707 Da) dehydrations from strain NZ9000BTC was detected in
fractions 34-36 min (Figure S1A, Table S2). Furthermore, the modified peptides (dNisA) from
strains NZ9000BTCh331a and NZ9000BT with eight dehydrations (-Met: 5689 Da) were found
in fractions 33-36 min (Figure S1B/D, Table S2). In the case of the peptide from strains
NZ9000T and NZ9000TC the retention time was shifted and the unmodified peptide was
eluted in fractions 30-32 min (Figure S1E/F). The corresponding molecular mass for

unmodified NisA (+Met: 5951 Da; -Met: 5834 Da) was verified (Table S2).
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Figure S1: RP-HPLC chromatograms and MALDI-TOF-MS spectra of in vivo secretion assay.
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The supernatants of NisA secreting L. lactis NZ9000 strains were employed for an RP-HPLC analysis. The NisA
variants (mNisA, dNisA and uNisA) were separated from other peptides in the supernatant by an
acetonitrile/water gradient on a C-18 RP-HPLC column (left panel). The elution fractions (dashed square;
middle panel) were further analyzed by MALDI-TOF-MS (right panel) to verify the correct mass. Integration of
the corresponding peaks enables the determination of peptide amounts (nmol). Supernatant analysis of L.
lactis strains (A) NZ90OOBTC, (B) NZ900OBTCi3sia, (C) NZ900OBTwssiaC, (D) NZ9OOOBT, (E) NZ9000T, (F)
NZ9000TC and (G) NZ9000BC.
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Figure S2: Tricine-SDS-PAGE and Western blot analysis of in vivo secretion assay.

The supernatants of NisA secreting L. lactis NZ9000 strains from different time points were TCA-precipitated
and the pellets were analyzed by Tricine-SDS-PAGE and Western blot using an a-NisAir antibody (left panel).
The Tricine-SDS-PAGE gels were stained by colloidal Coomassie (cc). The cytoplasmic and membrane fractions
of the cell from different time points were analyzed by Western blot (right panel) with the specific antibodies
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(a-NisB, a-NisArr, a-NisC and a-NBD). Sample analysis of L. lactis strains A) NZ9000BTC, (B) NZ9000BTCh331a, (C)
NZ9000BTHss1aC, (D) NZ90OOBT, (E) NZ900OT, (F) NZ900OTC and (G) NZ9000BC.

M: marker protein bands

Determination of NisT amount for NisA secretion rate
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Figure S3: Determination of NisT amount of in vivo secretion assay samples.

Calibration curves after Western blot analysis of membrane fractions from strains (A) NZ900OT (grey square)
and (B) NZ900OBTC (red square) with an antibody raised against the NBD (a-NBD). Standard of known amount
of Tnep (black dots) was used to determine the amount of NisT (ng) in the membrane for time points 2-5 h. (C) A
linear regression of plotted values of nmol NisA per nmol NisT against the time (min) results in a slope, which is
the apparent secretion rate (Vsapp). Here, the molecular weight of NisT (~ 69 kDa; per monomer) and the

correction factors, due to volume reduction at each time point (50 ml of the starting volume of 500 ml) were
taken into account.
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Purification of NisA variants
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Figure S4: Chromatograms of clEX from uNisA, dNIsA and mNisA.

The clEX chromatograms and Tricine-SDS-PAGE of NisA variants (A) uNisA (grey), (B) dNisA (blue) and (C) mNisA
(red). (D) The purity of the NisA leader peptide (NisAwr) was controlled by Tricine-SDS-PAGE. The Tricine-SDS-
PAGE gels were stained by colloidal Coomassie (cc).

M: marker protein bands
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Pull-down assay
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Figure S5: Western blot of pull-down assay with 10HNisT, NisB and NisC.
Controls of the pull-down assay were blotted and analyzed with the specific antibodies of a-NisB, a-NBD and a-
NisC. Samples of the sixth washing step (Ws) and the elution fractions (E) were used to detect 10HNisT, NisB or

NisC in the samples.
M: marker protein bands; +: addition of protein; -: no protein added
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Table supplemental information

Table S1: Strains and plasmids used in this study.

strain plasmid name properties reference

Escherichia DH5a F— ®80/aczAM15 10
coli DH5a A(lacZYA-argF) U169 recAl

endAl hsdR17 (rk—, mK+)

phoA supEd4 \— thi-1

gyrA96 relAl
Lactococcus - NZ9000 expression strain; nisR and 1u
lactis nisK on the chromosome
NZ9000 (pepN::nisRnisK)
L. lactis pIL-SV nisBTC NZ9000BTC mNisA secreting strain This study
NZ9000 pNZ-SV nisA
L. lactis pIL-SV nisBTCh331a NZ9000BTCH331a dNisA secreting strain This study
NZ9000 pNZ-SV nisA
L. lactis pIL-SV nisBThss1aC NZ9000BTHss14C non NisA secreting strain This study
NZ9000 pNZ-SV nisA
L. lactis pIL-SV nisBT NZ9000BT dNisA secreting strain This study
NZ9000 pNZ-SV nisA
L. lactis pIL-SV nisT NZ9000T uNisA secreting strain This study
NZ9000 pNZ-SV nisA
L. lactis pIL-SV nisThss1a NZ9000THss1a non NisA secreting strain This study
NZ9000 pNZ-SV nisA
L. lactis pIL-SV nisTC NZ9000TC uNisA secreting strain This study
NZ9000 pNZ-SV nisA
L. lactis pIL-SV nisBC NZ9000BC non NisA secreting strain This study
NZ9000 pNZ-SV nisA
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Table S2: MALDI-TOF-MS analysis of RP-HPLC fractions from in vivo secretion assay.

The fractions of RP-HPLC were analyzed by MALDI-TOF-MS and are displayed as masses (M+H*) without or with
start methionine. The modified peptides display eight or seven dehydrations and are expected for normally
modified NisA by the nisin modification system.

peptide sample calc. mass observ. mass (+Met*)
(Da) (Da)
mNisA RP-HPLC run Fr. 33 5688 5689
from BTC+A supernatant 5706 5707%
dNisA RP-HPLC run Fr. 33 5688 5689*
from BTCha31a+A 5706*
supernatant
dNisA RP-HPLC run Fr. 33 5688 5689
from BT+A supernatant 5706 5707*
uNisA RP-HPLC run Fr. 31 5832 5834
From T+A supernatant (5951)
uNisA RP-HPLC run Fr. 31 5832 n.d.

From TC+A supernatant

# 8x /7x dehydration
* plus start-methionine
n.d.: not determined

12
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Table S3: The determined kinetic parameter of the in vivo secretion assay.

The supernatant of NisA secreting L. lactis strains was analyzed by RP-HPLC. The amount of NisA (nmol) plotted
against time (min) was fitted with an allosteric sigmoidal fit and kinetic parameter were determined. Here, Vmax
is the maximal amount of secreted NisA, h is the Hill-coefficient and Kosis the time point, where half of the
NisA is secreted. By determine the amount of NisT an apparent secretion rate (Vsapp) NisA®NisT-lemin* was
calculated.

strain Vmax (nmol) Ko.s (min) h Vs app (NisA®NisT-lemin)
NZ9000BTC 534 +44 134 +12 29+0.7 100.3 £35.2
NZ9000BTHss14C n.d. n.d. n.d. n.d.
NZ9000BTCH331a 168 £ 16 200+ 16 41+0.9 n.d.
NZ9000BT 247 £ 15 152+9 48+1.2 n.d.

NZ9000T 137 +£30 144 + 41 1.9+0.8 74+16
NZ9000TC 38+4 n.d. n.d. n.d.
NZ9000BC n.d. n.d. n.d. n.d.

n.d.: not determined

13
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Table S4: Oligonucleotides used in this study.
The forward (for) and reverse (rev) oligonucleotides/primers used for the cloning are displayed in 5’-3’
direction. Mutated codons are underlined.

Name Sequence (5’-3’)
10Hfor CAAAATAAATTATAAGGAGGCAC
10Hrev CGGATCTCAGTGGTA

infupNz-SVfor
infupNZ-SVrev

infunisTfor
infunisTrev

linpNZ-SVfor
linpNZ-SVrev

infuplL-SVfor
infuplL-SVrev

A10Hfor

AnisTrmpfor
AnisTrmprev

AnisTfor
AnisTrev

AnisBfor
AnisBrev

AnisCfor
AnisCrev

nisTussia_for
NisThss1a_rev

nisCrsaiafor
nisCussiarev

termpNZfor
pnisArev

CACCACCACCACCACTGAGATC
TGAGTGCCTCCTTATAATTTATTTTGTAG

TTTCAGGGCCCATGGATGGATGAAGTGAAAGAATTCA
GTGGTGGTGTCTAGATTATTCATCATTATCCTCATATTGC

TCTAGACACCACCACCACCACCACTG
CCATGGGCCCTGAAAATACAGGTTTTCGG

CGCGAGCATAATAAACGGCTCTGATTAAATTCTGAAGTTTG
CGTTTCAAGCCTTGGTTTTCTAATTTTGGTTCAAAGAAAG

ATGGATGAAGTGAAAGAATTCACATCAAAAC

CATATAGGAACTGTTAAAGTAATTAATTTATCATATG
CCATGGGCCCTGAAAATACAGGTTTTCGG

CTTTATTATTCAGAGCAATATGAGGATAATGATG
GTTTTGATGTGAATTCTTTCACTTCATCCATC

GACTAATAGATGGATGAAGTGAAAGAATTCAC
GTTTTTTCCTCTCTTTATTTTTATAAGCTATTTAGCAAC

GACCCAGCTTTCTTGTACAAAG
CCCATTGAGCAATAATTTTTTC

CAATTTTCATTTCTGCAAGTTTGAATGCTG
CAGCATTCAAACTTGCAGAAATGAAAATTG

CATATATGATTTGCGCAGGCTATTCTGGTTTAATAG
CTATTAAACCAGAATAGCCTGCGCAAATCATATATG

GAAAACCAAGGCTTGAAACG
CAGAGCCGTTTATTATGCTCGCG
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Table S5: Additional plasmids used in this study.

name properties reference
pNZ-SV E. coli /L. lactis shuttle vector; ErmR; pnisA 12
promoter; empty vector for cloning
pNZ-SVnisA NisA expression 13
pPNZ-SV10HnNisT NisT expression, deca-histidine tag at N- This study

PNZ-SV10HNisTHss1a

pIL-SV

pIL-SVnisT

pIL-SVnisTHss1a

pIL-SVnisBTC

pIL-SVnisBTCh331a

pIL-SVnisBThss51aC

pIL-SVnisBT

pIL-SVnisTC

pIL-SVnisBC

pPNGnisB6His

pET28b-AA-nisC

ErmR: erythromycin resistance; CmR: chloramphenicol resistance; KanR: kanamycin resistance ; Tneo: nucleotide binding domain of NisT

terminus; single alanine substitution at pos.
H551 in the Tnsp: ATP hydrolysis deficient

mutant
NisT expression, deca-histidine tag at N- This study
terminus
E. coli /L. lactis shuttle vector; CmR; pnisA 13

promoter; empty vector for cloning

NisT expression This study,
14

NisT expression; single alanine substitution This study
at pos. H551 in the Tneo: ATP hydrolysis
deficient mutant

NisBTC expression This study,
15

NisBTC expression; single alanine This study, *
substitution at pos. H331 in the NisC;

catalytically inactive NisC

NisBTC expression; single alanine This study
substitution at pos. H551 in the Tnso: ATP
hydrolysis deficient mutant

NisBT expression This study,
14
NisTC expression This study,
14
NisBC expression This study,
14
L. lactis expression vector; CmR; NisB 13

expression; hexa-histidine tag and TEV-
protease cleavage site at C-terminus

E. coli expression vector; KanR; NisC
expression; hexa-histidine tag and thrombin
cleavage site at N-terminus
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Published online: 30 January 2019 Lantibiotics are a growing class of natural compounds, which possess antimicrobial activity against

a broad range of Gram-positive bacteria. Their high potency against human pathogenic strains such
as MRSA and VRE makes them excellent candidates as substitutes for classic antibiotics in times of
increasing multidrug resistance of bacterial strains. New lantibiotics are detected in genomes and

can be heterologously expressed. The functionality of these novel lantibiotics requires a systematic
purification and characterization to benchmark them against for example the well-known lantibiotic
nisin. Here, we used a standardized workflow to characterize lantibiotics consisting of six individual
steps. The expression and secretion of the lantibiotic was performed employing the promiscuous nisin
modification machinery. We mutated the first amino acid of nisin into all proteinaceous amino acids
and compared their bactericidal potency against sensitive strains as well as strains expressing nisin
resistance proteins. Interestingly, we can highlight four distinct groups based on the residual activity of
nisin against sensitive as well as resistant L. lactis strains.

Since the last decade the exponential increase of the number of antibiotic resistant strains steadily alarms the
world health organization, which is reflected in their annually reports regarding the surveillance of antimicrobial
and antibiotic resistance (WHO, GLASS report 2016-2017). Therefore, the urgent need for antimicrobial com-
pounds, which can be used as alternatives to the classic antibiotic treatment, has dramatically increased. Some
classes of antibiotic such as cephalosporins, macrolides, carbapenems or penicillin derivatives are vital for human
medicine and the treatment of microbial infections. However, observed resistance to important antibiotic classes
makes it necessary to explore new classes of natural or synthetic antimicrobial compounds!.

One possible class are antimicrobial peptides (AMP). Within this class especially lanthipeptides possessing
antimicrobial activity, which are called lantibiotics (lanthionine containing antibiotics), are considered as possible
lead compounds®. Lantibiotics are ribosomally synthesized as a precursor peptide (LanA), between 30-60 amino
acids in size and undergo specific post-translational modifications (PTM)**. They are furthermore dissected into
an N-terminal leader peptide and a C-terminal core peptide, in which the PTMs are installed by specialized
modification enzymes. Upon leader peptide cleavage, the lantibiotic becomes activated and exhibits antimicro-
bial activity with efficiencies in the low nanomolar to millimolar range. Lantibiotics like NAI-107 or NVB302
are already subjected to pre-clinical trails and might be good candidates in the treatment of multidrug-resistant
strains like MRSA or similar Gram-positive strains®~”.

Up to now >50 different lantibiotics with a similar set of PTMs have been described (for more details see
review®). One specific PTM within the core peptide of lantibiotics is the dehydration of serine and threonine
residues resulting in the formation of dehydroalanine and dehydrobutyrine residues. This reaction is catalysed by
a specific dehydratase called LanB (dehydratase of class I lantibiotics)®. The hallmark of lantibiotics is the second
modification, which leads to the formation of lanthionine (Lan) and/or methyl-lanthionine (MeLan) rings. The
reaction proceeds via a Michael-type condensation of the dehydrated serine or threonine residues with the thiol
group of a cysteine residue, which is introduced regio- and stereospecifically by the cyclase LanC (cylcase of class
I lantibiotics)!?. This ring formation results in a thioether bond giving rise to high thermostability and more
profound resistance against proteolytic degradation. Furthermore, antimicrobial activity strictly depends on the
presence of the Lan/MeLan rings''.
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Germany. Marcel Lagedroste and Jens Reiners contributed equally. Correspondence and requests for materials
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In general, lantibiotics exercise their antimicrobial activity through different modes of action. One prominent
mode is the binding to the pyrophosphate moiety of lipid II molecules concomitant with the inhibition of pepti-
doglycan biosynthesis'2. Another mode of action is the perturbation of bacterial cell membranes. Nisin or subtilin
build a pore-forming complex with its receptor lipid II thereby sequestering lipid II within the membrane'>'*
(for a review about lipid II binding peptides see'!). In the case of nisin, which is active in the low nM range, this
process occurs on the ms time scale!>!. Some lantibiotics such as for example Pep5 however, directly penetrate
the target membrane'”.

In comparison to other cationic AMPs, cytotoxicity against human cells is rarely observed, since lipid II, the
main target of lantibiotics, is absent in eukaryotic membranes (except the two-peptide lantibiotic cytolysin S/L'®).
Thus, the efficient activity and the low cytotoxicity combined with few examples of known inherent resistances
(see'-2!) constitute these peptides as excellent lead structures for new antibiotics.

Nevertheless, the bottleneck of lantibiotic research is the identification and characterization of these com-
pounds. With respect to the first, lantibiotics can be detected in genome sequences by data-mining approaches
using bioinformatic tools such as BAGEL4??, antiSMASH?, RiPPquest?* and RiPPMiner?. Such tools either
detect open reading frames encoding lantibiotics within a genome based on neighbouring PTM-enzymes or
combine specific sequences of PTM-enzymes and the cleavage motifs within the leader peptides.

However, every newly identified lantibiotic requires a detailed experimental characterization with respect to
its antimicrobial properties. Therefore, the isolation of a native sample or heterologously expressed samples in
Gram-negative bacteria (E. coli)**?” or Gram-positive bacteria (L. lactis or B. subtilis)**~* is a prerequisite. Several
reports indicate that the nisin modification and secretion system can be employed to modify and secrete other
lantibiotics. Apparently, the nisin PTM system provides sufficient promiscuity to produce for example bagelicin
from Streptococcus suis R61, flavucin from Corynebacterium lipophiloflavum and others peptides, if their core
peptide is fused to the nisin leader peptide?**"*2, Nisin, produced by the Gram-positive Lactococcus lactis (L.
lactis) bacterium and modified by the nisin PTM machinery is one, if not the best characterized lantibiotic and
may therefore be used as a standardized lantibiotic for benchmarking.

Since the number of novel lanthipeptides/lantibiotics increases due to genome mining, design of
hybrid-peptides (by coupling different lanthipeptides to a certain leader peptide), simple mutations or even
chemical synthesis, a general pipeline to characterize the potential antimicrobial activity and thereby potency of a
lantibiotic is urgently required to ensure appropriate benchmarking of such lantibiotics!**.

Here, we used a standardized workflow for the characterization of lantibiotics, containing up to six steps
depending on the availability of the lantibiotic (Fig. 1a). We exchanged the isoleucine at position one (I,) of nisin
to all other 20 natural occurring amino acids (aa) (Fig. 1b) and determined the impact on the expression, modifi-
cation and antimicrobial properties of these nisin variants and benchmarked it against wild type nisin.

Results

General characterisation of nisin 11 mutants. The nisin A core peptide was a target of many former
studies aiming to alter the antimicrobial activity of nisin or to broaden its spectrum against microbial targets.
Position 1 in the nisin core peptide received our attention since some mutations were described that lacked in our
opinion a complete and quantitative characterization. For example, the substitutions of tryptophan-analogues®
as well as the mutants [, W, [,K, I;D, 1,G and [, Q (described in*’). Accordingly, we characterized all mutants at I,
of nisin A using our standardized protocol, which is based on six individual steps (Fig. 1a; I-VI).

The first steps (I-III) concerning expression, secretion and purification of the nisin variants gave no major
variation compared to wild type nisin, which were all expressed as a leader-containing variant (pre-nisin). The
yield of pre-nisin was 6.0 £ 0.3 mg/ L culture supernatant (Supplementary Fig. S1) with a purity >95% based on
Tricine-SDS-PAGE (Supplementary Fig. S2). The yield of most I, mutants decreased to 40-60% of wild type nisin
(Supplementary Fig. S1). The mutants I;,C and I;W had an even lower yield of approximately 35%. This lower
yield however did not affect our purification protocol and all pre-nisin variants were purified using the same
protocol and resulted in comparable purity (Supplementary Fig. $2)%*2.

Step IV concerns leader peptide cleavage and thereby activation of the purified pre-nisin variants. Here, we
used the secreted variant of the natural leader peptidase NisP, by which the leader peptide is cleaved in vitro and
the cleavage efficiency (%) can be calculated as recently shown. We used an RP-HPLC set-up to monitor prod-
uct formation, in which the appearance of the leader peptide in the chromatograms was used to determine the
concentration of activated nisin (Supplementary Fig. S3). Pre-nisin (Supplementary Fig. S3) had a retention time
(RT) between 19 to 21 min, whereas the leader peptide eluted as two peaks corresponding to the variants with and
without the N-terminal methionine between 14 to 16 min, respectively. The nisin core peptide eluted at a later
retention time of approximately 23 min (Supplementary Fig. S$3). In some cases, the nisin I, mutants resulted in
separated peaks of pre-peptide and core peptide after the activation by NisP (compare mutants I, M, I,L, IV, I;W,
1,Y, I,F and I,C in Supplementary Fig. S4). However, in the case of the I, mutants ,A, I,G, I, T, IS, K, R, | H,
1,Q I,E, I)N and I, D) the formation of a core peptide peak in terms of a new and separated peak in the chroma-
togram was not observed (Supplementary Fig. S4). Rather, the peaks with a retention time between 18-21 min
contained both species, the cleaved and non-cleaved lantibiotic, and can therefore not be deconvoluted for proper
determination of the amount of activated nisin. Hence, only the two peaks of the leader peptide were used and the
area was integrated for the determination of the concentration of activated nisin and its I, mutants. The concen-
tration was calculated based on a standard calibration curve (Supplementary Fig. S5), where we precisely deter-
mined the concentration of the activated nisin or I; mutants. We used this concentration determination instead
of the colorimetric protein concentration determination as for example Bradford or the BCA-assay since the
latter two assays cannot differentiate between the activated and non-activated form of the secreted variants. Since
nisin is not active unless the leader is cleaved off, the determination of the area of the leader peak to calculate the
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Figure 1. Scheme of lantibiotic characterization (a) the lantibiotic nisin and its I, mutants (b). The
characterization of novel lantibiotics or variants is based on a six steps protocol (a). I-II are cloning and
expression steps (yellow box). Step III covers peptide purification (red box). Step IV represents the activation
of the peptide (orange box). Step V is the MS-analysis (green box), while step VI represents the antimicrobial
activity of the lantibiotic (blue box). The lantibiotic nisin (NisA) can be dissected into an N-terminal region
(with lanthionine ring A and the methyl-lanthionine rings B and C), a hinge region and a C-terminal region
(with the intertwined methyl-lanthionine rings D and E) (b). The dehydrated amino acids dehydroalanine (dha)
and dehydrobutyrine (dhb) (former serines and threonines) are highlighted in yellow. The coupled cysteine
residues to dehydrated amino acids are highlighted in orange. The thioether bonds between the (methyl-)
lanthionine are marked with a red S. The position one isoleucine is highlighted in red and exchanged to X
amino acid from the four different groups of natural amino acids.

amount of the activated lantibiotic directly relates to the antimicrobial activity without need to further purify the
peptide after cleavage.

All T, mutations were subjected to NisP cleavage and most of the variants were cleaved, but a strong influence
of the nature of the I, substitutions with respect to cleavage efficiency was observed (Supplementary Fig. S6).
The cleavage efficiency for wild type pre-nisin A was 94.3 3 1.7% but lower for the mutants I;M, I,L, I, A and
1,V (72.3+1.4%, 72.4 £+ 1.3%, 81.0 = 1.8% and 58.1+ 2.8%, respectively). All other variants displayed efficiency
below 50% (Supplementary Fig. S6). This holds especially in those cases, where the amino acid at position one was
exchanged to a charged amino acid (e.g. ;K 9.2+ 1.3%; I,E 9.5£0.7%) or contained a bulky hydrophobic side
chain (e.g. I;F 12.9£0.8%; I,W 5.7 £0.2%; I,Y 22.6 £ 2.3%) (Supplementary Fig. S6). To highlight two examples,
NisP was only able to cleave 5.7 - 0.2% of the I; W variant, which was significantly lower as the cleavage efficiency
previously reported®™*’. Interestingly, the I, P mutant was not cleaved at all by NisP (Supplementary Figs S4 and
S6). Even after an extensive prolongation of the incubation time, no leader peptide peak was detected in the
RP-HPLC chromatogram (Supplementary Fig. S4). It is important to stress in this context that the cleavage effi-
ciencies cannot be determined from Tricine-SDS gels (20%). Here, the leader peptide as well as the core peptide
would co-migrate, which obviously will falsify the staining results.

As previously reported®”, a prerequisite for high cleavage efficiency by NisP is the presence of at least one
(methyl-)lanthionine ring. Therefore, we wondered whether some of the nisin variants with low cleavage efficien-
cies were altered in their modification status (step V). To detect possible ring formation(s) we incubated the lan-
tibiotic prior to MS analysis with the thiol-reactive agent 1-cyano-4-dimethylaminopyridinium tetrafluoroborate
(CDAP), which binds to free cysteines and results in a mass shift of 25 Da per covalently attached CDAP. When no
mass shift occurs, all cysteine residues are part of thioether rings, while for every mass shift of 25 Da one cysteine is
not part of a (Me)Lan thioether ring. As controls, we also used the unmodified version of pre-nisin (Supplementary
Fig. S7a), in which no rings are present and five CDAP adducts were identified indicating that five cysteine side
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Figure 2. Growth inhibition assay of strain NZ9000-Cm in the presence of nisin and the corresponding I,
variants. The lantibiotic nisin A (WT) and its I, mutants were used for growth inhibition (ICs,) against strain
NZ9000-Cm. ICy, values were grouped in four different sub-groups (group 1: aa M-G, green; group 2: aa

W-Y, yellow; group 3: aa C-S, magenta; group 4: aa K-D, orange), Values represents the average of at least five
independent measurements and the errors report the standard deviation of the mean (SDM). The nisin variant
I,P was not cleaved by NisP (*) and no growth inhibition assay was conducted. The nisin variants within the
forth group marked with (¥*) showed less antimicrobial activity (ICs, > 500 nM).

chains were available for a simultaneous labelling reaction and the fully modified pre-nisin, showing no coupling
products (Supplementary Fig. S7b). This highlights the quantitative nature of the CDAP assay*'.

For most analysed I, mutants no CDAP attachment was observed (Supplementary Figs S8, S9, S10 and
Supplementary Table S1). Exceptions of this observation are the mutants I,L, A, I,V,I,G, ,E Y, I,R, [, H, 1,Q,
I,N, where small amounts of coupling products were observed with variations from 7x dehydrations (dh) to 5x
dh with one coupling product (Supplementary Figs S8, S9, S10 and Table S1). These amounts are very small, in
comparison to the main species and the MS analysis showed clearly, that the I, mutants primary containing all
lanthionine rings. In the case of nisin I,C, where one additional cysteine residue was introduced also one cou-
pling product was observed (Supplementary Fig. S9) In summary, although the analysis of the cleavage reaction
revealed I, mutants with lower cleavage efficiency, the modifications of the core peptide within these variants
were not altered.

Impact of mutations at position I, on antimicrobial activity of nisin. Growth inhibition assays
(step VI) were used to determine the potency of the activated I, mutants. First, this assay was performed against
the sensitive strain NZ9000-Cm harbouring an empty plasmid pIL-SV (the strain NZ9000-Erm gave identical
results) to determine the value, at which 50% of the cells were inhibited in growth (ICs, value).

The nisin A wild type (WT) had an ICs, value of 4.8 = 0.7 nM, which is in a similar range as previous reported
values determined with strains NZ9000-Cm/NZ9000-Erm**-*? (Fig. 2 and Supplementary Table S2). The I,P
mutant was used in very high concentrations (>1mM) in the growth inhibition assay but displayed no antimi-
crobial activity (Fig. 2; ICs, value is marked with a star symbol). This indicated that this variant was not activated
by NisP, in line with our observations described above.

All other variants were used and displayed ICs, values ranging from wild type level to 100 nM or even to lower
uM values. Based on the measured activities, the variants can be grouped into four classes depending on the
amino acid property.

The first group contains mainly aliphatic amino acids (except M)(Fig. 2, green bars and Supplementary
Table S2). The mutation to methionine gave similar ICs, values to WT (5.8 & 0.3 nM), but the exchange to the
amino acids leucine, alanine and valine lead to a two-fold decrease in activity (9.8 +0.5nM, 10.7 +0.4nM and
11.8+0.9nM, respectively). The mutation to glycine lead to an even further decrease in activity and the IC;, value
was determined to 143.0+ 5.1 nM.

The second group (Fig. 2, yellow bars and Supplementary Table S2) contained aromatic amino acids (except
histidine, which belongs to the fourth group) and displayed a high antimicrobial activity against the sensitive
strain. Especially, the mutants I; W and I, F displayed lower ICs, values (2.54+0.2nM and 3.7 = 0.8 nM) than WT,
indicating an increased antimicrobial activity. The mutant I, Y showed a lower activity and displayed an IC,, value
0f10.6 £0.9nM.

The third group (Fig. 2, magenta bars and Supplementary Table S2) displayed IC, values ranging from 8.6 to
112 nM. The mutation I;C lead to antimicrobial activity of WT (below 10 nM) with an ICs, value of 8.6 £ 0.5nM,
whereas the mutation to I, T or I, S displayed a considerable reduction of the antimicrobial activity with ICs,
values of 37.3+1.6nM and 112.44 5.0 nM, respectively. Interestingly, these substitutions are all amino acids,
which are potential targets of the PTM machinery. Since the mutation I,C introduced an additional cysteine
residue, we carefully analysed for the presence of an additional (Me)Lan ring. However, the coupling assay clearly
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demonstrated the presence of one accessible cysteine suggesting that this nisin variant still harbours five (Me)
Lan rings (Supplementary Fig. $9). Unfortunately, this assay cannot determine which ring(s) are formed. Since
the ICs, value is not altered, we propose that this mutant follows normal ring formation and the additional intro-
duced cysteine at position one was labelled with CDAP.

The mutations I, T and I;S, containing an additional dehydration position. Based on our MS analysis, we saw
mainly no additional dehydration, which leads to the conclusion that this position is not well recognized by NisB
(Supplementary Fig. S9). But we clearly observed that the possible higher number of dehydrations of the peptide
at the N-terminus of the core peptide decreased antimicrobial activity (ICs, values > 30 nM). Here, mutation to
the polar residue serine had a larger impact on the antimicrobial activity of the core peptide compared to the
threonine substitution.

The fourth group (Fig. 2, orange bars and Supplementary Table S2) contained charged amino acids and the
amide side chains of glutamate and aspartate. In general, a strong negative effect on the antimicrobial activity
was observed within this group. The ICs, values were higher compared to the other groups and ranged from
44nM to 3746 nM. The substitutions at position 1 to the amino acids lysine, arginine or histidine lead to 10-fold
or even 20-fold higher ICy, values (I,K: 44.7 £3.0nM, [;R: 113.9 £ 13.6 nM and I,H: 140.0 + 5.0nM) compared
to the WT ICs, value. A major alteration in antimicrobial activity was observed in the case of an exchange I,Q
and IE, respectively. Here, the ICy, values were 592.0 +17.8 nM for I, Q and 1328.0 & 32.7 nM for I,E. An even
more dramatic effect was observed upon introduction of I;N or I, D. Here, IC;, values of 1386.0 - 46.3nM and
3746.0 & 144.1 nM were determined. These variants displayed such high ICs, values (marked by two star symbols
(**)) that these mutations were not analysed in further growth inhibition assays using resistant strains.

In summary, the antimicrobial activity of the different I, mutants towards the sensitive strain NZ9000-Cm
correlated with the physico-chemical properties of amino acid at position one. Although this substitution was
only one amino acid and the modification state of the core peptide was not altered, the active lantibiotics showed
drastic variations in antimicrobial activities. Based on the growth inhibition assay, these I; mutants were divided
into four groups, where aromatic amino acids at position one lead to higher activity but an introduction of polar,
charged amino acids or its amidated counterparts decreased the potency of the corresponding variant to the
sensitive strain.

The influence of I, mutants on immunity and resistance proteins. Lantibiotics are regarded as
potential antibiotic candidates, which might have the potential to replace classic antibiotics and thereby overcome
the increasing resistances against major antibiotic classes. One potential drawback of lantibiotics is highlighted by
the few reported resistance mechanisms against for example nisin®. Therefore, it is critical, to screen for strains,
which might be resistant against the new lantibiotic, if a new lantibiotic is characterized and its potency is deter-
mined. In our protocol, we implemented first the screen against a sensitive strain (see above), but more impor-
tantly we included four strains expressing immunity or resistance proteins against nisin. The immunity proteins
Nisl (lipoprotein) and NisFEG (ABC transporter) from L. lactis are the first and second line of defence of the nisin
producer strain*%. Upon expression in the sensitive strain NZ9000, these proteins might provide immunity and
one can study the activity of the lantibiotic in the presence of immunity proteins. Additionally, we screened the
effect of the I, variants on the nisin resistance proteins SaNSR (lipoprotein) and SaNsrFP (ABC transporter) to
fully consider the potency of the newly lantibiotic/lantibiotic variant. If these proteins are expressed in the sensi-
tive strain, they confer resistance against the nisin and likely to nisin variants.

The nisin variants were analysed according to the above provided classification of four groups. The first group of
I, mutants showed a similar tendency in activity towards the strains for immunity and resistance as for the sensitive
strain (Supplementary Table S2). The substitutions of isoleucine to methionine, leucine, valine and alanine gave
IC5, values for strain NZ9000-NisI in a range of 35-65nM and were comparable to nisin A WT (46.0 £ 6.0nM)
(Fig. 3a). Only the substitution to glycine gave a higher value of 785.7 - 9.7 nM reflecting the low activity of this
variant. The IC;, values of the first group for the strain NZ9000-NisFEG were also in the range of 34-50 nM (nisin
A WT: 53.044.5nM). Again, a higher ICs; value of 557.8 4= 28.3nM was determined for the I;G mutant.

When analysing the results of the resistance strains two major changes were observed. In general, the ICy,
values of the I; mutants for strain NZ9000-SaNSR were similar (53-84nM) to the WT (73.1 = 3.6 nM). The ICs,
value for the I;G mutant was 278.5+ 13.3nM and lower in comparison to the ICs, values of the other strains
(Fig. 3a). The ICs, values for strain NZ9000-SaNsrFP changed only for the mutants I;A (166.1 +5.1nM) and I,G
(2257.0 + 53.4nM), respectively, reflecting the lower activity of these variants towards the strain.

The second group of I, mutants included the aromatic amino acids, for which a higher activity against the
immunity and resistance strains was observed (Supplementary Table S2). The higher activity was determined for
all strains (I, W > I,F > wild type > 1,Y). The exception is the mutant I, Y and strain NZ9000-NisFEG. Here, the
1Cs, value was lower than the one of nisin A WT (53.0 +=4.5nM) (Fig. 3b). Interestingly, the mutant I, W showed
high potency for the strains NZ9000-NisI, NZ9000-NisFEG and NZ9000-SaNSR with ICs, values below 25 nM.
A higher ICy, value of 46.6 &= 1.1 nM was only determined against strain NZ9000-SaNsrFP (Fig. 3b).

The third group of I, mutants showed opposing results concerning immunity and resistance (Supplementary
Table S2). Here, mutants I, T and I,S had lower antimicrobial activity than wild type reflected by IC, value
even above 100 nM (Fig. 3¢). Especially, the more than five-fold lower activity against strains NZ9000-NisI
and NZ9000-SaNsrFP is surprising as the ICy, values were determined to be above 500 nM. For the mutant I, T
the values are 653.3 £ 5.1 nM and 716.1 & 28.6 nM, whereas for the mutant IS the values are two-fold higher
(1898.0+62.3nM and 2893.0 & 34.8 nM) (Fig. 3¢). The exception is the mutant I, C, which showed a similar activ-
ity towards the strains as nisin A WT with ICs, value in the range of 41 to 101 nM. Based on the MS analysis only
one free cysteine was present, we cannot conclude which of the cysteines is not part of a thioether bridge. As this
variant showed a similar antimicrobial activity, we however suggest no alteration in ring pattern (Supplementary
Fig. $9).
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Figure 3. Growth inhibition assay of strains NZ9000-NisI, NZ9000-NisFEG, NZ9000-SaNSR and NZ9000-
SaNsrFP in the presence of nisin and the corresponding I, variants. The lantibiotic nisin A (WT) and its I,
mutants were used for growth inhibition (ICs,) with strains NZ9000-NisI, NZ9000-NisFEG, NZ9000-SaNSR
and NZ9000-SaNsrFP. The ICs, values were grouped in sub-groups of the I, mutants. The group 1 with the aa
M-G (a), group 2 with the aa W-Y (b), group 3 with the aa C-S (c) and group 4 with the aa K-H (d). Values
represent the average of at least five independent measurements and the errors report the standard deviation of
the mean (SDM).

In the last group of I, mutants, all variants showed lower antimicrobial activity towards the strains of immu-
nity and resistance (Supplementary Table S2). The ICy, values were above 400 nM (Fig. 3d) except for mutants I,R
and I|K, which had ICs, values of 186.4 & 3.1 and 301.2 4= 4.7 nM, respectively, against strain NZ9000-NisFEG.
Similar to this, mutants IR, I;K and I, H showed a higher antimicrobial activity against strain NZ9000-SaNSR
(Fig. 3d).

In summary, I, mutations clearly influenced the efficiency of the immunity and resistance proteins. The ICs,
values of the sensitive strain and resistance strains for the different I; mutations can be used to calculate a fold of
resistance (Fig. 4). Here, the effect of certain mutations is even less pronounced (e.g. IS or I, T on NZ9000-NisI)
but still show the reduced activity. The reasons for this reduction might be that these variants are better ligand
and/or substrates for the immunity and resistance proteins. Another explanation might be, that the variants have
an altered interaction with the membrane (I,K; IR, W, [,F). The same is true for the opposite case, in which the
mutants are more active. Here, the mutants are either worse substrates or showed a loss in membrane attraction
due to charge repulsion (I,E/D mutants) or reduced hydrophobicity (I,G mutant).

Discussion

The increased detection of antibiotic resistances of human pathogenic strains urgently calls for the identifica-
tion of novel lead structures, which can be used to develop long lasting antibiotics. One promising family of
candidates are the antimicrobial peptide subfamily of lantibiotics. They are small ribosomally synthesized and
post-translational modified peptides*>*¢, which possess a potent antimicrobial activity generally in the nM range.
Their antimicrobial activity makes them excellent candidates to treat MDR-strains such as MRSA or VREY.
Recently, numerous new lantibiotics were discovered by “in silico genome mining” approaches, using availa-
ble bacterial genome sequence data*. Here, BAGEL4 and its predecessor BAGEL3 are powerful algorisms to
detect lantibiotics sequences within bacterial genome sequences?. Novel lantibiotic such as flavucin, bagelicin
and agalacticin were found and their antimicrobial properties were determined®. In the study by Heel et al. 2016
the potency of many new lantibiotics were screen against a set of Gram-positive and Gram-negative strains to
show their antimicrobial potencies. Till now, however, it is not possible to deduce the potency solely on sequence
information and every lantibiotic needs to be expressed and purified for subsequent characterization of its anti-
microbial activity. To ensure comparability of the determined activities and the potencies derived from these
experiments a standardized protocol needs to be established, which allows benchmarking novel against already
characterized lantibiotics (e.g. nisin). This should also include mutations designed or natural variants of previ-
ously characterized lantibiotics.

SCIENTIFICREPORTS|  (2019) 9:935 | https://doi.org/10.1038/541598-018-37532-4 6

-108-


https://doi.org/10.1038/s41598-018-37532-4
https://doi.org/10.1038/s41598-018-37532-4

www.nature.com/scientificreports/

a 30 Nisl NisFEG SaNSR SaNsrFP b 30 Nisl NisFEG SaNSR SaNsrFP

fold of resistance
3 - nN N
o v o v
fold of resistance
- - nN N
o v o v

«

5

1l 2

0
SR R S O R SR S SISO ORI ON I
& & & & & & & &

C 30 Nisl NisFEG SaNSR SaNsrFP d 30 Nisl NisFEG SaNSR SaNsrFP

fold of resistance
= ey ~N N
o w o w
fold of resistance
- - nN N
o v o w

«
«

[ o
Sedaegeiaegoiageda IR LIIRHEIIREILRR
& & & & & & & &

Figure 4. Fold of resistance of strains NZ9000-NisI, NZ9000-NisFEG, NZ9000-SaNSR and NZ9000-SaNsrFP in
comparison to NZ9000-Cm. The resistance of the strains NZ9000-NisI, NZ9000-NisFEG, NZ9000-SaNSR and
NZ9000-SaNsrFP towards the lantibiotic nisin A (WT) and its I, mutants are presented as fold of resistance. The
fold of resistance values were grouped in sub-groups of the I, mutants. The group 1 with the aa M-G (a), group 2
with the aa W-Y (b), group 3 with the aa C-S (c) and group 4 with the aa K-H (d). Values represent the average of
at least five independent measurements and the errors report the standard deviation of the mean (SDM).

In this study, we used a standardized protocol based on six individual steps (I-VI). Some of these steps have
been previously (partly) published, but not as a combined robust protocol?**%4%424 By replacing I, of nisin A
against any other amino acid, the complete influence of the exchange on expression, purification and/or activity
was monitored to provide a quantitative characterisation.

The characterisation of a novel lantibiotic starts with the expression system and the choice of homologous or
heterologous expression. Homologous expression of a lantibiotic is often associated with its isolation from super-
natants of lantibiotic producer strains (examples are epidermin®’, mutacin 1140°!, NAI-107 and related lantibiot-
ics™ or pinensins®®). The yield of this strategy can be limited, especially if the producer is hardly cultivable under
lab conditions or induction of the lantibiotic is not trigged (e.g. geobacillin I*%, salivaricin 9°° and staphylococcin
Au-26,>°).

Therefore, for some lantibiotics such as lichenicidin from Bacillus licheniformis ATCCC 145802, or prochlo-
rosins from Prochlorococcus MIT 9313% a heterologous expression in E. coli is the preferential strategy to obtain
higher yields of the pre-lantibiotic. Alternatively, the expression via the NICE-system in L. lactis*® is a possibility.
Here, the pre-lantibiotic is modified after induction with the lantibiotic nisin by the PTM system (NisB/NisC) and
secreted by the ABC transporter NisT?2.

The nisin PTM system was shown to be of sufficient promiscuity to modify and secrete lantibiotics as well as
non-lantibiotic peptides?*2. As an advantage any lantibiotic can be produced as a pre-lantibiotic. This results in
higher yields, as the lantibiotic is not antimicrobial active and is not limiting the growth of the producer strain.
Furthermore, the pre-lantibiotic (as pre-nisin) shows higher pH stability in contrast to nisin (low solubility at
pH > 7)*°. Normally, we observed yields for the pre-nisin and its variants of 3-6 mg per liter cell culture super-
natant after purification (Supplementary Fig. S1). Considering these yields further down-streaming steps are
employed to characterize the lantibiotic.

Although NisB and NisC are promiscuous in modifying their substrate, it is crucial that both enzymes fully
modify the core peptide similar to pre-nisin. Otherwise, the steps III (cleavage by NisP) and VI (antimicrobial
assay) might be less informative. Thus, even new mutants of nisin, like mutants in the hinge region®®! or in the
leader peptide”, required a full characterisation with respect to their modification and antimicrobial activity.

The purified pre-lantibiotics need to be analysed by RP-HPLC before and after activation by proteolytic cleav-
age of the leader peptide. In this study, we activated pre-nisin and the I, mutants in vitro by purified leader
peptidase NisP (Supplementary Figs S3 and S4; described in***°). The cleavage efficiency and also the exact con-
centration of the active lantibiotic were determined via RP-HPLC (Supplementary Fig. S6). Hence, every acti-
vation of the pre-lantibiotic can be monitored and quantified by integrating the leader peptide peaks, which are
used for calculation of the amount of activated lantibiotic. We observed for some I, mutants, that the properties
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during the RP-HPLC runs of the pre-lantibiotics and activated lantibiotics made it impossible to distinguish
between both peaks (Supplementary Fig. S4). Consequently, the areas of leader peptide peaks were used for
quantification. One other aspect that has to be taken in consideration is the fact that for nisin mutants, such asI;A
or I|K, the core peptide cannot be purified by means of preparative RP-HPLC from the supernatant. In general,
the analytic RP-HPLC is needed to quantify the lantibiotic and as a quality control for the purification and the
cleavage reaction.

The major advantage of RP-HPLC compared to other technics is the more accurate determination of the con-
centration of the activated lantibiotic, which is a prerequisite for a reliable determination of the biological activity
of the lantibiotic. In comparison to methods determining the total amount of peptide/protein (e.g. BCA-assay
and other colorimetric assays) the determination via HPLC minimizes the error. For example, if only 15% of a
pre-lantibiotic is cleaved, but the total amount of pre-lantibiotic is used for the calculations, the determined ICs,
value would be six to seven-fold larger, which obviously indicates a falsely lower antimicrobial activity.

Sometimes a lower cleavage efficiency of the leader peptidase and later a lower antimicrobial activity might
reflect incomplete modification of the peptide (e.g. dehydrations or the lack of lanthionine rings) or disrupted
recognition by the leader peptidase. As an example, the mutation of I; in nisin Z to tryptophan leads to the pro-
duction of two variants. The I; W mutant as a main product and a small amount of I1W/Dh2T, where the threo-
nine residue escape the dehydration and an altered activity is proposed®. Therefore, a proper determination of
dehydration and the formation of lanthionine rings by MS-analysis is required. MS-analysis provides information
about the dehydration reaction of NisB®* by the loss of water (—18 Da), but cannot indicate the formation of the
(methyl-)lanthionine rings. Furthermore, it is not possible to distinguish between the position of the dehydration
within the nisin core peptide, which might have escaped modification like threonine position 2 or serine position
33%%. Thus, it is inevitable to use at least one orthogonal method to determine the presence of lanthionine ring(s).
Either the use of an alkylation agent (e.g. CDAP to couple the free thiol group from cysteine residues) or tan-
dem MS-MS analysis to determine the alternate fragmentation pattern between WT pre-lantibiotic and potential
mutant variants is necessary.

In our protocol we choose the CDAP-coupling assay to detect nisin I; mutants, which might still possess free
thiol groups. The advantage of the CDAP-coupling assay is the additional mass shift in the MS spectra. Here, a
mass shift of 25 Da per thiol-conjugated easily indicates incomplete ring-formation.

The activated lantibiotic was used for antimicrobial activity assays (step VI), in which different indicator
strains were employed. Here, the assay for antimicrobial activity needs to be suitable for the characterisation of
the lantibiotic. The broth dilution with 2-fold dilution series of lantibiotics in a MIC assay is generally used to
determine the antimicrobial activity®>. However, if only one stock concentration is used, one obvious limitation is
the factor two in serial dilutions, which will detect only changes larger than two. Therefore, we suggest to use the
ICs, assay with a high diversity of stock concentrations to screen every data point. Still, both methods have their
limit as no information about the mode of action of the lantibiotic can be acquired.

The active lantibiotic were screened against a sensitive strain to determine the ICs, value by growth inhibition
assay (described with modifications in*!). We used the L. lactis strain NZ9000 with the corresponding empty
vector systems pNZ-SV or pIL-SV, termed NZ9000-Erm and NZ9000-Cm, respectively. Generally, we would like
to propose that the strain L. lactis NZ9000 is used as a standard strain, in order to have comparable values from
antimicrobial activity assay.

The full potential of a lantibiotic or lantibiotic variants can be shrouded if the screen is only performed against
sensitive strains. Therefore, based on the ICs, value from the sensitive strains, a second screen against strains,
which express immunity or resistance proteins should be performed®. We used the strains NZ9000-NisI and
NZ9000-NisFEG to study the effect of the immunity proteins from L. lactis as they confer immunity via dif-
ferent mechanisms®” %, To analyse the effect of a lantibiotic on resistance potency, strains NZ9000-SaNSR and
NZ9000-SaNsrFP expressing proteins involved the nisin resistance from Streptococcus agalactiae were used*>¢.
Importantly, the ratio of the ICs, values (fold of resistance) of these strains to the sensitive strain describes the
alteration of substrate specificity on the immunity or resistance proteins (described in*).

As final remark, the production of lantibiotics, especially if they are heterologously expressed, has to be bench-
marked against a standardized lantibiotic. Here, the well-studied lantibiotic nisin can be used again to benchmark
against novel and unknown lantibiotics.

In summary, our analysis and the suggested roadmap demonstrate that a detailed and multifaceted investi-
gation of the antimicrobial potency of lantibiotic is necessary to uncover the full potential of novel lantibiotics,
but also to quantitatively compare the efficiency of different members of this promising family of antimicrobial
peptides.

Materials and Methods
Microorganisms and culture conditions. Strains and the plasmids used in this study are listed in
Table S3. Cultures of L. lactis NZ9000 were grown in M17 medium at 30 °C supplemented with 0.5% glucose
(GM17 and the appropriate antibiotics (final concentrations 5 ug/ml). In the case of pre-lantibiotic secretion, the
L. lactis strain NZ9000 was grown in minimal medium at 30 °C supplemented with 0.5% glucose and the appro-
priate antibiotics (final concentrations 5 ug/ml).

The cultures of the E. coli strain DH5a were grown in Luria-Bertani (LB) medium at 37 °C under aerobic
conditions with the appropriate antibiotic (100 ug/ml ampicillin or 30 pg/ml kanamycin final concentration).

Cloning of nisin variants. The substitution of amino acids in the nisA gene was performed by standard
site-directed mutagenesis. Here, the vector pPNZ-SV-nisA was used as a template to introduce mutations by
Pfu-DNA polymerase (Thermo-Scientific) following standard protocol of the manufacture. Used oligonucleotides
are listed elsewhere (Supplementary Table S4). Sequence analysis verified the correctness of the nisin variants
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and plasmids were transformed into electro-competent L. lactis NZ9000 strain, already containing the pIL3-BTC
vector for expression.

Expression and purification of NisP.  The soluble variant of NisP was expressed by L. lactis NZ9000 har-
bouring the plasmid pNGnisP8His and subsequently purified as previously described*.

Expression purification and activation of pre-nisin variants. Pre-nisin and its variants were
expressed and purified as previously described?*>%. The purity of pre-nisin and its variants was controlled by
Tricine-SDS-PAGE (20%)”°. The activation of all variants was performed by NisP cleavage overnight at 8 °C.
Pre-nisin cleavage and its variants was monitored by RP-HPLC*"®.

Determination of active nisin by HPLC analysis. Pre-nisin and the activated nisin variants were ana-
lysed by RP-HPLC (Agilent Technologies 1260 Infinity IT) with a LiChrospher WP 300 RP-18 end-capped column
and an acetonitrile/water solvent system. The cleavage efficiency and the concentration of active lantibiotic was
calculated as described previously**®.

Cloning and expression of immunity and resistance proteins. The cloning of plasmids encoding
for immunity and resistance proteins used in this study were previously described**-*2”!. A nomenclature of the
strains used for antimicrobial activity assay is shown elsewhere (Supplementary Table S3).

Determination antimicrobial activity by growth inhibition assay. The growth inhibition assay with
the NZ9000 strains was conducted as described in*!. There, the inhibitory concentration (ICs), where only 50%
of the cells survive can be calculated for the different lantibiotics.

The fold of immunity/resistance was calculated by dividing the ICs, values of strains expressing the immunity
or resistance proteins from the IC,, value of the control strain harbouring the empty plasmid**#.

MALD-TOF analysis: Dehydration and lanthionine ring analysis.  Prior to MS analysis the activated
nisin variant were desalted via C 4 ZipTip purification according to the manufactory manual (Merk-Millipore).
The vacuum dried pellet was directly used for MALDI-TOF analysis or coupled with an organic coupling agent
for free cysteine residues’ . For coupling, the pellet was dissolved in 9 pl citrate buffer (25 mM, pH 3) and incu-
bated with 2 ul TCEP (Tris[2- carboxyethyl]phosphine) (100 nmol) for 20 min at 29 °C. After the incubation,
the coupling agent CDAP (1-cyano-4 dimethylaminopyridinium tetrafluoroborate) (140 nmol) was added and
incubated for 15 min at 29°C.

For MALDI-TOF analysis the vacuum dried pellet was dissolved with 50 uL 50% acetonitrile solu-
tion containing 0.1% TFA. From the soluble sample, 1 ul was mixed with 10 pl matrix solution (10 mg/ml
alpha-cyano-4-hydroxycinnamic acid, dissolved in 50% acetonitrile containing 0.1% (v/v) trifluoroacetic acid)
and 1l of the mixture was spotted on the target. The sample was analysed with MALDI-TOF (UltrafleXtreme,
Bruker Daltonics, Bremen, Software: Compass 1.4) in positive mode.
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Figures of supplemental information:
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Figure S1: The yield per liter cell culture of pre-nisin variants
Summary of the yields per liter cell culture supernatant after cation-exchange
chromatography of nisin A and their corresponding I1 mutants. The purified peptides

were quantified via RP-HPLC. Error bars represent the standard deviation of atleast three
biological replicates.
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Figure S2: Tricine-SDS-Gels of pre-nisin, [1 mutants.

Group 1 contained amino acids M-G (a), group 2 amino acids W-Y (a), group 3 with the
amino acids C-S (a) and group 4 the amino acids K-H (a).
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Figure S2: Original Tricine-SDS-Gels of pre-nisin, I1 mutants.

Group 1 contained amino acids M-G (a), group 2 amino acids W-Y (a), group 3 with the

amino acids C-S (a) and group 4 the amino acids K-H (d).
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Figure S3: RP-HPLC chromatogram of pre-nisin and nisin.

The retention profile (min) of pre-nisin WT is shown in blue and the product of the
cleavage reaction is shown in red. The black arrows indicate the leader peptide peaks (*+
N-terminal methionine) of cleaved pre-nisin, which is used for quantification.
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Figure S4: RP-HPLC chromatograms of the cleaved pre-nisin and I; mutants

The RP-HPLC chromatogram summaries all pre-nisin and I mutants, which were used in
this study. The pre-nisin variants were analysed before cleavage (blue dotted line) and
after NisP cleavage (black line). Please note that the scaling of the y axis is different for

nisin A WT, [1P and [1A.
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Figure S5: Calibration line of the nisin core peptide.
The slope of the calibration line makes it possible to quantify the total yield and the
cleavage efficiency of NisP. Slope: 2392 + 30.16, R?: 0.9992
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Figure S6: Quantification of the cleavage efficiency of NisP by RP-HPLC.

The leader peptide peak areas were used to determine the final concentration of the
activated species and to calculate the efficiency (example see Supplementary Fig. S3, red
line). The nisin mutant I1P was not cleaved by NisP (*). Error bars represent the standard
deviation of at least three biological replicates.
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Figure S7: MALDI-TOF analysis to determine the level of dehydrations and ring
formations

To demonstrate the specificity of the CDAP coupling, we threated unmodified pre-nisin
and fully modified pre-nisin. a: unmodified pre-nisin with a maximum number of five
coupling products, which demonstrated the accessibility of all five cysteine residues. The
fully modified pre-nisin showed no coupling products indicating that all cysteine residues
were involved in lanthionine rings (b).
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Figure S8: MALDI-TOF analysis to determine the level of dehydrations and ring
formations for the nisin A variant group 1.
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Figure S9: MALDI-TOF analysis to determine the level of dehydrations and ring
formations for the nisin A variant group 2 and 3.
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Figure S10: MALDI-TOF analysis to determine the level of dehydrations and ring
formations for the nisin A variant group 4.
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Tables of supplemental information:

Table S1: Overall data from the MS analysis of nisin A variants

Variant Observed masses [Da] Modification
3354 -8 H20
wr 3372 -7 Hz0
5672 Uncleaved + Met - 8 H20
I1P 5690 Uncleaved + Met - 7 H20
5708 Uncleaved + Met - 6 H20
3372 -8 H20
IiM 3390 -7 H20
3408 -6 H20
3354 -8 H20
3372 -7 H20
IiL 3390 -6 H20
3415 -6 H20+1CN
Group 1 3433 -5H:0+1CN
3312 -8 H20
LA 3330 -7 H20
3355 -7H:20+1CN
3366 -5 H20
3340 -8 H20
LV 3358 -7 H20
3376 -6 H20
3401 -6 H20+1CN
3298 -8 H20
LG 3316 -7 H20
3334 -6 H20
3359 -6 H20+1CN
3427 -8 H20
LW 3445 -7 H20
3463 -6 H20
3388 -8 H20
LF 3406 -7 H20
Group 2 3424 -6 H20
3449 -6 H20+1CN
3404 -8 H20
LY 3422 -7 H20
3440 -6 H20
3465 -6 H:0+1CN
3344 -8 H20
I.C 3369 -8H:0+1CN
3387 -7H:0+1CN
3342 -8 H20
Group 3 IiT 3360 -7 H20
3378 -6 H20
3310 -9 H:20
LS 3328 -8 H20
3346 -7 H20
3364 -6 H20
3369 -8 H20
IiK 3387 -7 H20
3405 -6 H20
3397 -8 H20
Group 4 LR 3415 -7 H20
3433 -6 H20
3458 -6 H:0+1CN
LH 3378 -8 H20
3396 -7 H20
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3414 -6 H20
3421 -7H20+1CN
3439 -6 H20+1CN
3351 -9 H20
1.Q 3369 -8 H20
3387 -7 H20
3412 -7H20+1CN
3352 -9 H20
LE 3370 -8 H20
3388 -7 H20
3406 - 6 H20
3355 -8 H20
LN 3373 -7 H20
3398 -7H20+1CN
3416 -6 H20+1CN
3356 -8 H20
IiD 3374 -7 H20
3392 - 6 H20
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Table S2: ICso values of nisin A and variants
ICso values were determined against the sensitive strain NZ9000-Cm and against strain
NZ9000 expressing the immunity/resistance proteins Nisl, NisFEG, SaNSR and SaNsrFP.

WT
11P
11M
I1L
1A
11V
hG
11W
11F
1Y
1LC
11T
11S
11K
1R
I1H
11Q
I1E
11N
11D

NZ9000-Cm NZ9000-Nisl NZ9000-NisFEG NZ9000-SaNSR NZ9000-SaNsrFP
ICso [nM] ICso [nM] ICso [nM] ICso [nM] ICso [nM]
4.8+0.7 46.0+6.0 53.0+4.5 73.1+3.6 82.1+3.7

not cleavable

5.8+0.3 51.5+1.6 39.2+1.0 84.5+1.7 64.9£0.7

9.8+0.5 35.5+1.5 346+1.2 53.0+0.4 50.4+0.6
10.7+0.4 65.0 £ 2.8 342+1.0 68.0+1.9 166.1+5.1
11.8+0.9 43.8+1.7 50.4+0.3 66.8 £ 0.34 59.2+2.2
143.0+5.1 785.7 £9.7 557.8 £ 28.3 278.5+13.3 2257.0+53.4

2.5+0.2 22.7+1.5 21.7+1.2 18.3+0.7 46.6+1.1

3.7+0.8 36.5+3.3 259+1.9 439+1.2 64.3+0.4
10.6 £ 0.9 84.3+1.1 45.7+1.8 105.7+1.3 137.9+4.1

8.6+0.5 55.1+2.3 41.7+0.7 101.4+3.8 68.8 £ 3.2
373116 653.3+5.1 107.7 £ 6.2 130.8+3.4 716.1+28.6

112.4+5.0 1898.0+62.3 337.3+17.5 253.1+6.2 2893.0+ 34.8
44.7+3.0 435.7+9.9 301.2+4.7 171.7+0.8 983.6 £ 16.2

113.9+ 13.6 422.9+20.4 186.4+3.1 227.0+5.6 1153.0 £ 31.0

140.0+ 5.0 1488.0+85.1 1172.0+134.3 2329+ 3.4 3213.0+£19.1

592.0+17.8
1328.0 £ 32.7 nd.
1386.0 + 46.3

3746.0 £ 144.1

n.d.: not determined.
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Table S3: Nomenclature of the strain NZ9000 expressing immunity (Nisl and
NisFEG) and resistance proteins (SaNSR and SaNsrFP)

Strain Expressed
name plasmid protein properties Ref.
NZ9000 i i sensitive Lgctococcus lactis strain lacking the 1
gens for NisABTCPIFEG
NZ9000-  pNzZ-SV . . . . 5
- erythromycin resistance; sensitiv strain
Erm Erm
NZ9000-  plL-SV . . - .
- chloramphenicol resistance; sensitiv strain 3
Cm Cm
NisP nisP8His pressing the peprice .
from Lactococcus lactis
chloramphenicol resistance; sensitive strain
NZ9000- . expressing the modification proteins NisB, NisC
IL3-BTC NisBTC
NisBTC P 'S and the ABC transporter NisT from Lactococcus
lactis >
erythromycin resistance; immunity strain
NZ9000-  pNz-SV- . . . o
. ) Nisl expressing the lipoprotein Nisl
Nisl nisl . 2
from Lactococcus lactis
chloramphenicol resistance; immunity strain
NZ9000-  plL-SV- . . . 3
NISEEG NiSEEG NisFEG expressing the ABC tra.msporter NisFEG
from Lactococcus lactis
NZ9000- NZ-SV- erythromycin resistance; resistance strain
P SaNSR expressing the nisin peptidase NSR 6
SaNSR nsr .
from Streptococcus agalactiae
chloramphenicol resistance; resistance strain
NZ9000-  plL-SV- . ;
SaNSrEP nSrEP SaNsrFP expressing the BceAB-type ABC transporter

NsrFP from Streptococcus agalactiae
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Table S4: Primer sequences used for site-directed mutagenesis

The primer pairs were used for the point mutations at position 1 in the core peptide of
nisin A. The exchanged codon is labelled red within the forward (fw) and reversed (rw)
primer sequences.

Oligonucleotide name Sequence (5'-3')

[-K fw GTGCATCACCACGCAAAACAAGTATTTCGC
I-K rw GCGAAATACTTGTTTTGCGTGGTGATGCAC
[-M fw GTGCATCACCACGCATGACAAGTATTTCGC
I-M rw GCGAAATACTTGTCATGCGTGGTGATGCAC
[-N fw GTGCATCACCACGCAATACAAGTATTTCGC
I-N rw GCGAAATACTTGTATTGCGTGGTGATGCAC
I-R fw GTGCATCACCACGCAGAACAAGTATTTCGC
I-R rw GCGAAATACTTGTTCTGCGTGGTGATGCAC
I-S fw GTGCATCACCACGCAGTACAAGTATTTCGC
I-S rw GCGAAATACTTGTACTGCGTGGTGATGCAC
I-T fw GTGCATCACCACGCACAACAAGTATTTCGC
I-T rw GCGAAATACTTGTTGTGCGTGGTGATGCAC
[-V fw GTGCATCACCACGCGTTACAAGTATTTCGC
-V rw GCGAAATACTTGTAACGCGTGGTGATGCAC
[-A fw GTGCATCACCACGCGCTACAAGTATTTCGC
I-A rw GCGAAATACTTGTAGCGCGTGGTGATGCAC
[-D fw GTGCATCACCACGCGATACAAGTATTTCGC
I-D rw GCGAAATACTTGTATCGCGTGGTGATGCAC
I-E fw GTGCATCACCACGCGAAACAAGTATTTCGC
I-E rw GCGAAATACTTGTTTCGCGTGGTGATGCAC
I-G fw GTGCATCACCACGCGGTACAAGTATTTCGC
-G rw GCGAAATACTTGTACCGCGTGGTGATGCAC
I-L fw GTGCATCACCACGCTTAACAAGTATTTCGC
I-L rw GCGAAATACTTGTTAAGCGTGGTGATGCAC
I-Y fw GTGCATCACCACGCTATACAAGTATTTCGC
I-Y rw GCGAAATACTTGTATAGCGTGGTGATGCAC
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I-C fw GTGCATCACCACGCTGTACAAGTATTTCGC

I-C rw GCGAAATACTTGTACAGCGTGGTGATGCAC
I-W fw GTGCATCACCACGCTGGACAAGTATTTCGC

I-W rw GCGAAATACTTGTCCAGCGTGGTGATGCAC
[-P fw GTGCATCACCACGCCCAACAAGTATTTCGC

I-P rw GCGAAATACTTGTTGGGCGTGGTGATGCAC
[-H fw GTGCATCACCACGCCATACAAGTATTTCGC

I-H rw GCGAAATACTTGTATGGCGTGGTGATGCAC
[-Q fw GTGCATCACCACGCCAAACAAGTATTTCGC

-Q rw GCGAAATACTTGTTTGGCGTGGTGATGCAC
I-F fw CATCACCACGCTTTACAAGTATTTCGC

I-F rw GCGAAATACTTGTAAAGCGTGGTGATG
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of the Natural Nisin Variant Nisin H
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Lantibiotics are a growing class of antimicrobial peptides, which possess antimicrobial
activity against mainly Gram-positive bacteria including the highly resistant strains such
as methicillin-resistant Staphylococcus aureus or vancomycin-resistant enterococci. In
the last decades numerous lantibiotics were discovered in natural habitats or designed
with bioengineering tools. In this study, we present an insight in the antimicrobial
potential of the natural occurring lantibiotic nisin H from Streptococcus hyointestinalis as
well as the variant nisin H F41. We determined the yield of the heterologously expressed
peptide and quantified the cleavage efficiency employing the nisin protease NisP.
Furthermore, we analyzed the effect on the modification via mass spectrometry analysis.
With standardized growth inhibition assays we benchmarked the activity of pure nisin
H and the variant nisin H F1l, and their influence on the activity of the nisin immunity
proteins Nisl and NisFEG from Lactococcus lactis and the nisin resistance proteins
SaNSR and SaNsrFP from Streptococcus agalactiae COH1. We further checked the
antibacterial activity against clinical isolates of Staphylococcus aureus, Enterococcus
faecium and Enterococcus faecalis via microdilution method. In summary, nisin H and
the nisin H F11 variant possessed better antimicrobial potency than the natural nisin A.

Keywords: lantibiotics, nisin, nisin H, MS analysis, antimicrobial activity

INTRODUCTION

Lantibiotics (lanthionine containing antibiotics) are a growing class of antimicrobial peptides
(AMPs), which posses antimicrobial activity even against highly resistant strains such as
methicillin-resistant Staphylococcus aureus (MRSA) or vancomycin-resistant enterococci (VRE) and
some are already in pre-clinical trials (Mota-Meira et al., 2000; Jabes et al., 2011; Dawson and
Scott, 2012; Crowther et al., 2013; Dischinger et al., 2014; Ongey et al., 2017; Brunati et al., 2018;
Sandiford, 2019). Lantibiotics are peptides, containing 19-38 amino acids and are mainly produced
by Gram-positive bacteria (Klaenhammer, 1993; Sahl and Bierbaum, 1998). In the last decades an
increasing number of lantibiotic gene clusters were found by data-mining approaches using tools
such as BAGEL4 (van Heel et al., 2018).
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The best studied lantibiotic is nisin, which was first discovered
in 1928 by Rogers and Whittier and belongs to the class I
lantibiotics (Rogers, 1928; Rogers and Whittier, 1928; Arnison
et al,, 2013). It is used in the food industry since 1953 and
obtained the status as generally recognized as safe (GRAS) in
1988 from the Food and Drug Administration (FDA) (Delves-
Broughton et al., 1996). The class I lantibiotic nisin contains
34 amino acids and five (methyl)-lanthionine rings. These
(methyl)-lanthionine rings require multiple posttranslational
modifications (PTMs) which are introduced in the precursor
peptide. First, the serine and threonine residues in the core
peptide are dehydrated by a specific dehydratase NisB (lantibiotic
class I LanB dehydratase) (Kaletta and Entian, 1989; Karakas Sen
et al,, 1999; Koponen et al., 2002; Ortega et al., 2015; Repka
et al,, 2017). The next step is a Michael-type condensation
of dehydrated residues with the thiol group of a cysteine
residue, thereby forming (methyl)-lanthionine rings, guided in
a regio- and stereospecific manner by the cyclase NisC (class I
lantibiotic cyclase) (Okeley et al., 2003; Li et al., 2006; Li and
van der Donk, 2007; Repka et al., 2017). These characteristic
(methyl)-lanthionine rings give lantibiotics high heat stability,
resistance against proteolytic digestion and are responsible
for the nanomolar antimicrobial activity (Gross and Morell,
1967; Rollema et al., 1995; Chan et al.,, 1996; Lu et al.,, 2010;
Oppedijk et al., 2016).

The sequence of nisin A can be subdivided into three parts
(see Figure 1). The N-terminal part with ring A, B, and C
is responsible for binding to the cell wall precursor lipid II
(Hsu et al., 2004). The hinge region is very flexible and allows
reorientation of the C-terminal part to insert into the membrane
(van Heusden et al., 2002; Hasper et al., 2004; Wiedemann et al.,
2004; Medeiros-Silva et al., 2018), while changes in this region
have a strong impact on the target antimicrobial activity (Zhou
et al., 2015; Zaschke-Kriesche et al., 2019b). After penetrating
the membrane, the C-terminal part with ring D and E forms a
stable pore with a stoichiometry of eight nisin and four lipid II
molecules, which subsequently leads to rapid cell death (Hasper
et al., 2004; Wiedemann et al., 2004; Alkhatib et al., 2014a;
Medeiros-Silva et al., 2018).

Unfortunately, some bacteria established resistance
mechanism against lantibiotics. For instance lantibiotic
producing strains express the immunity system LanI and
LanFEG (Alkhatib et al., 2014a,b), which prevent a suicidal
effect after the lantibiotic is secreted. In the case of nisin A from
Lactococcus lactis these proteins are called NisI and NisFEG.
But also non-lantibiotic producing strains showed resistance
against lantibiotics like Streptococcus agalactiae COHI1, which
arises from the expression of the membrane-anchored peptidase
SaNSR and the ABC transporter SaNsrFP (Khosa et al., 2013,
2016a,b; Reiners et al., 2017).

Several natural nisin variants have been discovered and
up to now eight are known. First of all nisin A from L. lactis
(Rogers and Whittier, 1928), nisin Z from L. lactis NIZO
221 86 (Mulders et al, 1991), nisin F from L. lactis F10
(de Kwaadsteniet et al., 2008), nisin Q from L. lactis 61-14
(Zendo et al,, 2003), nisin Oy to O4 from Blautia obeum
A2-162 (Hatziioanou et al.,, 2017), nisin U and U2 from

Streptococcus  uberis 42 and D536 (Wirawan et al., 2006),
nisin P from Streptococcus gallolyticus subsp. pasteurianus
(Zhang et al, 2012; Wu et al, 2014), nisin J from
Staphylococcus capitis APC 2923 (O’Sullivan et al,, 2020)
and nisin H from Streptococcus hyointestinalis DPC 6484
(O’Connor et al., 2015).

In this study we focused on the natural nisin H variant
(Figure 1). We used a standardized workflow for the
characterization of lantibiotics, previous described in
Lagedroste et al. (2019) to determine the impact on the
expression, modification and antimicrobial properties of this
nisin variant. We tested further the antimicrobial activity
against some pathogen strains from Staphylococcus aureus,
Enterococcus faecium, and Enterococcus faecalis using the
microdilution method. As a reference we used the wild-type
version of nisin A expressed using the same experimental
setup. Furthermore, we exchanged the phenylalanine at
position one (F;) of nisin H to isoleucine, which is the
natural amino acid of nisin A at this position (Figure 1). This
position one was previously analyzed in nisin A and showed
a major impact on different levels of the characterization
(Lagedroste et al., 2019).

MATERIALS AND METHODS

Microorganisms and Culture Conditions
Cultures of L. lactis NZ9000 (Kuipers et al., 1997) containing
the plasmids for immunity and resistance proteins were grown
in M17 medium (Terzaghi and Sandine, 1975) at 30°C
supplemented with 0.5% glucose [GM17 and the appropriate
antibiotics descripted in Alkhatib et al. (2014a,b), Khosa et al.
(2016b), Reiners et al. (2017), Lagedroste et al. (2019)]. For
pre-nisin secretion, the L. lactis strain NZ9000 was grown
in minimal medium (Jensen and Hammer, 1993) at 30°C
supplemented with 0.5% glucose and the appropriate antibiotics.
All bacteria used for minimum inhibitory concentration (MIC)
determination of nisin variants [Bacillus subtilis 168; S. aureus:
MSSA strain ATCC 29213, MRSA/VISA strain ATCC 700699;
E. faecium: ATCC 35667, ATCC 700221 (vancomycin resistant);
E. faecalis: ATCC 29212, ATCC 51299 (vancomycin resistant)]
were cultivated in Mueller-Hinton broth (MHB) at 37°C and
shaking at 150 rpm.

Cloning of Nisin H and the F4l Variant

Nisin H was created as described in Reiners et al. (2017).
The substitution of the phenylalanine at position one
(FiI) to an isoleucine was performed by site-directed
mutagenesis. Here, we used the following primers (forward:
5-GTGCATCACCACGCTTTACAAGTATTTCGC-3'; reverse:
5'-GCGAAATACTTGTAAAGCGTGGTGATGCAC-3').  After
sequence analysis a competent L. lactis NZ9000 strain was
transformed with the resulting plasmid via electroporation (Holo
and Nes, 1989). The L. lactis NZ9000 strain already contain a
vector (pil3-BTC) encoding for the modification and secretion
proteins (Rink et al., 2005).
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N-terminus

C-terminus

hinge

nisin A

nisin H

nisin H
F,l Variant

orange. The mutation of the nisin H F4I variant is highlighted in green.

FIGURE 1 | Schematic overview of the used lantibiotics nisin A, nisin H, and the nisin H F+1 variant. Point mutations in nisin H and nisin H F 1 in comparison to nisin A
are highlighted in blue. Dehydrated amino acids and cysteine residues involved in (methyl)-lanthionine ring formation (ring A, B, C, D, and E) are labeled in yellow and

Expression, Purification and Activation
of Pre-nisin Variants

The precursor of nisin H and its variant were expressed and
purified as previously described (Abts et al., 2013; Alkhatib
et al., 2014b; Lagedroste et al., 2017, 2019). Briefly, for pre-nisin
secretion, the L. lactis strain NZ9000 was grown in minimal
medium (Jensen and Hammer, 1993) supplemented with 0.5%
glucose and 5 pg/ml of each erythromycin and chloramphenicol
at 30°C. Cells were induced with 10 ng/ml nisin at an ODggg of
0.4 and further grown overnight at 30°C without shaking. After
harvesting the cells, the 0.45 pm-filtered supernatant was loaded
onto a HiTrap SP HP cation exchange chromatography column.
After washing with 50 mM lactic acid, the buffer was changed to
50 mM Hepes pH 7 via gradient and the final elution was done
with 50 mM Hepes pH 7, 500 mM NacCl buffer. Elution fractions
were concentrated in a 3 kDa cutoff filter. With a soluble version
of NisP, the activation of all variants was performed overnight at
8°C (Lagedroste et al., 2017). The yield and cleavage efficiency
determination was done by RP-HPLC (Agilent Technologies
1260 Infinity II) with a LiChrospher WP 300 RP-18 end-capped
column and an acetonitrile/water solvent system (Abts et al,
2013; Lagedroste et al., 2017, 2019).

MALDI-TOF Analysis: Dehydration and
(Methyl)-Lanthionine Ring Analysis

With MALDI-TOF analysis we analyzed the modification state of
nisin H and its variant. Dehydrations are directly visible in the
spectra, due to the loss of mass (—18 Da). For the determination
of the presence of (methyl)-lanthionine rings, we used the organic
coupling agent CDAP (1-cyano-4 dimethylaminopyridinium
tetrafluoroborate) that binds to free cysteine residues (Wu and
Watson, 1998). The reaction of the coupling agent to free cysteine

side chains would results in an increased mass in the spectra.
The analysis was performed as previously descripted (Lagedroste
et al, 2019). The samples were analyzed with MALDI-TOF
(UltrafleXtreme, Bruker Daltonics, Bremen, Software: Compass
1.4) in positive mode.

Tandem Mass Spectrometric Analysis of
Nisin H and Nisin H F4l

Nisin H and the nisin H F;I variant were purified using
solid phase extraction (Oasis HLB, Waters) and finally
resuspended in 0.1% trifluoroacetic acid. The samples were
first subjected to liquid chromatography on a rapid separation
liquid chromatography system (Ultimate 3000, Thermo Fisher
Scientific) using an 1 h gradient and C18 columns as described
(PMID 24646099) and further analyzed by a QExactive Plus
mass spectrometer (Thermo Fisher Scientific) coupled via a
nano-source electrospray interface. First, a precursor spectrum
was acquired at a resolution of 140,000 (advanced gain control
target 3E6, maximum ion time 50 ms, scan range 200-2000 m/z,
profile data type). Subsequently, up to four 4-6-fold charged
precursors were selected by the quadrupole (2 m/z isolation
window), fragmented by higher-energy collisional dissociation
(normalized collision energy 30) and recorded at a resolution of
35,000 (advanced gain control target 1E5, maximum ion time
50 ms, available scan range 200-2000 m/z, centroid data type).
Recorded spectra were analyzed by the MASCOT search
engine (version 2.4.1, Matrix Science) and searches triggered
by Proteome Discoverer (version 2.4.0.305, Thermo Fisher
Scientific). A database was generated for the searches including
1000 randomly generated sequence entries each 34 amino acid
long) and the sequences of nisin H and nisin H F;I. Methionine
oxidation and dehydration of serine and threonine residues were
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considered as variable modifications and the precursor mass
tolerance set to 10 ppm and the fragment mass tolerance set to
0.02 Da. For peptide validation, the Fixed Value PSM validator
was used (1% false discovery rate) and the IMP-ptmRS node for
site validation (PMID 22073976). No random sequences were
found by the search.

Determination of the Antimicrobial
Activity by Growth Inhibition Assay

The determination of the antimicrobial activity of the different
nisin variants was tested using a growth inhibition assay. The
used strains were described in Alkhatib et al. (2014a,b), Reiners
etal. (2017), and Lagedroste et al. (2019).

Briefly, the L. lactis NZ9000 strains were grown in M17
medium (Terzaghi and Sandine, 1975) at 30°C supplemented
with 0.5% glucose (GM17 and the appropriate antibiotics)
overnight with 1 ng/ml nisin. In a 96-well plate, a serial dilution
of the nisin variant was applied and incubated with the test
strains at a final ODggyy of 0.1 for 5 h at 30°C. Later on, the
optical density was measured at 584 nm via 96-well plate reader
BMG. The normalized optical density was plotted against the
logarithm of the nisin concentration and the resulting inhibitory
concentration (ICsg), represents the value where 50% of the
cells died in the presence of the different nisin variants. By
dividing the ICsq values of strains expressing the immunity or
resistance proteins from the ICs value of the sensitive strain we
calculated the fold of immunity/resistance, which is an indicator
for the recognition of nisin H or its variant by the immunity or
resistance proteins.

Minimum Inhibitory Concentration

Determination of Nisin Variants

Nisin variants were tested for antibacterial capabilities against
B. subtilis and different strains from S. aureus, E. faecium, and
E. faecalis using the microdilution method, according to the
recommendations of Clinical and Laboratory Standards Institute
(2012). Briefly, fresh cultures prepared from overnight cultures
were incubated until exponential phase (OD ~ 0.6) and seeded
at 5 x 10* CFU/well in 96-well round-bottom microplates, in
a total volume of 100 pL containing twofold serially diluted
test peptides. Moxifloxacin was used as a positive control. Plates
were incubated statically and aerobically for 24 h at 37°C.
MICs were determined macroscopically by identifying the least
concentration of peptides that resulted in complete inhibition of
bacterial visual growth.

SYTOX Green Nucleic Acids Binding

Assay

The cells of NZ9000Cm were grown overnight in GM17
supplemented with 5 mg/ml chloramphenicol. The overnight
culture was diluted to an ODggpo of 0.1 in fresh media and the
cultures were grown until the ODggp reaches 0.3. The SYTOX
green dye was added at a final concentration of 2.5 mM according
to the manual of the manufacturer (Invitrogen). After reaching a
stable baseline (~200 s) we added 100 nM of the nisin variants.
The fluorescence signal was measured at an excitation wavelength

of 504 nm and emission wavelength of 523 nm, respectively
(using a fluorolog Horiba III). After a stable baseline was reached,
the nisin variant was added and the fluorescence was monitored
over an additional time period. The measurement was performed
at 30°C.

RESULTS

O’Connor et al. (2015) described a new natural nisin variant
from S. hyointestinalis DPC 6484 and named it nisin H. In
following, we compared nisin A and its natural variant nisin H,
both heterologously produced in L. lactis, following the protocol
of lantibiotic characterization (Lagedroste et al., 2019). We also
included the nisin H F; I variant.

The characterization starts with the expression, secretion and
purification of the lantibiotic and its comparison to nisin A. The
heterologously expressed and secreted nisin A and the variants
nisin H and nisin H F;I can be purified with high purity as
observed on the Tricine-SDS-PAGE gel (Figure 2A). Nisin A was
purified with a yield of 6.0 &= 0.3 mg/L of cell culture (Lagedroste
et al., 2019), nisin H was expressed and purified with a yield
of 5.3 £ 0.6 mg/L of cell culture, which is identical within
experimental error. The nisin H F;I variant displayed a slightly
reduced yield of 4.9 & 0.2 mg/L of cell culture (Figure 2B and
Table 1).

An important step prior to the activity assay is the cleavage
of the leader sequence form the pre-nisin variants, resulting in
biologically active compounds. For the cleavage reaction, we used
the peptidase NisP and monitored the cleavage efficiency via RP-
HPLC (Figures 2C-E).

Intriguingly, the natural variant nisin H showed only a
low cleavage efficiency of 15.6 £ 1.4%, compared to nisin A
with 94.6 £ 2.0% (Figure 2C and Table 1). In comparison to
nisin A, nisin H contains a phenylalanine at the first position
(O’Connor et al,, 2015), which apparently leads to a significant
reduction in cleavage efficiency. The first residue of nisin A is an
isoleucine, and as demonstrated before (Lagedroste et al., 2019),
the introduction of aromatic residues at position one results in
a clearly reduced cleavage efficiency. To counteract the lower
cleavage efficiency of nisin H by NisP, we created a mutant of nisin
H, in which the phenylalanine was substituted by isoleucine and
termed it nisin H F;1. For this variant, nisin H F;1, the cleavage
efficiency of the pre-lantibiotic was restored with an efficiency of
91.8 £ 0.8% (Figure 2C and Table 1), which corresponds to levels
previously observed for nisin A. We monitored the cleavage via
RP-HPLC, the pre-nisin elutes normally between 18 and 22 min
(shown as blue dashed lines, Figures 2D,E). After cleavage by
NisP, the leader peptide can be detected at 14.5 and 15.5 min in
the chromatogram (shown as black lines, Figures 2D,E). For nisin
H there was a high amount of uncleaved nisin H visible (eluting
from 18 to 21 min) and only a small amount of cleaved product at
23-24 min (black lines, Figure 2D). For the nisin H F;I variant,
high amounts of leader peptide and cleaved product could be
detected in the chromatogram, indicating high cleavage efficiency
(black lines, Figure 2E). This efficiency was similar as observed
for nisin A and in line with previous results that the position
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FIGURE 2 | Determination of purity, yield and cleavage efficiency of the pre-nisin variants. (A) Purity of the purified nisin A and the variants nisin H and nisin H F1
(Marker: Precision Plus Protein Dual Xtra standards Bio-Rad). (B) Yields after purification of nisin A and their corresponding variants via cation-exchange
chromatography. (C) Quantification of the cleavage efficiency of NisP. (D) Chromatogram of nisin H. (E) Chromatogram of the nisin H F+ | variant. The pre-nisin
variants before NisP cleavage were shown by blue dashed lines and after NisP cleavage by black lines. Error bars represent the standard deviation of at least three

10004

5004

Absorbance at 205 nm [mAU]

o- 1 L] L L] L] L) U 4 1 U T U 1
13 14 15 16 17 18 19 20 21 22 23 24 25 26
time [min]

one is important for the cleavage reaction (Lagedroste et al.,
2019). Thus, we assume, that the four other mutations naturally
occurring in nisin H (compared to nisin A) do not interfere with
cleavage, however the isoleucine at position one does.

The next step was to determine the modification state of the
heterologous produced nisin H and its F; I variant. As the natural
variant nisin H contains ten possible residues in the core peptide
that can be dehydrated, we were curious to determine if the
modification machinery of nisin A was able to modify the peptide

TABLE 1 | Determination of the yield, cleavage efficiency, dehydrations, and
(methyl)-lanthionine ring formation for nisin A, nisin H, and nisin H F11.

Variant Yield (mg/L Cleavage Dehydrations Lanthionine
culture) (%) rings

Nisin A 6.0+0.3 94.6 + 2.0 8,7 5

Nisin H 53+0.6 156+ 1.4 9,87 5

Nisin H F11 49+0.2 91.8+0.8 9,8,7,6 5

Main species found in MALDI-TOF analysis are marked in bold.

as efficiently (O’Connor et al., 2015). In the MALDI-TOF spectra,
a dominant species of eightfold dehydrated residues was observed
for nisin H, followed by a minor species containing nine- and
sevenfold dehydrations. The possible 10-fold dehydrated species
however was not observed (Figure 3A and Table 1). Furthermore
no CDAP-coupling products were observed, which indicates that
all cysteine residues are linked in (methyl)-lanthionine rings.
We proved the functionality of the assay with unmodified pre-
nisin A as demonstrated in Lagedroste et al. (2019). Thus, the
modification enzymes were able to modify nisin H proving the
promiscuity of the nisin modification machinery. Interestingly,
the nisin H F;I variant showed a dominant ninefold dehydrated
species in comparison the nisin H wild-type (Figure 3B and
Table 1) and also showed no CDAP-coupling products, indicating
that all cysteine residues are closed to (methyl)-lanthionine
rings. The difference in the dehydration pattern for the nisin
H FiI variant indicates a different accessibility of the serine
and/or threonine residues in the core peptide for at least the
dehydratase NisB. To validate which serine or threonine residues
is dehydrated, we performed a tandem mass spectrometric
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analysis of nisin H and the F;I variant. Here we found that
the Thr, partially escape the dehydration in nisin H. Only
in the small amount of the ninefold dehydrated species the
Thr; is dehydrated, in all other species we found a mix in the
dehydration pattern, where Thr; partially escape the dehydration.
For example in the eightfold species we have a mix of dehydrated
Thr;, or Serss. In the nisin H F; I variant the Thr, was in all species
dehydrated, which suggests that, the phenylalanine at position
one in nisin H is critical for the dehydratase NisB. Ser9 was never
dehydrated in the found species.

Lantibiotics are very potent and possess an antimicrobial
activity in the nanomolar range (Gross and Morell, 1967; Rollema
et al,, 1995; Chan et al., 1996; Lu et al,, 2010; Oppedijk et al.,
2016). To verify this potential for nisin H and the nisin H F;I
variant we used a standardized growth inhibition assay and first
screened against the nisin sensitive L. lactis strain NZ9000Cm.
Here, Cm stands for chloramphenicol resistance, which arises
from the empty plasmid, which was transformed. In comparison
to nisin A (ICsg value: 4.8 & 0.7 nM), the heterologous expressed
variant nisin H possessed a comparable IC5( value (5.3 & 1.0 nM)
(Figure 4 and Table 2). Both values are in line with previously
determined ICs( values for the strain NZ9000Cm (Reiners et al.,
2017). The effect of the nisin H F;I variant was more pronounced.
For the NZ9000Cm sensitive strain we calculated an ICs( value of
14.2 4 0.2 nM, approximately threefold lower than the wild-type
nisin H (Figure 4 and Table 2).

To test the effect of the nisin variants on the immunity
proteins NisI (Alkhatib et al, 2014a) and NisFEG (Alkhatib
et al., 2014b), as well as the resistance proteins SaNSR (Khosa
et al., 2016a) and SaNsrFP (Reiners et al., 2017), we expressed
each of them in a plasmid-based system in a L. lactis NZ9000
strain. We termed these strains NZ9000NisI, NZ9000NisFEG,
NZ9000SaNSR and NZ9000SaNsrFP, respectively.

Nisin A displayed an ICs value of 48.6 + 6.3 nM against strain
NZ9000NisI and 53.0 £ 4.5 nM against strain NZ9000NisFEG.
For the resistance strains NZ9000SaNSR and NZ9000SaNsrFP
nisin A displayed ICs values of 73.0 & 3.6 and 82.1 £ 3.1 nM,
respectively (Figure 4 and Table 2). By comparing theses values,

we calculated the fold of immunity/resistance to 10.1 £ 2.0
for NZ9000NisI, 11.1 £ 1.9 for NZ9000NisFEG, 15.2 £ 2.5 for
NZ9000SaNSR and 17.1 £ 2.7 for NZ9000SaNsrFP (Table 2).
After the first screen against the sensitive strain NZ9000Cm,
nisin H and its variant were used to screen against the strains
expressing the immunity or resistance proteins.

Nisin H revealed an ICsg value of 43.2 4= 8.7 nM against the
NZ9000NisI strain, similar to nisin A, and a fold of immunity
of 8.1 & 2.2. Against the NZ9000NisFEG strain we determined
an ICsy value of 23.4 £ 3.3 nM for nisin H which displayed
a fold of resistance of 4.4 £ 1.0. Against the NZ9000SaNSR
strain we obtained an ICsy value of 52.4 + 9.9 nM, resulting
in a fold of resistance of 9.8 + 2.6. Nisin H showed an
1Csg value of 86.4 + 4.0 nM for the NZ9000SaNsrFP strain,
resulting in a fold of resistance of 16.2 & 3.1 (Figure 4 and
Table 2). NZ9000SaNsrFP showed the highest fold of resistance
for nisin H [in-line with a previous report (Reiners et al., 2017)].
Intriguingly, strain NZ9000NisFEG showed a reduced immunity
and consequently we propose that nisin H is not recognized
as efficiently as nisin A. Even NZ9000SaNSR had a reduced
resistance. That could be due to the exchange of His3; against
lysine in the C-terminal part of nisin H (Figure 1).

Surprisingly, all  strains  displayed a  reducing
resistance/immunity effect for the nisin H F;I variant in
comparison to nisin A and also, with exception of NZ9000FEG
for nisin H. Against the NZ9000NisI strain we determined an
1Csg value of 34.1 & 0.3 nM for the nisin H FyI variant, with
a fold of resistance 2.4 £ 0.1, which is nearly threefold lower
than for nisin A. We obtained an ICsq value of 32.1 + 0.8 nM
against the ABC transporter NZ9000NisFEG, with a fold of
resistance 2.3 & 0.1 (Figure 4 and Table 2). Nisin H F;I showed
for the resistance strain NZ9000SaNSR and NZ9000SaNsrFP
an ICsp value of 44.2 £ 1.3 and 50.2 & 1.6 nM, respectively.
The calculated folds of resistance were 3.1 & 0.1 and 3.5 & 0.1,
respectively (Figure 4 and Table 2) and both are fivefold less
than the observed fold of resistances for nisin A.

Since a similar activity for nisin H and nisin A was observed it
became obvious that both exhibit the same mode of action. In
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TABLE 2 | ICs values (nM) for nisin A, nisin H, and nisin H F+1 with the corresponding fold of resistance (FR) against the strains NZ9000Cm, NZ9000Nis,

NZ9000NisFEG, NZ9000SaNSR, and NZ9000SaNsrFP.

Variant NZ9000Cm NZ9000Nis! NZ9000NisFEG NZ9000SaNSR NZ9000SaNsrFP
ICso FR ICso FR ICso FR ICso FR

Nisin A 48+07 486+63 101 £2.0 53.0 + 4.5 111 £1.9 73.0 + 3.6 152425 82.1+3.1 174 £27

Nisin H 53+1.0 432+£87 8.1+22 23.4 £33 44+10 52.4+£99 9.8+ 2.6 86.4 + 4.1 16.2 4 3.1

Nisin H Fyl 142 £0.2 34.1+£03 2.4+ 0.1 32.1+£08 2.3+0.1 442+£13 3.1+0.1 50.2 + 1.6 3.5+ 0.1

the case of nisin A this combines growth inhibition with pore
formation in the membrane with subsequent cell death. To test
this we performed a SYTOX assay previously used for nisin A
(Reiners et al., 2017). Here the SYTOX dye was added to L. lactis
cells and displayed an increased fluorescence signal upon binding
of DNA which is released from the cell upon pore formation
(Roth et al.,, 1997). We use 100 nM of nisin A, nisin H and
nisin H F,I variant respectively and observed an almost instant
fluorescence increase similar to the signal increase observed for
nisin A (Figure 5). This shows that nisin H as well as its F;I
variant form pores in the membrane of L. lactis cell.

The nisin variants were further tested for antibacterial
capabilities against B. subtilis and different pathogenic strains
from S. aureus, E. faecium, and E. faecalis using the microdilution
method, according to the recommendations of CLSI (2012). Here
we found that nisin H and the F;I variant performed almost
identically or in most cases even better than the natural nisin
A. Especially against the MSSA and MRSA strains, nisin H had
significant lower MIC values of 0.19 and 0.78 LM, in comparison
to 0.78 and 6.25 M for nisin A, respectively (Table 3). Also,
against E. faecium ATCC 35667, B. subtilis 168 as well as
E. faecium ATCC 700221 (VRE), nisin H showed more potency

with about two to eightfold lower MIC values than nisin A [0.39,
0.1, and 0.39 wM compared to 1.56, 0.78, and 0.78 WM for nisin
A, respectively (Table 3)]. While the nisin H F;I variant and nisin
A had similar MIC values against both MSSA and MRSA strains,
the nisin H F;I variant only performed better than nisin A or
nisin H against E. faecalis ATCC 51299 (VRE) with a MIC value of
0.78 WM compared to 1.56 uM for nisin A and nisin H. Against
E. faecium ATCC 35667 and B. subtilis 168 nisin H F;I was less
efficient than nisin H, but still better than nisin A (Table 3).

DISCUSSION

We focused in this study on the natural variant nisin H and
the nisin H F;I mutant. Nisin H was discovered from the gut-
derived strain S. hyointestinalis DPC6484 in 2015 by O’Connor
et al. (2015). Here, we showed the heterologous expression of
nisin H and the F;I variant with the NICE-system in L. lactis
(Eichenbaum et al., 1998; Mierau and Kleerebezem, 2005; Rink
et al, 2005; Zhou et al, 2006; Lagedroste et al., 2019) and
extended the characterization in terms of cleavage efficiency
by the protease NisP and the antimicrobial activity against
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FIGURE 5 | Nisin mediated pore formation, visualized with the SYTOX green
assay. The NZ9000Cm strain incubated with the SYTOX dye. After a stable
baseline (~200 s), one of the nisin variants (100 nM) was added (indicated
with an arrow). The fluorescence signal was measured using a fluorolog
(Horiba Ill). The rapid increase in fluorescence indicates pore formation. The
black line represents the addition of nisin A, the red line nisin H, and the blue
line nisin H F11. As a control we added buffer shown as green line.

the immunity proteins NisFEG (Alkhatib et al., 2014b) and
NisI (Alkhatib et al., 2014a), as well as the resistance proteins
SaNSR (Khosa et al., 2013; Khosa et al., 2016a,b) and SaNsrFP
(Khosa et al., 2016a; Reiners et al., 2017). We further tested
for antibacterial capabilities against B. subtilis and different
pathogenic strains from S. aureus, E. faecium, and E. faecalis.

Both lantibiotics, nisin H and the F;I variant were purified
in high amounts and purity with 5.3 £ 0.6 mg/L of cell culture
for nisin H and 4.9 & 0.2 mg/L of cell culture for nisin H F;I
variant, respectively (Figure 2B and Table 1). In comparison, the
homologous expression of nisin H in S. hyointestinalis and nisin
Ain L. lactis NZ9700 results in a very low amount of 0.15 mg/L of
cell culture and 0.50 mg/L of cell culture (O’Connor et al., 2015),
respectively, which demonstrates the enormous potential of the
NICE-system, for lantibiotic and even non-lantibiotic expression
(Eichenbaum et al., 1998; Mierau and Kleerebezem, 2005; Rink
etal., 2005; Zhou et al., 2006; Lagedroste et al., 2019).

An important step in the maturation of a lantibiotic is
the cleavage of the leader peptide to become biological active.
The cleavage efficiency of the natural substrate nisin A was

determined with 94.6 & 2.0%. For nisin H the cleaving efficiency
was drastically reduced to 15.6 & 1.4%. The first residue of
nisin A is an isoleucine, while the corresponding residue in
nisin H is phenylalanine and as demonstrated before (Lagedroste
etal,, 2019), aromatic residues prevent efficient cleavage likely by
interfering with the S1” binding pocket of NisP. With the nisin H
Fy1 variant, the cleavage efficiency was restored to 91.8 & 0.8%
(Figures 1, 2C and Table 1). This indicated that the other point
mutations naturally occurring in nisin H did not affect cleavage
by NisP. With respect to other natural nisin variants, NisP
cleavage could be a critical step. For example nisin O1 to O4 from
B. obeum A2-162 (Hatziioanou et al., 2017) has a tyrosine or a
threonine, respectively, at position one, which should also result
in a low NisP cleavage efficiency. Natural variants such as nisin
U (Wirawan et al., 2006), nisin J (O’Sullivan et al., 2019, 2020),
nisin Q (Zendo et al., 2003), nisin Z (Mulders et al., 1991) and
nisin F (de Kwaadsteniet et al., 2008) have an isoleucine and nisin
U2 (Wirawan et al., 2006) and nisin P (Zhang et al., 2012; Wu
et al., 2014) a valine at position one, which should result in high
NisP cleavage efficiency.

Furthermore, we made a sequence alignment with Clustal
Omega (Madeira et al., 2019) for the NshP (the natural protease
for the nisin H cleavage) from S. hyointestinalis and NisP from
L. lactis to see if there is any difference in the active site, which
could be the reason for the reduced cleavage efficiency (Figure 6A
and Supplementary Figure 1). Here the three important residues
Hiszos, Asp2sg, and Sers, which build up the catalytic triad in
NisP are conserved in NshP. We also calculated a homology
model of NshP based on the known NisP structure (PDB
code 4MZD) using Phyre2 (Kelley et al., 2015; Figure 6B and
Supplementary Figure 2). Here, no significant differences are
found within the overall fold as well as the active site which would
explain the difference in the cleavage site. This is intriguing since
the recognition site within the leader peptide differs between
nisin A (sequence is ASPR) and nisin H (sequence is ASTR)
(see Supplementary Figure 3). This suggests that the proteases
NisP and NshP recognize their substrate by small difference in
their active site.

Nevertheless, for an efficient cleavage, (methyl)-lanthionine
rings have to be present. This even holds true in light
of the presence of all (methyl)-lanthionine rings, which is
generally assumed as the prerequisite for fast and efficient
conversion of the pre-nisin to modified nisin (Plat et al., 2011;

TABLE 3 | MIC values for nisin A, nisin H, and nisin H F11 against different pathogenic strains.

Organisms Minimum inhibitory concentration (M)
Nisin A Nisin H Nisin H F41

Staphylococcus aureus ATCC 29213 (MSSA) 0.78 0.19 0.78
Staphylococcus aureus ATCC 700699 (MRSA) 6.25 0.78 6.25
Enterococcus faecalis ATCC 29212 1.56 1.56 1.56
Enterococcus faecium ATCC 35667 1.56 0.39 0.78
Bacillus subtilis 168 0.78 0.1 0.39
Enterococcus faecalis ATCC 51299 (VRE) 1.56 1.56 0.78
Enterococcus faecium ATCC 700221 (VRE) 0.78 0.39 0.78
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FIGURE 6 | Sequence alignment of NisP from Lactococcus lactis and NshP from Streptococcus hyointestinalis. (A) The important residues from the active site
(Asposg, Hisgps, and Sers+o for NisP and Asp+7g, Hisoos, and Sersz¢ for NshP) are marked in red, shown together with the close neighborhood residues. The
sequence alignment was done with Clustal Omega (Madeira et al., 2019). (B) Zoom-in into the active sites of NshP (magenta) and NisP (cyan). The important
residues for the catalytic activity (Asposg, Hisgos, and Sersio for NisP and Asp17s, Hispos, and Sersazt for NshP) are shown in stick representation. Figure was
generated using Pymol (2015). For a full alignment and a corresponding homology model, please see Supplementary Material.

Lagedroste et al., 2017). To check the amount of dehydrations,
necessary for (methyl)-lanthionine ring formation we applied
MALDI-TOF analysis. The loss of water molecules within the
peptide is directly visible in the reduced molecular weight, but not
the (methyl)-lanthionine ring formation. Here we used 1-cyano-
4 dimethylaminopyridinium tetrafluoroborate (CDAP) (Wu and
Watson, 1998), which binds to free cysteine residues, indicating
that these cysteines are not involved in a (methyl)-lanthionine
ring. For both lantibiotics, nisin H and the nisin H F;I variant
no CDAP coupling products were found, indicating that no
(methyl)-lanthionine ring is lacking (Figure 3 and Table 1).
Nisin H has 10 possible dehydration sites and is predicated to
be ninefold dehydrated when expressed homologous (O’Connor
etal,, 2015). A minor species of nine dehydrations was found, but
the dominant species was eightfold dehydrated. The dehydration
pattern of the F;I variant is changed in comparison to nisin
H. Here we determined a dominant ninefold species (Figure 3
and Table 1). This provides a hint, that position two of wild-
type nisin H might not have been previously dehydrated, due to
steric hindrance of the phenylalanine. To validate which serine
or threonine residues is dehydrated, we perform a tandem mass
spectrometric analysis of nisin H and the F;I variant. Here we
found that the Thr, partially escape the dehydration in nisin H.
In the nisin H F;I variant the Thr, was in all species dehydrated,
which gives a hint that, the phenylalanine at position one in nisin
H is critical for the dehydratase NisB. This is in line with previous
data from the I F variant of nisin A, where the dominant species
was sevenfold dehydrated and not eightfold as wild-type nisin A
(Lagedroste et al., 2019). It has also been reported for the natural
nisin Z (Mulders et al., 1991), that the [; W mutation showed
a partial inhibition of dehydration of the Thr, (Breukink et al.,
1998), which could also be the case for nisin H with the aromatic
phenylalanine at position one, resulting in eight dehydrations.
A dehydration of position Sery9 normally goes in line with the
lack of ring E (Lubelski et al., 2009), which drastically reduces the
antimicrobial activity of nisin A against the sensitive NZ9000Cm

strain (Alkhatib et al., 2014b; Khosa et al., 2016a; Reiners et al.,
2017). Since the activity was high for nisin H and the F;I variant,
we expected that Seryg was not dehydrated and tandem mass
spectrometric analysis supported this.

Nisin H showed nearly the same activity as nisin A against
the sensitive NZ9000Cm strain but the nisin H F;I variant is
roughly threefold less active. For the immunity protein NisI,
it was revealed that nisin H has an identical activity like nisin
A within experimental error. However, the nisin H F;I variant
exhibited a lower ICsy value of 34.1 + 0.3 nM and due to the
weaker wild-type activity more than a threefold lower fold of
resistance (2.4 %+ 0.1 compared to 8.1 £ 2.2) (Figure 4 and
Table 2). NisI recognizes the N-terminus of nisin (Wiedemann
et al., 2001) and the lower ICsg could be due to the fact that Thr,
is dehydrated in the nisin H F;I variant in contrast to nisin H. An
additional change is the leucine at position 6 against methionine
in nisin H and the nisin H F, I variant, which could be responsible
for the better recognition by Nisl.

The immunity protein NisFEG, in comparison to nisin
A, showed a strong reduction in immunity in the presence
of nisin H and the nisin H F;I variant. NisFEG recognizes
the C-terminus of nisin (Alkhatib et al, 2014b), which
indicates that the point mutations of nisin H affect NisFEG.
So, we suppose that nisin H and the nisin H F;I variant
are not recognized and subsequently transported out of the
membrane like nisin A.

The resistance protein SaNSR also recognizes the C-terminus
of nisin (Khosa et al., 2016a), and cleaves nisin between the
positions 28 and 29. Other studies showed that mutations in this
area of the nisin molecule, e.g., S29P or CysP strongly reduce the
efficiency of SaNSR (Field et al., 2019; Zaschke-Kriesche et al.,
2019a). We assume that the exchange of His3; against lysine in
nisin H and the nisin H F; I variant (Figure 1) has the same effect
on SaNSR thereby lowering the resistance efficiency to an ICs
value of 52.4 & 2.6 nM for nisin H and 44.2 & 1.3 nM for the
nisin H F; I variant, respectively (Figure 4 and Table 2).
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For the resistance protein SaNsrFP, we observed an activity
for nisin H identical to nisin A. SaNsrFP recognizes the
N-terminus of nisin (Reiners et al., 2017), which is affected due
to the different dehydration pattern in wild-type nisin H in
comparison to the nisin H F;I variant. The nisin H F;I variant
showed a lower ICsy value of 50.2 £+ 1.6 nM, compared to
86.4 + 4.1 nM for nisin H. This effect is even more pronounced
when comparing the fold of resistances of 16.2 &= 3.1 for nisin H
to 3.5 & 0.1 for the nisin H F;I variant, respectively (Figure 4
and Table 2).

This study demonstrated again that only a complete
characterization of a lantibiotic reveals the full antimicrobial
potential. Based on the ICsy value of the sensitive NZ9000Cm
strain the F;I variant might be classified as weakly antimicrobial
active, but with respect to the immunity and resistance proteins,
it becomes more interesting, due to its high activity even against
the immunity proteins NisI and NisFEG from L. lactis and the
nisin resistance proteins SaNSR and SaNsrFP from S. agalactiae
COHI. Against the tested pathogenic bacteria, we found that
nisin H and the nisin H F;I variant performed almost identically
or in the most cases even better than the natural nisin A.
Nisin H displayed high antimicrobial potential against both
methicillin-resistant and —susceptible the S. aureus strains, both
vancomycin-resistant and -susceptible, E. faecium strains, as well
as B. subtilis.
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Figure S1: Sequence alignment of NispP from Lactococcus lactis and NshP from
Streptococcus hyointestinalis. The important residues of the active site (Aspaso, Hiszos, and
Sersiz for NisP and Aspi7s, His2os, and Serssi for NshP) are highlighted in red. The sequence
alignment was done with Clustal Omega [1].
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Figure S2: Homology model of NshP from Streptococcus hyointestinalis. A homology model
of NshP was created using Phyre2 [2]. We used the sequence of the active protein without the
self-cleaving part. The NshP model is shown in magenta and NisP (PDB code: 4MZD) in cyan.
Figure was generated using PyMol [3].
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Nisin A Leader MSTKDFNLDLVSVSKKDSGASPR
Nisin H Leader MSTNDFNLDLVSVSKSNAGASTR

Figure S3: Sequence of nisin A and Nisin H leader sequence. Highlighted are the FNLD box
(blue box) known to be important for the modification enzymes as well differences in sequence

indicated by red letters. The cleavage site within the leader sequence of nisin A and nisin H is
highlighted by an orange box.
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ARTICLE INFO ABSTRACT

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

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

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

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

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

1. Introduction

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

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

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

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

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

* Corresponding author at: Institute of Biochemistry, Heinrich-Heine-University Duesseldorf, Universitaetsstrasse 1, 40225 Duesseldorf, Germany.

E-mail address: sander.smits@hhu.de (S.H.J. Smits).
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NiSinczgp

Fig. 1. Schematic view of nisin A wildtype and nisincogp. Introduced mutation at position 28 is highlighted in blue. The (methyl-)lanthionine rings, formed by a
cysteine residue sidechain and a dehydrated amino acid residue are highlighted in orange and yellow (rings A, B, C, D and E) (adopted from Reiners et al.*?).

therefore been used for food preservation for more than 60 years.””
Nisin is composed of 34 amino acids and contains five (methyl-)lan-
thionine rings (ring A-E) (Fig. 1). With the N-terminal rings A and B it is
able to bind to the pyrophosphate moiety of the cell wall precursor lipid
II and thereby hampers the cell wall synthesis, which consequently
inhibits cell growth.?®?%2° By binding lipid II, the C-terminal part of
nisin is able to flip into the membrane and to form pores composed of
eight nisin and four lipid II molecules.>"-*** This induces the rapid
diffusion of essential ions, causing a collapse of the vital ion gradients
across the membrane, thereby leading to cell death.

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

In the case of nisin resistance, the latter is mediated by the so-called
nisin resistance protein NSR encoded on the nsr gene cluster.>® This
gene was originally identified in Streptococcus lactis subsp. diacetylactis
DRC3%® and encodes a nisin resistance protein (NSR) which is mem-
brane-associated via its strongly hydrophobic N-terminus.*® NSR be-
longs to the S41 family of peptidases, specifically the C-terminal pro-
cessing peptidases.®”

An nsr gene has also been identified in S. agalactiae ATCC 13813,
encoding a protein of 320 amino acids and a molecular weight of
36.2kDa.?” Heterologous expression of NSR from S. agalactiae, termed
SaNSR, in L. lactis NZ9000 was shown to confer a 20-fold increase in
resistance against nisin. Genomic data and comparative sequence ana-
lysis using nsr from S. agalactiae as the query sequence revealed that nsr
is found within an operon, which contains five different proteins and is
very similar to the immunity system present in the producer strains.**->°
The nsr operon consists of NSR and the ABC transporter NsrFP as well as
a two-component system consisting of the response regulator NsrR and
the histidine kinase NsrK. This operon was identified in different
genera, more specifically in various strains of Corynebacterium, En-
terococcus, Leuconostoc, Staphylococcus and Streptococcus.>”

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

Many studies are known about nisin variants. However, in most

3455

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

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

2. Material and Methods
2.1. Cloning and purification of the nisin variant nisinczgp

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

The prenisin variant nisinc,gp Was expressed and purified as de-
scribed in Alkhatib et al.*® though the expression time was changed
from 24 h to 6 h. After harvesting the cells, lactic acid was added to the
supernatant to a final concentration of 50 mM, and it was filtered with
0.45 pm filters. A cation exchange chromatography was performed, and
nisincogp was eluted by adding a buffer containing 1 M NaCl. The pre-
nisin variant was activated by cleavage with purified NisP at 8°C
overnight as described by Abts et al.“® For this, the endopeptidase NisP
was expressed in L. lactis NZ9000 cells and purified from the super-
natant by an immobilized metal affinity chromatography (IMAC). The
pure protein was desalted and stored at —80 °C. The concentration of
the active nisin variant was determined by RP-HPLC,"® using a water/
acetonitrile gradient (from 10% to 64% acetonitrile) acidified with
0.1% TFA and Tricine-SDS-PAGE.*” The activated nisinc,gp was directly
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used for further assays.

Nisin was purified as previously described'? with a cation exchange
chromatography similar to the nising,gp purification. The concentration
was measured with RP-HPLC as described above and in Abts et al.*®

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

2.2. Cloning and purification of the NSR protein

Cloning of the nsr gene from Streptococcus agalactiae COH1 was done
as previously described® to obtain the plasmids pNZ-SV-SaNSR and
PNZ-SV-SaNSRg»364 for studies with recombinant L. lactis cells, as well
as the plasmid pET-28b-SaNSR30-N8His and pET-28b-SaNSR30g,364-
N8His accordingly to Khosa et al. (2015) and Khosa et al. (2016) for in
vitro studies.*”*®

The plasmids pNZ-SV-SaNSR and pNZ-SV-SaNSRs»364 Were trans-
formed into electrocompetent L. lactis NZ9000 by electroporating®* the
cells, using a pulse setting of 1 kV, 25 pF, 200 Q, for 4.5-5.0 ms. After
pulsing, 950 ul GM17 medium was added, the cells were incubated for
3h at 30 °C and finally plated on SMGG-agar plates containing 5 pg/ml
erythromycin.

The plasmids pET-28b-SaNSR30-N8His and pET-28b-SaNSR30s2364-
N8His were transformed into chemocompetent E. coli BL21 (DE3) cells
for expression via a heat shock for 60s at 42 °C. Afterwards 950 ul LB
medium was added and the cells were incubated for one hour at 37 °C.

Expression and purification of SaNSR30-N8His and SaNSR30s2364-
N8His was performed like described in Khosa et al.*® Briefly, the ex-
pression was induced with 1 mM IPTG at an ODggo of 0.8-1.0 and
grown at 18 °C with 160 rpm shaking overnight. After harvesting the
cells and adding buffer containing 10% glycerol (50 mM TRIS, pH 8.0,
50 mM NaCl, 10% glycerol), the cells were disrupted with a homo-
genizer (Microfluidics) five times at 1.5 kbar. The cell suspension was
centrifuged 45 min at 42,000 rpm, and the supernatant was loaded onto
a HiTrap Chelating HP 5 ml column with immobilized nickel. The elu-
tion was performed with a 1-150 mM histidine gradient, and the con-
centrated protein fractions were further purified using a Superose 12
10/300 GL column for the size exclusion chromatography (SEC). The
purified proteins were directly used for further assays since freezing of
the protein resulted in a reduced activity. Further, the SEC buffer
(25 mM MES, pH 6, 150 mM NaCl) was used for all in vitro assays unless
stated otherwise.

2.3. Antimicrobial activity of nisin and nisingagp

The plasmids pNZ-SV-SaNSR and pNZ-SV-SaNSRgs»36a Were trans-
formed into L. lactis NZ9000 cells like described above. A plasmid
named pNZ-SV-Erm, representing an empty vector, was also trans-
formed into L. lactis NZ9000 and used as a control. In the following,
these bacterial strains are referred to as NZ9000SaNSRgs3ea,
NZ9000SaNSR and NZ9000Erm. Growth inhibition assays with L. lactis
NZ9000 pNZ-SV-Erm, L. lactis NZ9000 pNZ-SV-SaNSR and L. lactis
NZ9000 pNZ-SV-SaNSRg»364 Were performed to determine the half
maximal inhibitory concentration (ICso) as previously described.’” The
nisin variant was diluted into a 96-well plate and the cells were added.
After 5 h of incubation at 30 °C, the optical density was determined and
the ICsq values were calculated. The fold of resistance was obtained
based on the ICs, values according to Reiners et al.** There, the values
from the NSR-expressing strains were compared to the values of the
control strain (NZ9000Erm).

For the in vitro determination, the cleavage efficiency assay with
freshly purified SaNSR30-N8His, diluted in 25 mM MES, pH 6, 150 mM
NaCl buffer was performed. The reaction was started by adding nisin or
nisincogp, respectively.

The cleavage reaction was performed under varying conditions to
obtain the best cleavage efficiency by SaNSR30-N8His. The incubation
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time was varied from 5 to 30 min, the temperature from 20 °C to 40 °C.
Further, the pH of the assay buffer was varied from 5.5 to 7.5.

For determination of the kinetics for the substrates nisin and
nisincogp, the assay was performed for 10min at 30°C with 1uM
NSR30-N8His at pH 6 and 7.5, respectively.

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

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

2.4. Pore formation of nisin and nisinczgp

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

3. Results
3.1. Expression and purification of nisincsgp

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

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

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

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

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

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

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

3.2. Activity of nisincogp

The activity of nisinc,gp was determined by ICso studies against
three different recombinant strains derived from L. lactis NZ9000,
which is intrinsically highly sensitive towards nisin. The NZ9000 strain
was transformed with the empty pNZ-Erm vector control or with either
the plasmid pNZ-SaNSR or pNZ-SaNSRs»36a, Which, when induced,
express the wildtype nisin resistance protein (SaNSR) or an inactive
variant (SaNSRga364), respectively.”® The only difference between the
latter strains is therefore the presence or absence of an active SaNSR
protein.

The expression of both SaNSR proteins was induced with a sublethal
amount of nisin (0.3 nM), which has been shown to not interfere with
the ICso determination.®”-4%4%:52:53

To determine the activity of nisincogp against the NZ9000Erm,
NZ9000SaNSR and NZ9000SaNSRs»36s strains, cell growth was
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Fig. 3. RP-HPLC chromatogram and MALDI-TOF MS spectrum from nisincagp.
RP-HPLC chromatogram of prenisingygp (blue) and activated nisin variant
nisincogp (black) (a). MALDI-TOF spectrum from activated nisincagp (b).

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

Nisincogp was highly active as displayed by the ICs, value against
the NZ9000Erm strain of 5.5 * 0.8nM (Fig. 4 (black curve) and
Table 1). This is comparable with the value obtained by wildtype nisin
of 3.3 = 0.1nM. Against the L. lactis NZ9000SaNSR (Fig. 4, green
curve) and NZ9000SaNSRs2364 (Fig. 4, red curve) strains, an ICs, value

Normalized ODgq5 [%]

log [Nising,gp(nM)]

Fig. 4. Determination of the ICs, values of nisinc,gp. The normalized measured
ODsgs in percent against the logarithmic concentration of nisincagp.
NZ9000Erm in black, NZ9000SaNSRs2364 in red and NZ9000SaNSR in green.
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Table 1
ICso values of nisingygp against NZ9000Erm, NZ9000SaNSR, and
NZ9000SaNSRs»364 strains. By dividing the ICsy values of the NZ9000SaNSR
and NZ9000SaNSRs2364 strains by the ICsq value obtained for the NZ9000Erm
strain, the fold of resistance is obtained. *, Data for nisin taken from Khosa
et al.”’

NZ9000Erm  NZ9000SaNSR NZ9000SaNSRs236a
ICso nisingzgp [NM] 55 * 0.8 22.5 * 4.2 (3.5) 24.1 = 2.3 (3.5)
(fold of resistance)
ICso nisin *[nM] (fold 3.3 + 0.1 66.4 + 2.1 (20.1) 12.6 = 0.7 (3.8)

of resistance)

Table 2

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

Nisin [uM] Nisingagp [WM]

S. aureus ATCC 29213
E. faecalis ATCC 29212

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

10.63 (9.375-12.5)
10.63 (9.375-12.5)
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Fig. 5. Detection of pore formation. NZ9000SaNSR strain with SYTOX green
nucleic acid dye measured at 30 °C. Buffer (black), 30 nM nisin (green) and
30 nM nisincogp (blue) added after 100 s (dashed line), respectively.
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of 22.5 = 4.2nM and 24.1 = 2.3nM was determined, respectively.

These ICso values indicate that SaNSR in vivo does not properly
cleave nisingogp; as a consequence, no resistance against nisingagp is
observed compared to SaNSRs»36a. Wildtype nisin displays an ICsg
value of 66.4 = 2.1 nM against the NZ9000SaNSR and 12.6 = 0.7 nM
against NZ9000SaNSRs236a.>”

The fold of resistance values of wildtype nisin against the strains
NZ9000SaNSRgz364 and NZ9000SaNSR were determined previously.®”
For the L. lactis strain NZ9000SaNSR, a fold of resistance of 20 can be
observed whereas for the SaNSRg2364 mutant, unable to cleave nisin,
the value for the fold of resistance is 3.8. Regarding the nisin derivate
nisingagp, the fold of resistance value was determined to be 3.5 for both
strains, the NZ9000SaNSR and the mutant NZ9000SaNSRg.s36a, re-
spectively (Table 1).

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

3.3. Pore formation of the nisinczgp variant

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

The relative fluorescence is plotted against time and shown for
different assay set ups (Fig. 5). First, the fluorescence is monitored until
a stable baseline is reached (here 100 s) before nisincgp was added,
which is marked by the dashed line. We monitored the influence of
30 nM nisincagp on the NZ9000SaNSR strains (blue line). Here, it can be
observed that the fluorescence highly increases after adding nisincogp,
indicating that nisincogp is able to form pores. This shows that SaNSR is

b
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Fig. 6. Detection of nisin cleavage by SaNSR. Analysis of in vitro samples via RP-HPLC. a) Relative absorbance spectrum of synthetic last 6 amino acids (blue) and
pure nisin (black). b) spectrum of performed cleavage efficiency assay with SaNSR and nisin in 1:10 ratio.
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Fig. 7. In vitro characterization of SaNSR. The amount of cleaved off last 6 amino acids of nisin is shown against different conditions. a) Varied incubation times
between 5 and 30 min. b) Cleavage efficiency at different pH values from 5.5 to 7.5. c) Effect of different temperatures from 25 to 40 °C on cleavage efficiency (values

were determined by at least three independent experiments).

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

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

3.4. Invitro characterization of SaNSR30

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

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

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

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

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

N-terminus

Bioorganic & Medicinal Chemistry 27 (2019) 3454-3462

slope of the nisin assay is 3 times higher than the one of the nisincsgp
assay.

4. Discussion

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

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

The growth inhibition studies with the nisin variant nisinc,gp re-
vealed an ICsq of 22.5 nM for the NZ9000SaNSR strain, which is almost
similar to the ICs, value for the mutant NZ9000SaNSRg2364 (24.1 nM)
(Fig. 4, Table 1).

In comparison to the values for nisin from Khosa et al.>® (Table 1),
the nisingogp fold of resistance of NZ9000SaNSR as well as of
NZ9000SaNSRs2364 against the sensitive strain are similar to the nisin
fold of resistance of the NZ9000SaNSRsz36a. Considering that the
SaNSRg,364 mutant is able to bind nisin but not to cleave off the last six
amino acids, it is suggested that SaNSR is also still able to bind the nisin
variant in vivo but is not able to cleave it. This fits to the molecular
dynamic studies which showed the interactions between the catalytic
domain in SaNSR and the rings D and E of nisin.*”

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

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

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

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

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

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

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

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

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

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

Previous studies showed that mutations in Ser29, the amino acid
directly after ring E, result in activities against L. lactis strains that are
comparable to nisin A wildtype.*:°® Interestingly, the substitution of
this serine by a proline led to an increased activity of the lantibiotic
against the nisin resistance protein NSR.*! Contradictory, further mu-
tations within the last 6 amino acids after ring E, like His31 and Val32,
and the complete deletion of these last 6 amino acids of nisin caused
diminished antibacterial activity®**>°>%? (Fig. 9).

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

This study presents a highly potent, pore forming nisin variant as an
alternative lantibiotic to bypass the nisin resistance protein of S. aga-
lactiae. We showed that SaNSR indeed displayed a decreased cleavage
efficiency in vitro but conferred no resistance against nisincogp in vivo.

Bioorganic & Medicinal Chemistry 27 (2019) 3454-3462

Compared to the SaNSR mutant and the previous data for nisin, it can
be assumed that SaNSR is still able to bind nisingagp in vivo, which
however revealed in low ICs, values. In summary, we detected a lan-
tibiotic with a three times higher activity against SaNSR-expressing L.
lactis cells than nisin.
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ARTICLE INFO ABSTRACT

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

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

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

Keywords:

Lantibiotic

Nisin immunity

Nisin resistance protein
Antimicrobial activity

1. Introduction

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

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

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

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

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

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

Nisin is one of the best studied lantibiotics, produced by Lactococcus
lactis and is considered as a model system for lantibiotics as well as the
modification and secretion of lantibiotics. The whole nisin biosynthesis
is well understood and the modification enzymes NisB and NisC have
been successfully employed to install (methyl-)lanthionine rings in
unrelated targets like angiotensin and several unrelated lantibio-
tics.>*2°

Nisin consists of 34 amino acids and five (methyl-)lanthionine rings
(Fig. 1), which can be subdivided in three parts. An N-terminal part
harboring ring A, B and C, where it was shown that ring A and B bind to
the cell wall precursor lipid I1*® and results in cell growth inhibition.*”
Next is a flexible hinge-region, consisting of three amino acids (NMK),
which allow the third part (C-terminal) to reorient after lipid II binding
and penetrate into the target cell membrane.”*>° Once four lipid II
molecules and eight nisin molecules come together, the C-terminal part
of the nisin molecules form a stable pore in the membrane. This pore
induces leakage and efflux of vital ions, vitamins and other substances
of the cell, which subsequently leads to rapid cell death.?**' There,
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Fig. 1. Schematic representation of nisin. The (methyl-)lanthionine rings, formed by a cysteine residue side chain and a dehydrated amino acid residue are high-
lighted in yellow and green. The (methyl-)lanthionine rings A, B, C, D and E are depicted in red (adopted from (49)). Introduced mutations are indicated in green
(extension inside hinge-region), red (extension after hinge-region) and blue (partially deletion of the hinge-region).

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

Although impressive progress has been made in to use of lantibiotics
as medical treatment compounds there are some drawbacks.**° Lan-
tibiotics are used for decades as food-preservatives (e.g. nisin®®) and
bacterial resistance seldom occurred. Nevertheless, some mechanisms
are described, which mainly involve proteins conferring resistance
against lantibiotics.>” First of all, the lantibiotic producing strains ex-
press two proteins Lanl and LanFEG, which prevent a suicidal ef-
fect.>”*® Secondly, some human pathogenic strains that do not produce
lantibiotics express proteins, causing resistance to lantibiotics. This
resistance is often conferred by a membrane-anchored peptidase and an
ABC transporter belonging to the BceAB-type superfamily.***° Both
systems are able to confer resistance even up to high nanomolar con-
centration,%3%*!

Several variants of nisin have been made and characterized.***”
Here, we focus on the hinge-region of nisin and made three variants.
First a partially deletion in the hinge-region (A;;MK,,) and two ex-
tended hinge-regions by introducing extra amino acids either at the C-
terminus of the hinge-region, or within the hinge-region, and named
them after their sequence (30NMKIV,4 and 50NIVMKs,). It was shown
that the hinge-region of nisin is predicted to be a pharmaceutical hot-
spot. Some variants of this region were characterized and showed im-
proved activity against used indicator strains.>>**® We characterize
these variants with respect to their growth inhibition ability, as well as
for their pore forming efficiency.

Furthermore, we extended this study on these variants by analyzing
whether the immunity proteins NisI and NisFEG from L. lactis, as well as
the resistance protein SaNSR and SaNsrFP from Streptococcus agalactiae
COH]1 are still able to confer resistance.

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

The insertion of the amino acids IV and the deletion of the amino
acids MK were achieved by PCR, using the primer pairs (forward:5’
ATTGTTATGAAAACAGCAACTTGTCATTGTAGS3’, reverse 5’GTTACAA
CCCATCAGAGCTCC3’) for the hinge-region sequence 50NIVMK_y,, the
primer pairs (forward: 5’ATTGTTACAGCAACTTGTCATTGTAG3’, re-
verse 5’TTTCATGTTACAACCCATCAG3’) for the insert ,o)NMKIV,, and
the primer pairs (forward: 5’ACAGCAACTTGTCATTGTAG3’, reverse 5’
GTTACAACCCATCAGAGC3) for the partially deleted hinge-region
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variant, named delta hinge (A;MK,,). Therefore, oligonucleotides
were 5 phosphorylated. After successful PCR-reaction the template
pNZ-SV-nisA was digested with Dpnl. The amplified PCR products were
gel-extracted, ligated and transformed into E. coli DH5a. Sequence
analysis verified the new plasmids.

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

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

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

2.2. Expression of resistance and immunity proteins

The used L. lactis strains were previously described.***!**>> The
strains containing the plasmid for the nisin resistance protein (SaNSR)
is termed NZ9000NSR, for the ABC transporter NisFEG the strain is
called NZ90OONisFEG. The strain containing the lipoprotein NislI is
termed NZ9000NisI and with the Bce-AB-type transporter SaNsrFP is
called NZ900OONsrFP. A nisin sensitive control strain NZ9000 without
any resistance proteins, called NZ9000Cm, is however transformed with
an empty plasmid and threatened the same as the other strains used.

2.3. Pore formation of nisin hinge-region variants

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

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

As described in Reiners et al. (2017)*° growth inhibition assays
were performed to determine the half-maximal inhibitory concentra-
tion (ICsp). In a 96-well plate the nisin variants were diluted and the
different L. lactis NZ9000 cells were added. The plate was incubated at
30°C for 5h and afterwards the ODs9s was measured to finally de-
termine the ICsq values.

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

Here, we cloned and expressed three different variants of nisin in-
side the hinge-region. We extended the hinge-region (in wild-type nisin
the amino acids are NMK) by the amino acids isoleucine and valine in
the beginning (3;0NIVMK,4) and at the end of the hinge-region
(20NMKIV,,). Furthermore, we created a mutant where the hinge-re-
gion was partially deleted (A;MKa,). These nisin variants were ex-
pressed using the L. lactis NZ9000 strain transformed with a plasmid
with the nisin modification and secretion system NisBTC,”” as well as
the plasmid with the modified nisin gene. As a control we used the same
system expressing the wild-type nisin. We could express and purify
nearly 4.4 mg of all three nisin variants per liter of cell culture, which is
70% of the yield described for wild-type prenisin plasmid based ex-
pression system (Fig. 2D).>* After purification, the prenisin leader
peptide was cleaved off by the purified peptidase NisP>* resulting in

A

1000+
=)
<
E
13
13
w
& 5004
=
®
o
€
g 04
<
T L \J L L L \J \J \J L\ J T 1
13 14 156 16 17 18 19 20 21 22 23 24 25 26
time [min)]
=)
<
E
€
c
w
o
~
®
@«
Q
é
2 NS s e
<

LU SR S S S S S e S S S ]
13 14 16 16 17 18 19 20 21 22 23 24 25 26
time [min)

Bioorganic & Medicinal Chemistry 27 (2019) 3947-3953

Table 1

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

Nisin variant Cleavage [%] Dehydrations Lanthionine Yield [mg/L
rings culture]
wild-type nisin  94.0 = 1.8 8,7 5 6.04 = 0.26
20NIVMK,4 81.2 £ 4.9 9;8,7;6;54 54,3 4.38 = 0.66
20NMKIV,, 743 = 3.8 9;8;7;6; 5 5; 4 4.42 = 0.45
Ay MKy, 48.1 = 3.5 9;8;7,6;5;4; 5;4;3;2;1;0 4.34 = 0.56
1;0

activation of the nisin variants. Although the peptidase NisP cleaves off
the N-terminal leader peptide sequence, some differences were ob-
served in terms of cleavage efficiencies as determined by RP-HPLC
analysis. The core peptide for all three variants was clearly visible and
by peak integration the concentration was determined using different
insulin (chain B) or nisin concentrations as a standard.’* Whereas under
these experimental conditions the efficiency of wild-type prenisin was
nearly 94%,°* the cleavage efficiency for the ;,oNIVMKy4, 50NMKIV,,
and A 5, MK,, variants were determined to be 81.2 = 4.9 %,
74.3 = 3.8 % and 48.1 = 3.5 %, respectively (Fig. 2A-C). This in-
dicates that the flexibility of the hinge-region influences the binding to
or the cleavage by NisP.

Furthermore, the core peptides of the 5oNIVMK,4, 20NMKIV,, and
A21MKj,, variants were analyzed with MALDI-TOF MS to determine
their modification state. Here, we observed that the variants exhibit a
wider spectrum of dehydrations then observed for wild-type nisin
(Table 1). Whereas wild-type nisin exhibits seven to eight dehydrations
and five installed lanthionine rings, the amount of dehydrations found
in the nisin variant ,o)NIVMK,, ranges from four to nine. Similarly, the
number of free thiol-groups from cysteine residues, which are not in-
volved in (methyl-) lanthionine rings vary from three to five. In the
nisin variant ,o0NMKIV,, the number of dehydrations is five to nine with
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Fig. 2. RP-HPLC chromatogram of the nisin variants. Shown are the elution profiles of the prenisin variants (blue) and the nisin variants after cleavage by NisP
(black) A) Ay; MKy, B) 5oNIVMKy, C) 50NMKIV,,. D) Yield of the prenisin variants as determined by HPLC analyses using an insulin chain B standard.
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Fig. 3. IC5o measurements and SYTOX green assay A) Determination of the ICsq
values of nisin and the nisin variants. The normalized ODsgs in percentage was
plotted against the logarithmic concentration of nisin variants. The measure-
ments were performed using the sensitive L. lactis NZ9000Cm strain. B)
NZ9000Cm strain with SYTOX green nucleic acid dye measured at 30 °C. The
nisin variants, were added at a final concentration of three times the de-
termined ICso value. The addition of nisin is indicated by the vertical dotted
line. Shown are the curves for wild-type nisin (black) A MK, (blue)
20NIVMKy, (red) and ,0NMKIV,, (orange) and buffer (black dots).

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

3.2. Activity of nisin hinge-region variants

We tested the activity of the different nisin variants using a growth
inhibition assay, resulting in an ICs, value against the L. lactis
NZ9000Cm strain, which is highly sensitive to nisin.*® As a control we
used freshly purified wild-type nisin, which was purified similarly to
the nisin variants. Here, wild-type nisin displayed an ICs, value of
7.13 + 0.35nM, which is in-line with previous studies.>**"**°® The
variants displayed a lower antimicrobial activity, which was also ob-
served previously.*” Here, the variant Ay; MKy, displayed an ICsq value
of 43.44 = 13.98nM (Fig. 3a and Table 2), which leads to a six-fold
increase compared to wild-type nisin. The activity of the variant
20NIVMK,, was the same as wild-type nisin within experimental error
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and resulted in an ICs value of 8.17 + 1.23nM (Fig. 3A and Table 2).
This is in contrast to Zhou et al. (2015), where a four-fold decreased
antimicrobial activity was determined for this variant.*” The nisin
variant ,0NMKIV,, showed a medium antimicrobial activity with an
ICso value of 22.26 + 5.93nM, which implies a three-fold reduction
(Fig. 3A and Table 2). Summarized, the mutation of the hinge-region
influences the antimicrobial activity. Especially, deletions of amino
acids in the hinge-region lead to significantly drop in antimicrobial
activity.*”

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

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

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

3.3. Activity against immunity and resistance proteins

Lanl and LanFEG are the immunity proteins expressed in some
lantibiotic producers, to circumvent a suicidal effect of lantibiotic. For
the nisin producer L. lactis these proteins are NisI and NisFEG. Whereas
NisI seems to recognize the full nisin molecule, the ABC transporter
NisFEG recognizes the C-terminus.’’ We tested whether the hinge-re-
gion variants effect the immunity system of L. lactis by expressing each
protein using a plasmid-based system,***! where the strains are termed
NZ9000NisI and NZ9000NisFEG. By determining the ICs, value and
comparison of the ICs, with the sensitive strain a fold of resistance (FR)
can be calculated. The FR value of wild-type nisin for NZ90OONisI is
6.91 + 0.65 and 7.43 = 0.74 for NZ90OONisFEG (Table 2, Figs. 4A
and 5).

For the variant 5)NIVMK,, the determined ICs, values were
77.35 + 3.82nM and 106.73 *= 2.37nM against NZ900ONisI and
NZ9000NisFEG, respectively. This corresponds to FR values of
9.46 + 0.98 for NZ9000NisI and 13.06 = 1.72 for NZ900ONisFEG
reflecting a better recognition of this variant by the immunity proteins.

For the variant ,oNMKIV,,4 the ICsy values were determined to be
73.16 £ 7.71nM and 36.89 *+ 7.17 against NZ9000NisI and
NZ9000NisFEG, respectively. This resulted in FR values of 3.29 = 0.57
for NZ90OONisI and of 1.66 = 0.13 for NZ90OONisFEG, which re-
present a decreased immunity potency against this variant. Thus, this
nisin variant, although slightly lower in antimicrobial activity is not
recognized by the immunity proteins anymore.

The variant Ay;MK,, displayed ICso values of 108.70 = 5.77 and
72.11 + 2.57 against the NZ9000NisI and NZ900ONisFEG, respec-
tively. This results in a reduction of the FR value to 2.50 = 0.75 for
NZ9000NisI and 1.66 = 0.53 for NZ900ONisFEG. This suggests that
the flexible linker needs to be present for the recognition of nisin by the
immunity protein (Table 2, Figs. 4B and 5).
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Table 2

Bioorganic & Medicinal Chemistry 27 (2019) 3947-3953

ICsp values of nisin wild-type and hinge-region variants as well as calculated fold of resistance (FR) values for the strains NZ9000Cm, NZ9000NisI, NZ900ONisFEG,

NZ9000NSR and NZ9000ONsrFP.

Nisin variant ~ NZ9000Cm NZ9000NisI NZ9000NisFEG NZ9000NSR NZ9000NsrFP
IC50 (nM) IC50 (nM) FR IC50 (nM) FR IC50 (nM) FR IC50 (nM) FR
Wild-type nisin  7.13 + 0.35  49.32 = 7.02 691 * 0.65 53.03 * 7.84 7.43 £ 0.74  76.04 = 575 10.66 + 0.28 82.29 * 5.11 11.54 + 0.15
20NIVMKz4 817 + 1.23  77.35 = 3.82  9.46 = 0.98 10673 = 2.37 13.06 + 1.72 101.80 + 1.67  12.45 *+ 1.71 121.43 * 3.06  14.85 = 1.91
20NMKIV,4 2226 £ 593  73.16 = 7.71  3.29 = 0.57 36.89 = 7.17  1.66 = 0.13  64.76 = 3.10 2.91 + 0.68  44.35 * 2.15 1.99 + 0.47
A21MKao 43.44 £ 1398 10870 = 577 250 = 0.75 7211 = 257 166 = 0.53 221.13 + 10.95 5.09 = 1.55  212.80 + 11.26 4.90 + 1.47
We also tested the nisin hinge-region variants against strains of L. 2.91 * 0.68) against NZ9000ONSR and 44.35 + 2.15nM (FR of
lactis, which are transformed with a plasmid encoding SaNSR and 1.99 = 0.47) against NZ90OONsrFP bypasses the resistance mechanism

SaNsrFP, respectively. Both proteins originate from an operon in the
human pathogen S. agalactiae and it has been shown that they confer
resistance against nisin when expressed in L. lactis.**>® The variant
A21MK,, displayed an ICsq value of 221.1 = 10.95nM and
212.80 = 11.26 nM against NZ900ONSR and NZ9000NsrFP, respec-
tively. This represents a lower FR value of 5.09 + 1.55 for NZ90OOONSR
and 4.90 + 1.47 for NZ900ONsrFP when compared to wild-type nisin
(see Table 2).

The variant ;0NIVMK,4 is in contrast similarly recognized by the
resistance proteins as observed by the ICsq values of 101.80 = 1.67 nM
(FRof12.45 = 1.71) and 121.43 + 3.06 (FR of 14.85 + 1.91) for the
NZ9000NSR and NZ9000NsrFP strains, respectively (Table 2, Figs. 4C
and 5).

However, the highest decrease of FR mediated by the resistance
proteins was observed for the variant ,)NMKIV,4, which displayed low
ICso values. Here, the ICso values were 64.76 = 3.10nM (FR of
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and might be a less suitable substrate for the resistance proteins
(Table 2, Figs. 4C and 5).

4. Discussion

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

The nisin variant ,oNIVMK,4 showed four to nine dehydrations,
which leads to the assumption that the dehydratase NisB either has a
reduced recognition of this variant or the variant itself somehow hin-
ders the dehydration reaction sterically. The cleavage efficiency of NisP
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Fig. 4. IC5o measurements of the nisin variants against the L. lactis NZ9000 strain expressing the immunity and resistance protein respectively. A) nisin wild-type B)
nisin A; MKy, C) nisin 20NIVMK,4 and D) nisin ;oNMKIVy4. L. lactis NZ9000Cm (black), NZ900ONisI (blue), NZ900ONisFEG (green), NZ900ONSR (brown) and

NZ9000NsrFP (red).
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Fig. 5. Calculated fold of resistance values against of NZ900ONisI (blue),
NZ9000NisFEG (green), NZ90OONSR (brown) and NZ9000NsrFP (red) against
NZ9000Cm for nisin wild-type, nisin Ay;MKjy,, nisin 50NIVMK,, and nisin
20NMKIV54,

for 5oNIVMK,4 (81.2 + 4.9 %) is slightly reduced compared to wild-
type nisin, suggesting a reduced binding affinity of NisP. Nevertheless,
the extended hinge-region influences the antimicrobial activity against
L. lactis NZ9000Cm marginal, but strongly inhibits the pore-forming
activity. This is in contrast to previous studies, where the same variant
showed an highly decreased activity compared to nisin wild-type
against L. lactis*’.

Higher folds of resistance of 5,o0NIVMKy, for the immunity proteins
Nisl (9.46 + 0.98) and NisFEG (13.06 *+ 1.72) compared to wild-type
nisin (6.91 = 0.65 for NisI and 7.43 = 0.74 for NisFEG) indicate an
increased recognition of the nisin variant by the nisin immunity pro-
teins. There, the mutation inside the hinge-region seems not to influ-
ence the recognition or affinity of the resistance proteins SaNSR and
SaNsrFP. Furthermore, due to the extended flexible hinge-region of the
nisin variant ,oNIVMK,4 the binding of lipid II seems not influenced but
the insertion into the cell membrane and thereby pore formation is
malfunctioning.

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

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

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

This nisin variant with an extended hinge-region seems not to be
recognized by the resistance and immunity proteins, although it ex-
hibits a slightly lower antimicrobial activity. The antimicrobial activity
is slightly decreased by this mutation, which can be explained by a
broadened dehydration pattern. The pore forming ability seems not to
be influenced, compared to the decreased recognition of immunity as
well as resistance proteins this implies an improved flexibility of nisin
20NMKIVyog4.

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

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

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

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

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

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

Although, preceding mutagenesis studies showed an enhanced ac-
tivity of nisin hinge-region variants against S. agalactiae’®, this study
exhibits a promising nisin variant (,0NMKIV,,), bypassing this lanti-
biotic resistance of the human pathogen, while showing just a slight
decrease of antimicrobial and pore forming activity. These results can
be used as a basis for further investigations on the recognition me-
chanism of the nisin modification enzymes and immunity proteins as
well as for profound studies of the nisin resistance proteins of S. aga-
lactiae.
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Characterization

of the nucleotide-binding domain
NsrF from the BceAB-type
ABC-transporter NsrFP

from the human pathogen
Streptococcus agalactiae

Fabia Furtmann®*, Nicola Porta®2%, Dai Tri Hoang?, Jens Reiners?, Julia Schumacher?,
Julia Gottstein?, Holger Gohlke®2* & Sander H. J. Smits®13*

Treatment of bacterial infections is a great challenge of our era due to the various resistance
mechanisms against antibiotics. Antimicrobial peptides are considered to be potential novel
compound as antibiotic treatment. However, some bacteria, especially many human pathogens, are
inherently resistant to these compounds, due to the expression of BceAB-type ABC transporters. This
rather new transporter family is not very well studied. Here, we report the first full characterization
of the nucleotide binding domain of a BceAB type transporter from Streptococcus agalactiae, namely
SaNsrF of the transporter SaNsrFP, which confers resistance against nisin and gallidermin. We
determined the NTP hydrolysis kinetics and used molecular modeling and simulations in combination
with small angle X-ray scattering to obtain structural models of the SaNsrF monomer and dimer. The
fact that the SaNsrFy;,, variant displayed no ATPase activity was rationalized in terms of changes

of the structural dynamics of the dimeric interface. Kinetic data show a clear preference for ATP as a
substrate, and the prediction of binding modes allowed us to explain this selectivity over other NTPs.

Therapeutic compounds against bacterial infections are currently one of the biggest needs worldwide. Among
antibiotics, antimicrobial peptides (AMP) offer promising potential for the treatment of bacterial infections,
alone or in combination with already known molecules. An alarming number of pathogenic multidrug resist-
ant strains have evolved under the selective pressure caused by decades of incorrect antibiotic usage. Among
them, methicillin-resistant Staphylococcus aureus (MRSA) or vancomycin-resistant Enterococcus (VRE) pose a
high risk to therapeutic regimens’. To include new classes of antibiotics in therapy, studies were performed with
lantibiotics, a class of AMPs. These ribosomally-synthesized peptides exhibit high potency against several human
pathogenic bacterial strains>* and show high stability to chemical and enzymatic degradation due to multiple
intramolecular thioether rings and unsaturated amino acids*.

Most known lantibiotics act similar in that they inhibit cell wall synthesis®. A common target for AMPs is the
peptidoglycan layer, which exists in Gram-positive as well as Gram-negative bacteria. It is built up by altering
amino sugars such as N-acetylglucosamine (GIcNAc) and N-acetylmuramic acid (MurNAc) and stabilized by
a cross-linkage of those polymer chains. The inhibition of the cell wall synthesis results in reduced cell growth
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and subsequent cell death. The well-known lantibiotic nisin contains five lanthionine rings and primarily tar-
gets the cell wall precursor Lipid II. The initial binding of the first two N-terminal lanthionine rings (A and B)
of the lantibiotic to Lipid II is followed by a reorientation of the C-terminus into the membrane, resulting in
pore formation and subsequently cell lysis'®!!. Even though lantibiotics are effective in the nanomolar range,
their application is hampered by resistance-conferring mechanisms found in human pathogenic bacteria”>!3.
The resistance is mediated by a newly discovered class of ATP binding cassette transporters, called Bacitracin
efflux ABC transporters (BceAB), named after their first discovery in the bacitracin resistant strain of Bacillus
subtilis'*'>. In Streptococcus agalactiae such a BceAB-type ABC transporter is also present, as part of an operon
that confers resistance against the lantibiotic nisin'®. This operon consists of the membrane-associated protease
SaNsr'7, the ABC transporter SaNsrFP?, and the two-component system comprising the response regulator
SaNsrR and the histidine kinase SaNsrK'®. So far, structural information is known only for SaNsr'” and SaNsrR'8.

Like all ABC transporters, BceAB-type transporters are composed of a nucleotide-binding domain (NBD)
and a transmembrane domain (TMD). The NBD hydrolyses ATP, which drives conformational changes in the
TMD, leading to substrate translocation. The TMD of BceAB-type ABC transporters are characterized by ten
predicted transmembrane helices and a large extracellular domain (ECD,) of ~220 amino acids that is the hall-
mark of this transporter family*516.

Sequences of the TMD domains from various BceAB-type ABC transporters are not very similar, which
explains the large variety of substances they are able to translocate'®. In contrast, NBDs share sequence and
distinct motifs which are highly conserved throughout the ABC transporter superfamily'®-*2. NBDs are mainly
L-shaped and comprise a helical signaling domain and a catalytic domain built of a-helices and p-strands®*-%.
The catalytic domain contains the Walker A motif that forms the nucleotide-binding site. A glutamate residue in
the Walker B motif takes part in proper nucleotide binding; the y-phosphate of the ATP molecule is sensed by
a conserved histidine (H-loop) which when mutated results in an inactive variant?>**%, Signaling and catalytic
domains are connected by the Q- and the P-loop. Within the signaling domain the C-loop is located, which is
the signature motif of an ABC transporter (for an alignment see Fig. S6 and Table $2)*%%728,

Dimerization of two NBD monomers in a head-to-tail conformation, is needed to enable ATP hydrolysis with
the nucleotide binding sites located in the dimer interface. Each ATP molecule is sandwiched between the Walker
A motif of one monomer and the C-loop of the second one, which results in a closed, stable complex***-3!. An
interaction between the NBD and the nucleotide is supposed to occur by n-n-stacking between the aromatic
ring system of the nucleotide and an aromatic residue of the protein (F or Y). Hence, no preference towards any
nucleotide-triphosphate (NTP) has been assumed?®!, as also observed for example for yeast PDR5%. The hydrolysis
of ATP is coupled to the presence of a cofactor, almost exclusively Mg?*, which is coordinated by the Walker B
motif. The divalent cation participates in the hydrolytic attack on the y-phosphate of the nucleotide?**3!.

Here, we report for the first time biochemical and structural characteristics of the BceA nucleotide binding
domain SaNsrFE, through NTP hydrolysis assays, molecular modeling and simulations. SaNsrF is part of the
BceAB-type ABC transporter NsrFP from Streptococcus agalactiae'®. We show that the NBD SaNsrF,y; and its
hydrolysis-deficient variant SaNsrFy,(,, are monomeric in solution. Broad-ranging in vitro ATPase screenings
delivered detailed information about the protein’s properties with regard to its structure and physiology. We show
that the preferred substrate of SaNsrF is ATP as demonstrated by its kinetic parameters. Moreover, we built a
structural model of the ATP/Mg?*-bound SaNsrF protein in its monomeric and dimeric form by comparative
modeling and molecular dynamics simulations. In all, this constitutes the first biochemical characterization of
a BceAB-type NBD.

Results

Cloning, expression and purification. For substrate transport BceAB-type ABC transporters depend
on energy supply generated by ATP hydrolysis, which is mediated by the NBD. Here, we characterized the NBD
NsrF of the BceAB-type ABC transporter NsrFP from Streptococcus agalactiae. To heterologously express SaN-
srFyyp and SaNsrFy,,,, we constructed expression vectors using a codon-optimized version of SaNsrF for the
heterologous expression in E. coli (Gen Bank accession number: WP_000923537). These constructs expressed a
SaNsrF protein with an N-terminal His10-tag attached for purification using Metal Ion Affinity Chromatogra-
phy. The corresponding SaNsrF constructs were expressed under the control of the plasmid-based T7-promoter
via induction with Isopropyl-B-D-thiogalactopyranoside (IPTG). SaNsrF,y; was purified to high homogene-
ity (Fig. 1A), and was examined by Size Exclusion Chromatography coupled to Multiangle Light Scattering
(SEC-MALS)*, which revealed a molecular mass of 31.9+0.4 kDa for the SaNsrFy protein (Fig. 1B). This
corresponds nicely with the calculated theoretical molecular mass of the recombinant monomer of 30.9 kDa
including the His10-tag. Thus, the conducted SEC-MALS analysis revealed that SaNsrFyyy exists as a stable
monomer in solution, which is in line with previous observations of other NBDs from different ABC transporter
families*¢.

By sequence alignments, His,(, was identified to be the essential residue of the H-loop*’~*. As shown for
other NBDs, a point mutation to alanine results in a loss of the ATPase activity of the NBD. We generated this
variant of SaNsrF (SaNsrFy,,,), which indeed displayed no NTP hydrolysis (see below). This variant served
as a negative control in all our experiments. The lack of NTP hydrolysis for SaNsrFyy,,, is in line with in vivo
studies that show that this variant abolishes the activity of SaNsrFP*%,

Activity of SaNsrF,,r. After successful purification, we functionally characterized SaNstFy . To do so, we
screened the following parameters for their influence on the ATP hydrolysis velocity: (I) pH, (II) salt concentra-
tion, (III) nature of the divalent ion and (IV) temperature (see Supporting Information and Fig. S1). As a result,
the optimized conditions were found to be 100 mM HEPES at pH 7 with 0 mM NaCl as an assay buffer. The
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Figure 1. Purification and SEC-MALS of SaNsrFyy 1. (A) SDS-PAGE of the SaNsrFyy purification progress.
PageRuler Prestained Protein Ladder (size indicator; 10 to 180 kDa), E. coli strain before IPTG induction (1), E.
coli strain after IPTG induction (2), IMAC load (3), IMAC flow-through (4), IMAC wash-fraction (5), IMAC
eluate (6), SEC eluate (7). (B) Multiangle Light Scattering of SaNsrF,. Freshly purified SaNsrFyy was diluted
in MALS-buffer and applied with a concentration of 3 mg mL™' onto a Superdex 75 16/300 increase column.
MALS-RI analysis shows that the SaNsrF,, protein elutes with an absolute molecular mass of 31.9+0.4 kDa,
consistent with a theoretical monomeric mass in solution.

buffer included 10 mM Mg?* and the reaction was finally performed at 30 °C, with an incubation time of 18 min
(Fig S1). These optimized conditions were applied in all following experiments.

Velocity of NTP hydrolysis by SaNsrF,y: and SaNsrF;g;.. Kinetic measurements were performed
by quantifying the NTP hydrolysis under increasing concentrations of the respective nucleotide. We determined
the NTP hydrolysis behaviour of SaNsrFy, and SaNsrFy,,, using increasing amounts of ATP, GTP, CTP or
UTP.

As depicted in Fig. 2A, the SaNsrFyy; protein demonstrated a nonlinear dependency of ATPase activity
over a range of 0-5 mM ATP. The maximal reaction velocity was calculated to be 190.9 +10.0 nmol min™' mg™
when using ATP. Moreover, the calculation of the kinetic parameters resulted in a kinetic constant of
Kpar=0.41%0.05 mM and a Hill coefficient of h=1.72+0.27 (Fig. 2A and Table 1). A Hill coefficient>1
demonstrates a cooperative behaviour, and suggests that SaNsrFyy; needs to dimerize to hydrolyze ATP,
which is in line with other previously characterized NBDs*'~#. For GTP, the maximal reaction velocity was
221.6+11.1 nmol min~! mg™! with a Hill coefficient of h=1.82+0.27 and a k. value of 0.69 + 0.07 mM (Fig. 2B
and Table 1). Interestingly, the highest reaction velocity with a value of 339.0 +£30.4 nmol min™ mg™' was
reached using CTP as a substrate with the highest measured ky,; value of 1.23 +0.20 mM and a Hill coefficient
of 1.63£0.53 (Fig. 2C and Table 1). The kinetic parameters using UTP as a substrate resulted in comparably high
values of v, =314.8 £23.4 nmol min~! mg™, Kky,;;=0.90 £0.13 mM and h=1.55+0.25 (Fig. 2D and Table 1).
The variant SaNsrFy,,, displayed no hydrolytic activity for any of the four used NTPs (Fig. 2, dashed lines).

Structural models of SaNsrF monomer and dimer. Since no experimental structure of SaNsrF is
available, we generated a structural model of the NBD by comparative modeling. NBDs are the most conserved
parts of ABC transporters and in the case of SaNsrF, the templates used for modeling show a sequence identity
of ~30-40% and a sequence similarity of 84-89% (Table S1). Of these X-ray structures (resolution between 1.7
and 3.4 A), two constitute NBDs in the functionally active assembly; they were crystallized with the TMD of the
macrolide exporter MacAB from Acinetobacter baumannii (PDB ID 5GKO**) and MacAB-like from Streptococ-
cus pneumoniae (PDB ID 5XU1%).

The homology model of SaNsrF, 1 in the monomeric form is of high quality, given the low overall TopScore*®
(TS) value of 0.24 (Fig. 3A). This superimposition-free score evaluates local distance differences*” of all atoms in
amodel, and a value closer to zero indicates higher quality. The regions modeled with lower reliability (TS >0.5),
accounting only for ~ 6% of the total sequence, are located at the B-hairpin (residues 15-18) and the two C-ter-
minal helices (residues 229-232, 235-236, 246-250). Both substructures can be found in other NDBs, however,
indicating the plausibility of the model. For example, when compared to the structure of ComA from Streptococ-
cus mutans (PDB ID 3VX4*), the C-terminal helices have a virtually identical fold, with an RMSD of 0.6 A for
the last 50 residues, based on sequence alignment followed by structural superimposition.

The dimeric SaNsrFy,; model is structurally similar to other known structures, given RMSD values of ~ 5 A
or lower (RMSD of 3.5 A, 4.5 A and 5.2 A for PDB IDs 1L2T, 5GKO, and 5XU1, respectively), indicating the
suitability of the performed protein-protein docking. The reliability of the model is additionally verified by the
presence of conserved motifs (Fig. 2B and Table S2), such as the phosphate-binding loop (P-loop or Walker
A motif), the cofactor-chelating region (Walker B motif), and a short consensus sequence “LSGGQ” (C-loop
or ABC signature motif), which signify ABC transporter family membership at the sequence level. Moreover,
the a-helical and RecA-like domains are in the canonical head-to-tail arrangement (Fig. 3C). Interestingly, the
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Figure 2. Kinetic measurement of SaNsrF (black) and SaNsrFi,,, (dashed lines) NTPase Activity [nmol
min~' mg'] after 18 min of incubation. A concentration range of each NTP from 0 to 5 mM was applied on
freshly purified SaNsrF or SaNstFy,g,, (0.1 mg mLY; diluted in 100 mM HEPES at pH 7). The reaction was
stopped after 18 min and dyed for 7 min. A sigmoidal fit was applied using GraphPad PRISM 8.3.0. (A) Kinetic
parameters of SaNsrFy, 1 exposed to 0-5 mM ATP: v,,..: 190.9+10.0 [nmol min™ mg™], h: 1.72+0.27, ky¢
0.41+0.05 [mM]. (B) Kinetic parameters of SaNsrFyyr exposed to 0-5 mM GTP: v,,: 221.6+11.1 [nmol

min~' mg™'], h: 1.82£0.27, k¢ 0.69£0.07 [mM]. (C) Kinetic parameters of SaNsrFy, 1 exposed to 0-5 mM
CTP: vypy: 339.0+30.4 [nmol min~! mg'], h: 1.63+0.53, ky ;¢ 1.23+0.20 [mM]. (D) Kinetic parameters of
SaNstF exposed to 0-5 mM UTP: v,.,: 314.8+£23.4 [nmol min~! mg™'], h: 1.55+0.25, k¢ 0.90+0.13 [mM]. All
experiments have been performed in at least three biological replicates and are represented as means+s.d.

NTP Vinax Kpait h

ATP 190.9%10.0 0.41%0.05 1.72£0.27
GTP 22164111 0.69+0.07 1.82+0.27
CTP 339.0+30.4 1.2340.20 1.63+0.53
UTP 314.8+23.4 0.90+0.13 1.55+0.25

Table 1. Kinetic parameters V,,,, [nmol min™ mg™], ks [mM] and the Hill-coeflicient h resulting from
different NTPs as a substrate for SaNsrFyy. All experiments have been performed in at least three biological
replicates and are represented as means+s.d.
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Figure 3. Homology models of SaNsrFyy; monomer (A, B) and dimer (C, D). (A) Structure colored according
to the residue-wise TopScore. Green/yellow colors indicate regions with low residue-wise error (<50%). (B)
Zoom into the NBD-NBD interface with ATP and Mg?* bound, highlighting the conserved motifs necessary for
ATP binding and hydrolysis, and for NBD-NBD and NBD-TM communication. See Table S2 for the location of
the conserved motifs in the primary sequence?. (C) Structure colored according to domain organization and
zoom into the NBD-NBD interface, reporting the conserved residues used as restraints for protein-protein
docking. The a-helical domain is shown in violet; the RecA-like domain, further subdivided into F1-type

ATP binding core, antiparallel f subdomain, and y-phosphate linker is colored respectively in yellow, green,
and red. The bound ATP (blue) and Mg?* (green) are shown in space-filling representation. The dashed line
highlights the interface between subunits. (D) Electrostatic potential computed for the representative structure
of the most populated cluster of conformations obtained by MD simulations. The color scale of the electrostatic
potential ranges from — 3.0 (red) to+ 3.0 (blue) kyTe.™; the potentials were computed with the Adaptive Poisson-
Boltzmann Solver (APBS)¥.
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calculated electrostatic potential shows a clear polarization (Fig. 3D) with positively charged residues (such as
R and K) prevalent on the dimer’s side oriented towards the membrane (named “top”) and negatively charged
residues (such as D and E) on the opposite side (named “bottom”) in agreement with the expected topology.

Structural dynamics at the NBD-NBD interface and impact of the SaNsrF,,q,, substitu-
tion. The SaNsrF models were subjected to all-atom MD simulations of in total 10 s length to investigate the
structural dynamics at the NDB-NDB interface and to highlight the impact of the H202A substitution on ATP/
Mg?** binding. The RMSD profiles for SaNsrFy and SaNstFy,g,, monomers (Fig. S2) reach almost immediately
a plateau at ~4 A, indicating that the overall structure is mostly invariant over simulation times of 0.5 ps for each
replica. Additionally, the low variability of ATP/Mg** coordinates (Fig. S3A,B) suggests that the SaNsrFyp,4
substitution does not impact ATP/Mg?* binding, at least on the timescale of our simulations.

The RMSD profile for the SaNsrF,y; and SaNsrFy,,, dimers is mostly invariant (Fig. S4A) when the struc-
tures are superimposed onto the two subunits separately (red and blue lines). However, when the superimposition
is done with respect to the least mobile regions in the whole dimer (black line), RMSD values reach ~6-9 A in
three out of five replicas for SaNsrFy,, indicating that the arrangement of the two subunits changes during the
simulations. In particular, the interface between the subunits partially opens (Fig. S4B) up to~25 A (Fig. S5).
The change of ATP molecule and Mg** ion positions relative to the protein is more marked for SaNsrFyy dimer
(Fig. S3). Interestingly, this is not happening in the SaNsrFy,,, variant, where the interface seems to be more
stable.

In terms of structural mobility, the central region of SaNsrF, and SaNsrFy,,, (residues ~50-150) shows
a different profile in monomers and dimers (Fig. 4). In monomers (Fig. 4A,B), this region is less mobile than
in dimers (Fig. 4C,D), with RMSF values lower than 2 A and up to 4 A, respectively. Moreover, in the dimeric
SaNsrFyy,,, variant, this region is slightly less mobile than in SaNsrF,yy. The residues of the central region are
oriented towards the TM region of the transporter (Fig. 4E,D). In addition, after the alignment of SaNsrF with
NBDs of structures containing the TMD (PDB ID 5XU], Fig. 4G), most of the residues of this central region
are located at <5 A distance from the coupling helices (CH1, between TM2 and TM3, and C-terminal CH2)
of the transporter, suggesting that this central region is involved in NBD-TMD communication (Fig. 4H). A
similar result was found for the HlyB transporter™, where the X-loop motif (corresponding to residues 137-142
in SaNsrF, located in the central region) has been proposed to be an important part of the NBD-TMD com-
munication. Even though we are considering an ATP-bound pre-hydrolysis state, SaNsrF in the dimer seems to
be generally more mobile than in the monomer, in agreement with the idea that a dimeric assembly is needed
in order to perform its function.

H-bond analysis in SaNsrFyyr and SaNsrFy,g,, dimers reveals that the number of H-bond interactions
between SaNsrF and the ligands (ATP molecules and magnesium ions) is on average higher in the case of the
SaNsrFyy,, variant (Fig. 5A). This is due to the higher structural stability compared to SaNsrFy, . Besides the
three residues used as restraints for protein-protein docking (§43-R152-D176), other residues contribute to
the stability of the dimer with H-bond occupancies up to 70%, such as R13, T14, R15, E42, E144, and R178
(Fig. 5B,C). Surprisingly, the residue-wise H-bond occupancy in SaNsrFy; is significantly higher (p <0.01) for
two specific H-bonds involving both side chains and backbone atoms (D136-R15 and R133-R15), although
the interface of the SaNsrF,; dimer is less structurally stable (see above). Indeed, in the initial dimeric model,
these interactions are not present, but require the movement of one monomer to the other for them to form.

To conclude, the generated models show a high structural stability over the simulation lengths. In the dimers,
the central region is more mobile than in the monomers; in SaNsrF,; the interface between subunits is structur-
ally less stable than in the SaNsrFy,,, variant. Since a shift of one monomer to the other is necessary for NDBs
to perform their function, these results together suggest that the mutation SaNsrFy,,, impacts the structural
dynamics at the SaNsrF interface and not only the catalytic mechanism.

Small angle X-ray scattering. Unfortunately, we were not able to crystalize the SaNsrF protein, although
extensively tried. In order to experimentally validate this new model, we choose Small Angle X-Ray Scattering
(SAXS) to compare the theoretical model with the experimental scattering (Fig. 6A) measured with the Xenocs
Xeuss 2. Based on the experimental data, we calculated an ab initio model for SaNsrFy with the program
GASBOR®! and obtained a x? value of 0.97. Superimposing the ab initio and the TopModel model reveals that
the structure and the envelope obtained by the SAXS experiment overlap, but also a density tail at the C-termi-
nus of SaNsrFyr (Fig. 6B) that is not occupied by the model. Scrutinizing the templates used by TopModel*
shows that this helical part (Fig. 6B, orange helix) is rather unstructured or even missing. This finding indicated
that this region might be highly flexible in solution, thereby covering the available free space in the SAXS enve-
lope (Fig. 6B, red helix). With the program CRYSOL>® we compared the theoretical scattering curve obtained
from the TopModel model against the experimental data. The resulting x 2 value of 1.16 indicates a good agree-
ment between the prediction and the experiment. We uploaded the SAXS data and the corresponding model
of SaNsrF to the Small Angle Scattering Biological Data Bank (SASBDB)***° with the accession code SASDJR3.

Molecular docking of other NTPs.  In order to rationalize the hydrolysis preference for ATP over other
NTPs, we predicted the binding mode of these molecules in complex with the SaNsrF,y dimer. Ten different
pocket conformations, obtained from five equilibrated structures used also for MD simulations times two pock-
ets each, were considered. When focusing on the configurations with lowest Coulomb (ecoul) and van der Waals
(evdw) energies, ATP is slightly enriched compared to the other NTP (3x ATP, 2x UTP, 1 x CTP and 1x GTP),
suggesting that ATP binding is preferred due to enthalpic contributions to binding (Fig. 7A). Residues giving rise
to this preference are those interacting with the nucleobase, namely F12, T49, A23 of one subunit and F143' and
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Figure 4. Structural mobility of the SaNsrFy 1 and SaNsrFyy,,, systems expressed as RMSF of Ca atoms. Before RMSF
calculation, the structures were fitted onto the 15% least mobile residues, averaged over five MD simulation replicas. The
variability between replicas is expressed as SEM and shown as colored area (grey for the monomers, red for chain A and blue
for chain B). (A) SaNsrFy,; monomer. (B) SaNsrFy;,,, variant monomer. (C) SaNsrFy, dimer. (D) SaNsrFy,, variant dimer.
The secondary structure elements of the initial model are shown as black and white bands. The central region of SaNsrFyy,),
(residues ~50-150) is highlighted with brackets. Residues of the central region with RMSF>2 A are mapped onto the dimer
structures. (E) For SaNstFyyy (in grey) and (F) for SaNsrFy,, variant (in pink). The other two regions with RMSF>2 A
(hairpin of the antiparallel f subdomain and the C-term) are not shown for clarity. The dashed line highlights the interface
between subunits. (G) Structure of the MacAB-like transporter from Streptococcus pneumoniae (PDB ID 5XU1%) reported
as comparison to highlight the expected orientation of the NBD to the TMD (shown as dashed shape), its coupling helices
(CHI and CH2, highlighted in green) and the membrane (as grey area). (H) After superimposition of the NBDs, regions of
SaNsrF located at<5 A from the coupling helices of the MacAB-like structure, and therefore likely involved in NBD-TMD
communication, are highlighted in orange.
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Figure 5. H-bond analysis in SaNsrF,y and SaNsrFy,,, dimers. (A) The average number of H-bonds between
the two proteins and between the protein and the ligands per MD replica. Standard deviations are reported

in parentheses. For the numbers in bold, the SEM was computed according to n=5. **p <0.01 according

to a two-tailed t-test. (B) Residues in the interface that predominantly form H-bonds (occupancy >20%).
H-bonds are shown as lines connecting the Ca atoms of these residues. The dashed line highlights the interface
between subunits. (C) H-bond occupancy for the most prevalent interactions (occupancy in at least one of the
systems >10%). Error bars are showing the SEM. **p <0.01 according to a two-tailed ¢-test for the comparison of
SaNsrFyr and SaNsrFyy,,, variant; n.s.: not significant.

E144' of the other (Fig. 7B). In particular, the phenylalanines are interacting with the nucleobase by n-m stacking
interactions, and the amino groups of CTP and GTP form H-bonds with the backbone oxygen of F143' and the
carboxylate group of E144/, respectively. Since in ATP the amino group has the same orientation as in CTP, a
similar kind of H-bond pattern can be expected.

Over respective pockets 1 or 2, which are not symmetric as described above, ATP shows the largest sums of
Coulomb and van der Waals energies compared to the other NTPs (Fig. 7C), indicating strongest binding based
on enthalpic components, which is in line with the biochemical data where ATP shows the lowest k; ;¢ value
(Fig. 2 and Table 1).

Discussion

A rather novel family of ABC-transporters, the Bacitracin efflux (Bce) type transporters, have been identified
to confer high-level resistance against bacitracin as well as against lantibiotics such as nisin and gallidermin in
Bacillus subtilis, Staphylococcus aureus, and Streptococcus agalactiae®'*'%>-%", These transporters have been rudi-
mentarily characterized in vitro. We set out to characterize the NBD of the transporter SaNsrFP; this transporter
has been shown to be involved in lantibiotic resistance®.
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Figure 6. Comparison of the ab initio model with the homology model. (A) Experimental scattering data are
shown as black dots and the ab initio model fit as red line. The intensity is displayed as a function of momentum
transfer s. (B) Ab initio model of the SaNsrFyy . The volumetric envelope from SaNsrFy, calculated from the
scattering data using GASBOR®, is shown by the blue mesh. The homology model of the SaNsrFy monomer
(shown in green) was docked into the volumetric envelope using SUPCOMB?. Concerning the flexibility of the
C-terminal helix (shown in orange), we show a possible, changed orientation of this helix in red.

We have purified and characterized the SaNsrFyy; and SaNsrFy,,, proteins regarding their ability of ATP
hydrolysis. The results revealed that inorganic phosphate is only released in a pH range of 6-8, where an HEPES
buffer at pH 7 was found to yield maximal ATPase activity. Interestingly, 20% difference could be found in a
TRIS buffer system at the same pH (Fig S1A). Similar results were obtained by Zaitseva et al. examining the
HlyB-NBD?. In that study, a correlation between the pH of 6 and the pK, values of the glutamate residue and/
or the y-phosphate of the nucleotide and between the pH of 8 and the pK, value of the conserved histidine
bound in a salt bridge with the y-phosphate was made. On that basis, the nucleophilic attack on the y-phosphate
is preceded, originating from a hydrolytic water molecule, which results in the cleavage of the y-phosphate
moiety®***¢!. Moreover, the importance of the conserved histidine could be confirmed since the SaNsrFyjg,,
variant was shown to be incapable of hydrolysing ATP. Here, the ‘linchpin’-role during ATP-hydrolysis is con-
ducted by the H-loop?>***%42, Also, this allows a possible explanation for the observed decrease of activity with
increasing concentrations of NaCl (Fig. S1B). Since the conserved histidine is in contact with the y-phosphate
of the nucleotide by forming a salt bridge, rising salt concentration could disrupt this existing interaction. In
contrast, a buffer system containing 300 mM of NaCl was used for protein storage, which indicates an inverse
correlation between protein stability and activity at rising NaCl concentrations®. The incapability of SaNsrFyjyp5
to hydrolyse ATP supports in vivo studies where a loss of resistance against the lantibiotic nisin was observed
when expressed in L. lactis bacterial cells®.

Like many other NBDs, SaNsrF was observed to be strictly dependent on its cofactor Mg?****46>, because
this is required as a Lewis acid in the catalytic cycle. Mg?* is involved in proton abstraction from the nucleotide
and the nucleophilic attack of the catalytic water, which results in the hydrolytic cleavage of its y-phosphate®.

Finally, we conducted kinetic measurements including all optimized parameters and the preference of SaN-
srFyr and SaNsrFy,4 for hydrolysing different NTPs. We propose that the main interaction of the nucleoside
triphosphate and the protein occurs by n-n-stacking between the adenine moiety and F12 downstream of the
Walker A motif (Fig. 3B,C) as also observed for other NBD'’s?>?%2>%0, Also, Mg?*, anchored to the protein through
Asp and Glu residues of the Walker B motif, interacts with the phosphate region of ATP. The Walker A motif
binds to the other side of the phosphate region (Fig. 3B).

Based on a comparison of docked binding poses of other NTPs, additional interacting residues were predicted
(Fig. 7B). Amino group-containing NTPs (ATP, CTP and GTP) can form H-bonds with the backbone oxygen of
F143’ and the carboxylate group of E144’, whereas purines in ATP and GTP form more extended n-m stacking
interactions with F12 and F143'. ATP shows the largest sums of Coulomb and van der Waals energies compared
to the other NTPs in either pocket of the NBD, in line with the biochemical data where ATP displayed the lowest
Ky value (Fig. 2 and Table 1).

By comparing the measured kinetic parameters of each examined NTP, it becomes obvious that the reac-
tions including UTP or CTP resulted in a significantly higher reaction velocity, respectively, when compared to
ATP. Nevertheless, the CTPase and UTPase activities revealed noticeably high kinetic constants (ky,) as well.
With regards to the substrate affinity represented by the k; ¢ value, a minimum of 0.41 +0.05 mM was reached
using ATP as a substrate, which signifies ATP as the most favoured of all four tested NTPs for SaNsrF,,1. Hence,
ATP has the highest affinity to SaNsrFy,; compared to the other examined NTPs, which corresponds with the
physiological appearance in vivo of each NTP ([ATP]>[GTP]>[UTP] > [CTP]), which underlines that ATP is
the preferred substrate for the protein®>*-%%, Considering the physiology of purine (ATP, GTP) and pyrimidine
(UTP, CTP) nucleotides, we concluded that the involved aromatic ring systems play a major role concerning
the substrate affinity and stability of the protein-substrate-complex. Here, pyrimidine bases exhibit a smaller
electron density that can be involved in n-n-stacking. Thus, dissociation of pyrimidine nucleotides from the
enzyme occurs faster than purine nucleotides. By contrast, the stabilized protein-purine-complex is less liable

2+3
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Figure 7. Molecular docking of other NTPs. (A) Scatterplot representing the Coulomb (ecoul) versus the van
der Waals (evdw) energy terms of the docking score. Each data point represents an NTP configuration inside the
two pockets of five different, equilibrated SaNsrF structures. In quadrant IV, NTP configurations with respective
lowest energies are circled. (B) Representative binding modes of NTPs, referring to the circled data points in
section A. Residues at<4 A from the nucleobases are shown in sticks and labelled. The Mg?* ion is shown as a
green sphere (C) Normalized average energy terms for pockets 1 and 2 of each SaNsrF complex. The error is
reported as normalized SEM (n=5).

to dissociation. Together, this may explain the small ky,¢ values found for ATP and GTP and the high reaction
velocities caused by a high turnover of CTP and UTP.

NBDs are assumed to share a large number of properties due to highly conserved sequences and specific
motifs (see Fig. 3B,C and Table $2)?2-2¢*. The presence of a certain substrate such as ATP is supposed to induce
a dimerization of the two NBD monomers in a typical head-to-tail formation, resulting in two ATP molecules
in the dimer interface, sandwiched by the Walker A motif of one monomer and the signature motif of the other
one as a cooperative process?>*%,

NBDs hydrolyse ATP, which drives substrate translocation by conformational changes of the TMD. In the
case of the BceAB-type ABC transporter SaNsrFP, the energy supply is provided by the BceA-domain SaNsrF'S.
By employing SEC-MALS-coupled analysis we were able to confirm a monomeric state of SaNsrFy and its
variant SaNsrFy,,, in solution since the measured molecular masses corresponded with the calculated values
for each monomer. This agrees with the oligomeric state of other NBDs from other ABC transporter families in
the absence of nucleotide®*-*.

Furthermore, this is in line with our SAXS data that allowed the construction of a volumetric envelope of the
SaNsrFyr monomer. The experimental structure of SaNsrF has not been published yet. Here, we generated a
structural model using TopModel** based on five main templates 1F30_A, 5XU1_B, 2PCL_A, 5GKO_A, 20L]_A
(Fig. 3A, 6B). We compared this model with the volumetric envelope obtained from SAXS data, showing high
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reliability and agreement with experimental data. It is striking that the density of the protein model is partly
not occupied. A flexible C-terminus could be the reason, which would make a temporary fit of the versatile
C-terminal helix to the proposed model possible. As for well-studied NBDs such as HisP, the modeled SaNsrF
dimer exhibits the typical head-to-tail formation including two sandwiched ATP molecules in the dimer inter-
face between the Walker A motif of the first monomer and the C-loop of the second one?***?>*, Therefore, the
SaNsrF protein shares many structural similarities with other known NBDs. As the y-phosphate moiety of ATP
was predicted to be in close proximity of the conserved histidine (H-loop) and the cofactor Mg**, one can deduce
a consensus with the hypothesis of the H-loop acting as a sensor, whereas the cofactor is involved in hydrolytic
cleavage while being coordinated by the Walker B motif (Fig. 3B,C)**?*2%8, Furthermore, in SaNsrFy,, the
interface between subunits is structurally less stable than in SaNsrFy,,,. Since a shift of one monomer to the
other is necessary for NDBs to perform their function, these results suggest that the substitution SaNsrFy,g,,
impacts the structural dynamics at the SaNsrF interface and not only the catalytic mechanism.

Clearly, the SaNsrF protein represent an isolated NBD and we do not know if the kinetic correspond to the
ATP hydrolysis that will occur in the presence of the transmembrane protein SaNsrP. However, when comparing
the data with known NBDs which has been described before in the presence and absence of the transmembrane
segment it can be observed that v, might be changed, the k,, values however remains very similar. For example
the ATP hydrolysis kinetics have been described for the HlyB NBD as well as for the purified full length trans-
porter in detergent solution®*¢**436% Here the NBD showed a v,,,, of 200 nmol min™ mg™" with a k,, value of
0.31 where as the full length transporter displayed a lower v,,,, of 8.1 nmol min™' mg™" with a k,, value of 0.36.
This reduction is likely due to the detergent, which is present to keep the HlyB transporter in solution. Important,
however is that in both cases the kinetic displayed cooperativity (Hill coefficient > 1) as in the case of SaNsrF and
the corresponding histidine mutation also resulted in an inactive protein. This shows that our NTP analysis of
the SaNsrF will likely be similar even when the TMD SaNsrP is present. The same observations were found for
the nisin transporter NisT from L. lactis’”® and the nukacin ISK-1 transporter NukT from Staphylococcus arneri
ISK-17! albeit in detergent solution.

In summary, the experiments revealed the first detailed insights into biochemical properties of the BceA
domain of the BceAB-type ABC transporter SaNsrFP. We showed that SaNsrFy, and its variant SaNsrFy;g,,
exist as monomers in solution and determined several physiological and structural properties of the protein by
evaluating its ATPase activity in comprehensive in vitro studies and molecular modelling and simulations. Hence,
this study contributes to the mechanistic and structural understanding of the BceAB-type ABC transporter fam-
ily, which opens up the possibility to pharmacologically target this family in order to combat multidrug-resistant
species in the long run. It further confirms in vivo data where the H202A variant of SaNsrF displayed a loss in
the activity, which now can be pinpointed to a lack of ATP hydrolysis, and shows that this variant can well serve
as a negative control in studies concerning BceAB type transporters since the histidine is conserved throughout
the sequence of this family.

Materials and methods

Expression of SaNsrFy,; and SaNsrF ;g E. coli BL21 (DE3) strains were transformed via heat shock
method” with pET-16b-NHis,(-SaNsrFy,; or pET-16b-NHis,y-SaNsrFy,0,,, respectively. Precultures were
selectively grown with 20 ug mL™" ampicillin at 37 °C and 180 rpm overnight. Lysogeny Broth (LB) medium was
pre-incubated with 20 pg mL™! ampicillin and inoculated with the respective preculture to an ODg, of 0.1. The
cultures were grown to an ODg, of 0.4 at 37 °C and 180 rpm whereupon the temperature was reduced to 18 °C.
Protein expression was induced by the addition of 1 mM IPTG at an ODg, of 0.8 and the cultures were further
grown overnight.

Protein purification.  SaNsrFy,; and SaNstFy;,,, were purified using Immobilized Metal Ion Chromatog-
raphy (IMAC). Therefore, a 5 mL HiTrap Chelating HP column, loaded with Zn?*, was equilibrated with low
IMAC-buffer (100 mM HEPES at pH 8, 300 mM NaCl, 20% glycerol). Protein elution was undertaken with the
high IMAC-buffer (low IMAC-buffer plus 125 mM histidine). A washing step of 40-percent high IMAC-buffer
was introduced before. The concentrated eluted proteins were then injected onto a Superdex 75 16/60 size exclu-
sion column at a flow rate of 0.5 mL min™, pre-equilibrated with SEC buffer (100 mM HEPES at pH 8, 300 mM
NaCl, 20% glycerol). Protein eluates were collected and stored at 4 °C.

ATPase activity assay. The ATPase activity of SaNsrFyr and SaNsrFyp,,, (diluted in 100 mM HEPES
at pH 8, 100 mM NaCl) was examined by the Malachite Green Phosphate Assay at a protein concentration of
0.1 mg mL™" that was initially undertaken at room temperature (20 °C). Several parameters were screened to
determine the optimal buffer and temperature conditions for the protein activity (see Supplementary Informa-
tion).

Kinetic measurements for SaNsrFyyr and SaNsrFyy,,, were performed under the influence of NTP (ATP,
GTP, CTP, UTP) with concentrations ranging from 0 to 5 mM.

Therefore, the kinetics were fitted using the Hill equation:

Vinax X xh

B (k’;a,f + Xh) '

Y: ATPase activity [nmol min™' mg™'], X: substrate concentration [mM], k¢ substrate concentration at
half-maximal reaction velocity [mM], h: Hill coefficient.
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All shown data are representing the average of a triple evaluation at least, with the standard deviation reported
as errors.

Small angle X-ray scattering (SAXS). We collected all SAXS data on our Xeuss 2.0 Q-Xoom system
from Xenocs, equipped with a PILATUS 3 R 300 K detector (Dectris) and a GENIX 3D CU Ultra Low Diver-
gence x-ray beam delivery system (Xenocs). The chosen sample to detector distance for the experiment was
0.55 m, results in an achievable q-range of 0.18-6 nm™. All measurements were performed at 15 °C with protein
concentrations between 0.5 and 4.2 mg mL™". Samples were injected in the Low Noise Flow Cell (Xenocs) via
autosampler. For each sample, twelve frames with an exposer time of ten minutes were collected. By comparing
these frames, we excluded the possibility of aggregation and radiation damage during the measurement. Data
were scaled to absolute intensity against water. All used programs for data processing were part of the ATSAS
Software package (Version 3.0.1), available on the EMBL website”’. Primary data reduction was performed with
the program PRIMUS’. With the Guinier approximation we determined the forward scattering I(0) and the
radius of gyration (Rg)”. The program GNOM was used to estimate the maximum particle dimension (D,,,,)
with the pair distribution function p(r)”®. Low resolution ab initio models were calculated using GASBOR®'. The
superposition of a predicted SaNsrF model (see below) was done using the program SUPCOMB?.

Structural models of SaNsrF complexes. As an experimental SaNstF structure is not available, a
homology model was constructed using the template-based protein structure prediction program TopModel*?
and the SaNsrFy, sequence as input (NCBI Reference Sequence: WP_000923535.1). In order to build a SaNsrF
model arranged in a dimeric assembly with substrate (ATP) and cofactor (Mg?*) bound, starting from the SaN-
srFyyr monomer in the apo state, a search for sequence similarity and structural properties was performed on
the Protein Data Bank. The results were filtered according to the following criteria: sequence identity >33% and
E-value cutoff 0.001 as determined by BLAST”’; oligomeric state equals 2; sequence length of 250 + 50 residues;
resolution <2 A. Out of six results, only one (PDB ID: 11L2T?) is crystallized as a functionally active “ATP sand-
wich” symmetrical dimer and was therefore used as a reference. Since ATP is bound at the interface of the dimer
and its binding is influenced by both protein subunits, both protein-ligand and protein-protein docking would
be particularly challenging in this case. Hence, we constructed first the SaNsrFyy; dimer in the apo form and the
ATP/Mg**-bound form subsequently.

To do so, protein-protein docking was performed with the program HADDOCK”®”, using distances between
respective three residues that bridge the two subunits together with H-bond interactions as restraints (540/543,
R153/R152 and D177/D176, for PDB ID 1L2T/SaNsrFy sequences, respectively). The most similar docking
solution to the reference PDB ID 1L2T was used for further modeling steps.

Both, SaNsrFy,; monomer and dimer structures were preprocessed with the Protein Preparation Wizard®
of Schrodinger’s Maestro Suite. Since the residues at the binding sites are highly conserved, ATP and Mg** are
considered to bind in a very similar way as in PDB ID 1L2T. Thus, their coordinates were copied from the ref-
erence into the SaNsrFy, model after alignment to one protein subunit. Residues located <5 A away from the
ATP molecules were energy-minimized using the OPLS 2005 force field®! with standard cutoff values for van der
Waals, electrostatic, and H-bond interactions, until the average RMSD of non-hydrogen atoms reaches 0.30 A.
Bond orders as well as missing hydrogen atoms were assigned, and the H-bond network was optimized. Finally,
residue 202 was substituted to construct the SaNsrFyy,(,, variant of the monomer and dimer.

Molecular dynamics simulations. In order to validate the modeled protein-protein interface and the
ATP binding mode, and to investigate the impact of the SaNsrFy,,, substitution on structural dynamics, a set
of MD simulations was performed using Amber 2019%. Four different ATP/Mg**-bound SaNsrF systems were
prepared for this with the LEaP program®: monomer and dimer, both for SaNsrFy and SaNsrFip,.

After establishing charge neutrality by adding sodium counter ions, each system was placed in a truncated
octahedral box of TIP3P® water with a distance of the nearest atom to the border of the box of > 11 A. Structural
relaxation, thermalization, and production runs of MD simulations were conducted with pmemd.cuda® using
the ff14SB force field* for the protein, Joung-Cheatham parameters® for ions, and available ATP parameters®.
For each starting complex, five independent replicas of 500 ns length each were performed, resulting in a cumu-
lative simulation time of 10 us. In order to set up independent replicas and obtain slightly different starting
structures, the target temperature was set to different values during thermalization (299.8 K, 299.9 K, 300.0 K,
300.1 K, 300.2 K and 300.3 K). A detailed description of the thermalization protocol can be found elsewhere®.
The analysis of the MD trajectories was carried out with cpptraj”® on snapshots extracted every 1 ns. All the
MD-generated conformations were clustered applying a hierarchical agglomerative approach and an RMSD
cutoff value of 4 A. The representative structure of the SaNsrF,,; monomer was compared to the experimentally
determined SAXS density.

The representative structure of the most populated cluster for the SaNsrFyy; dimer was used to calculate the
electrostatic potential with the Adaptive Poisson-Boltzmann Solver (APBS) software package*’ as implemented
in PyMOL’". Dielectric constants (¢) of 2.0 and 78.0 were used, respectively, for the protein and for water, and
the concentration of monovalent cations and anions was set to 0.15 M.

To measure structural mobility, we computed the residue-wise root-mean-square fluctuation (RMSF) of
backbone atoms. Structural changes over time, both for the apo SaNstF proteins and the ATP/Mg?*-bound
form, were detected calculating the root-mean-square deviation of atomic positions (RMSD) compared to the
initial structure. To describe the changes occurring at the level of the interface, we performed two analyses: (I)
measurement of the distance between the center of mass of two residues located in opposite subunits at the center
of the interface (S43 and S146); (II) H-bond analysis (i) in terms of the total number of interactions between
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two subunits (SaNsrF,-SaNsrFy) and between protein and ligands (SaNsrF-(ATP-Mg**)) and ii) residue-wise
H-bound occupancy between residues of the two subunits (SaNsrF,-SaNsrFy), allowing to identify which resi-
dues perform more frequent H-bonds throughout the simulations. For this analysis, only H-bonds with the
following criteria were considered: occupancy between specific donor and acceptor > 1%; H-bond present in at
least two replicas of the same system; H-bonds between two residues with residue-wise occupancy>10% in at
least one system.

Molecular docking of other NTPs. To predict the binding mode of other NTPs in complex with the
SaNsrFyy; dimer, molecular docking was performed. The starting points for these calculations were the five
structures resulting from thermalization and equilibration steps, then used also for independent MD simula-
tions replicas (production).

First, for each binding site a cubic grid of 20 A length centered on the respective ATP molecule was built
in the Maestro platform®, for a total of 10 different grids. Then, starting from the ATP structures, other NTPs
were built (GTP, CTP and UTP) by modifying the nucleobase. The generated conformations were refined and
scored with the Glide-Extra precision (XP) mode of Glide®. Only the best solution for each NTP in each grid
was considered. The Coulomb interaction energy (ecoul) and the van der Waals energy (evdw), components of
the XP GlideScore scoring function, were computed, and used to describe the enthalpic contribution of binding.

Data availability
We upload the SAXS data and the corresponding model of SaNsrF to the Small Angle Scattering Biological Data
Bank (SASBDB)>**, with the accession code SASDJR3.
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Materials and Methods

Multiangle Light Scattering (MALS)

To determine the protein’s stoichiometry, Multiangle Light Scattering (MALS) was employed. Each
protein was diluted in 100 mM HEPES at pH 8 and 300 mM NaCl. An Agilent 1260 HPLC system was
used in combination with a triple-angle light scatter detector (miniDAWN TREOS II) and a differential
refractive index detector (Optilab T-rEX) (both Wyatt Technology). SaNsrFwr at a concentration of
3 mg/mL were injected onto a Superdex 75 16/300 increase column with a flowrate of 0.6 mL/min. For
analysis the ASTRA software package (Astra 7.1) (Wyatt Technology) was used (Fig. 1B).

ATPase Activity Assay

The ATPase activity of SaNsrFwr and SaNsrFupa (diluted in 100 mM HEPES at pH 8, 100 mM NaCl)
was examined by the Malachite Green Phosphate Assay at a protein concentration of 0.1 mg/mL that was
initially undertaken at room temperature (20 °C). The initial conditions required a final Mg*"-
concentration of 10 mM and an ATP concentration from 0 — 5 mM that was used for the reaction start.

Changes in protein’s activity were detected in a time range from 4 — 26 min by stopping a part of the
reaction every two minutes, whereupon 18 min were chosen as an optimal time of incubation. An ATP (or
NTP) concentration was set at 3 mM for following ATPase screenings. By the addition of EDTA (final
concentration: 50 mM) a control was implemented in order to observe the process of autohydrolysis in a
Mg?*-free solution.

To determine the maximal possible hydrolysis activity of SaNsrFwr, the protein was exposed to various
buffer systems including a citrate buffer for pH 4 and 5, MES for pH 6, HEPES for pH 7 and 8, TRIS for
pH 7, 8, 9 and CAPS for pH 10 and 11 (100 mM for each). Moreover, the influence of the NaCl
concentration on the ATPase-buffer was analysed by determining the ATP hydrolysis of the SaNsrFwr
proteins in a buffer with 0, 100, 200, 300, 400, 500 and 1000 mM NaCl. Investigations were made
concerning the cofactor choice of SaNsrFwr by introducing Ca*", Mn?*, Zn*", Fe** and Cu®" instead of
Mg?" at a final concentration of 10 mM. An identical setup was performed without the addition of protein,
which was used as a blank to encounter for autohydrolysis. The reaction including the optimized
parameters was performed at 20 °C, 25 °C, 30 °C and 37 °C.
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Results

Activity of SaNsrFyr

After successful purification, we functionally characterized SaNsrFwr. To do so, we screened the
following parameters on their influence on the ATP hydrolysis velocity: I) pH, II) salt concentration,
III) nature of the divalent ion, and IV) temperature. This allowed us to obtain optimal conditions for our
kinetic measurements

PH dependency of SaNsrFyr

We assayed the ATP hydrolysis of the SaNsrFwr protein at different pH conditions in order to determine
the optimal buffer composition. Therefore, we used 100 mM of the following buffers: citrate at pH 4.0 —
5.0, MES at pH 6.0, HEPES at pH 7.0 — 8.0, TRIS at pH 7.0 — 9.0 and CAPS at pH 10.0 — 11.0.

We observed a large dependence on the pH of the buffer system (Figure 2A). ATP hydrolysis mediated
by SaNsrFwr can only be observed in a pH range from 6.0 — 8.0, and the highest ATPase activity was
reached in a HEPES buffer at pH 7.0. Interestingly, a reduction in activity of about 20 — 30 % is observed
between HEPES (zwitterionic sulphonic acid) and TRIS (cationic primary amine) buffer systems although
the pH was very similar (7.0 and 8.0, respectively).

Influence of salt concentration on the activity of SaNsrFwr

Next, we tested the influence of the ionic strengh on the activity of the SaNsrFwr protein. We used
100 mM HEPES at pH 7.0 as the optimal conditions for protein activity and varied the NaCl
concentration ranging from 0 — 1 M in steps of 0.1 M (Figure 2B).

With increasing NaCl concentration, the hydrolytic activity strongly decreased. At a concentration of 1 M
NacCl, 20% residual activity was recorded when compared to the maximum reached at 0 mM NaClL.

Choice of Cofactor

As a third optimization step, we examined the influence of the cofactor of SaNsrFwr on ATP hydrolysis.
We replaced the 10 mM Mg?* used so far with 10 mM Ca**, Mn**, Zn**, Fe*" or Cu*", respectively. This
revealed a clear dependency on the nature of the divalent ion where only for Mg?* a reasonable hydrolytic
activity was detected. Besides Mg*", also Mn?* was taken up as cofactor, with an ATPase activity of about
a fourth of the maximally measured value. The other tested divalent ions did not significantly (e.g. Cu®*
caused about 15 % of the activity maximum) contribute to the ATPase activity of SaNsrFwr (Fig. S1C).
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Temperature dependence

We assayed the ATPase activity of SaNsrFwr within a temperature range from 20 °C — 37 °C including
the optimized parameters of 100 mM HEPES assay buffer at pH 7 with no added NaCl (see above).
10 mM Mg?* were used to provide the protein with its cofactor. As illustrated in Figure 2D, the ATPase
activity of SaNsrFwr was maximal at 30 °C. Further increase in the temperature resulted in a significant
loss of activity as observed for 37 °C.

In summary, we varied several parameters of the ATPase activity assay in order to obtain the maximal
hydrolytic activity for the SaNsrFwr protein. As a result, the optimized conditions were found to be
100 mM HEPES at pH 7 with 0 mM NaCl as an assay buffer. The reaction approach included the addition
of 10 mM Mg*" and was finally performed at a temperature of 30 °C. The reaction with the respective
NTP was followed for an incubation time of 18 min, then stopped and measured. These optimized
conditions were applied in all following experiments.
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Figure S1. Influence of ATPase activity of SaNsrFwr by parameter variations. (A) ATPase activity
[%] of SaNsrFwr dependent on pH and buffer system. 100 mM of citrate, MES, HEPES, TRIS and CAPS
were diluted in ddH20 and adjusted to the respective pH. At pH 7 and 8 HEPES as well as TRIS were
tested. (B) ATPase activity [%] of SaNsrFwr dependent on concentrations of 0 mM to 1 M NaClL
SaNsrFwr was diluted in 100 mM HEPES at pH 7 (0.1 mg/mL). (C) ATPase activity [%] of SaNsrFwr
dependent on twofold metal ions. SaNsrFwr was exposed to 10 mM of Mg?*, Ca?, Mn?", Zn*", Fe*" or
Cu?*. SaNsrFwr was diluted in 100 mM HEPES at pH 7 (0.1 mg/mL). (D) ATPase activity [%] of
SaNsrFwr dependent on temperature (triple evaluation). A concentration of 3 mM ATP was applied on
SaNsrFwr (0.1 mg/mL; diluted in 100 mM HEPES at pH 7). The reaction was incubated at temperatures
of 20 °C, 25 °C, 30 °C, 35°C and 37 °C and was stopped after 18 min and dyed as described in ATPase
Activity Assay for 7 min. All experiments have been performed in at least three biological replicates and
are represented as means =+ s.d..
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Figure S2: Structural variability of SaNsrF monomers. The RMSD of backbone atoms was calculated
after fitting the structures onto the 15% least mobile residues for each replica for SaNsrFwr (left) and for

the SaNsrFua024 variant (right). The profiles are reported in a different color for each replica.
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Figure S3: Change of ATP molecule and Mg?* ion positions with respect to the protein for different
SaNsrF systems. (A) RMSD of ATP molecules; (B) RMSD of Mg?* ions. The RMSD was calculated
after fitting the structures onto the 15% least mobile protein residues for each replica. The profiles are
shown in a different color for each molecule in each replica.

S-7
-191-



RMSD [A]

Side

Figure S4: Structural variability of SaNsrFwr and SaNsrFuzp2a dimers. (A) The RMSD of backbone
atoms was calculated for SaNsrFwr (left) and for the SaNsrFpa variant (right) after fitting the structures
onto the 15% least mobile residues for the whole dimer (black) and separately for either subunit A (red)
or B (blue). Each box represents a replica of 0.5 ps simulation length (roman numbers). (B) Three
representative structures of SaNsrFwr with higher RMSD values are displayed from two orientations.
Arrows highlight the partial opening of the dimer interface.
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Figure S5: Structural variability of dimers, expressed as distance between residues. (A)
Representation of the distances d/ and d2 between the residues S43 and S146 (centers of mass) located on
different monomers. (B) Distances for SaNsrFwr dimer (left) and the SaNsrFua variant (right). Each
box represents a replica of 0.5 ps simulation length (roman numbers). (C) Distances for three
representative structures with higher RMSD values are reported; these structures are identical to the ones
shown in Figure S4. The largest distance values, indicating the separation of the subunits, are underlined.
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Table S1: Five main templates used by the TopModel software for modeling of SaNsrF.

PDB Identity Similarity Coverage | TM-Score Note
ID: [o] [l [l [7o]
2+ _ :
1F30 377 28.4 28.0 91.9 ADP/'Mg bour.ld dimer, not
[a] functionally active assembly
2+ H :
5XU1 395 2.4 28.0 90.9 Mg .bound dimer with TM
[b] domain
2+ :
2PCL 40.5 84.1 88.8 90.6 | Mg -bound dimer, not
[c] functionally active assembly
S(EI(IEO 35.5 23.6 93.6 90.3 Apo dimer with TM domain
2[06I]JI 30.9 76.1 93.2 20. a-helical domain only

[a] % [b] %; [c] According to RCSB: “To be published”; [d] *; [e] According to RCSB: “To be published”.

Table S2: Consensus sequence of conserved motifs in the NBDs listed according to their occurrence
from N- to C-terminus °. For a graphical representation see Fig. 3B.

Motif Consensus sequence SaNsrF
A-loop (F/K)XY 10-KVF-12
Walkz ;; or P- GxxGxGK(S/T) 41-GESGSGKT-48
Q-loop hV(S/P)Q 90-FVFQ-93

X-loop TRVGDKGTQ 137-LLDKRP-142
Signature motif | <=0k /RYQ 145-LSGGQKQ-151
or C-loop
Walker B hhhhDE 165-ILLADE-170
D-loop SALD 173-AALD-176
H-loop hAHRL 200-VTH?? SA-204
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Table S3: Overall SAXS Data

SAXS Device

Xenocs Xeuss 2.0 with Q-Xoom

Data collection parameters

Detector

PILATUS 3 R 300K windowless

Detector distance (m)

0.550

Beam size (mm x mm)

0.8x0.8

Wavelength (A)

1.54 (Cu Source)

Sample environment

Low Noise Flow Cell, 1 mm g

s range (nm™')* 0.18 - 6.0
Temperature (K) 288
Exposure time per frame (min) 10
Sample SaNsrFwr
Mode of measurement static
Protein concentration (mg/ml) 0.5-4.2
Structural parameters
1(0) from P(1) 0.023
R, (real-space from P(r)) (nm) 2.46
1(0) from Guinier fit 0.023
s-range for Guinier fit (nm™) 0.23 - 0.54
R, (from Guinier fit) (nm) 2.40
Dinax (nm) 7.90
POROD volume estimate (nm*) 64.37
Molecular mass (kDa)
From 1(0) 31.85
From MoW?2 ° 33.36
From V¢’ 38.51
From POROD 40.23
From sequence 30.86
Structure Evaluation
Ambimeter score 0.6990
Crysol %2 1.16
Software
ATSAS Software Version ® 3.0.1
Primary data reduction PRIMUS °
Data processing GNOM 1°
Ab initio modelling GASBOR '
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Model visualization PyMOL '3
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Original Figure 1. Purification and SEC-MALS of SaNsrFwr. (A) SDS-PAGE of the SaNsrFwr

purification progress. PageRuler Prestained Protein Ladder (size indicator; 10 to 180 kDa), E. coli strain
before IPTG induction (1), E. coli strain after IPTG induction (2), IMAC load (3), IMAC flow-through
(4), IMAC wash-fraction (5), IMAC eluate (6), SEC eluate (7).
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The N-terminal Region of Nisin Is
Important for the BceAB-Type ABC
Transporter NsrFP from
Streptococcus agalactiae COH1

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

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

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

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

INTRODUCTION

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

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

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

Within the human pathogen Streptococcus agalactiae COH1
the expression of a proteogenous resistance system comprising of
NSR (nisin resistance protein; a serine protease), an ATP-binding
cassette (ABC) transporter (NsrFP) and a two-component
system (TCS) (NsrRK) confers resistance against nisin (Khosa
et al.,, 2013). Recently, this NSR operon has been characterized
biochemically and structurally. In vitro studies showed that
NSR expressed in L. lactis confers 20-fold resistance against
nisin. This is mediated by cleaving off the last six amino
acids from nisin, thereby lowering its activity (Sun et al,
2009; Khosa et al.,, 2013, 2016a). Another component of this
nisin resistance operon is the BceAB-type ABC transporter
NsrFP. BceAB-type ABC transporters, are putatively involved
in antimicrobial peptide (like lantibiotics) removal from the
lipid membrane (Gebhard and Mascher, 2011). They have been
named after the BceAB transporter system from Bacillus subtilis
conferring resistance against the antimicrobial peptide bacitracin
(Ohki et al., 2003; Rietkotter et al., 2008). Interestingly, within
the genomes the lantibiotic BceAB-type ABC transporter are
encoded in close proximity to a TCS (Khosa et al, 2013)
which senses the presence of the lantibiotic and subsequently
up-regulates the expression of the ABC transporter (Dintner
et al, 2011). The BceAB from B. subtilis has been shown
to form a multicomponent complex with its designated TCS
BceRS upon binding of bacitracin (Dintner et al, 2014).
This highlights that the BceAB transporter from B. subtilis
is directly involved in bacitracin sensing and consequently
triggering the up-regulation of its own gene by the TCS
BceRS.

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

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

MATERIALS AND METHODS

Cloning of nsrfp

The nsrfp gene from S. agalactiae COH1 was amplified from
the chromosomal DNA using two primers (NsrFP_for 5-CA
TCACCACCACCACTTATTAGAAATCAATCACTTAG-3' and
NsrFP_rev 5'-GTGGTGGTGGTGGTGCATATAATTCTCCTTTA
TTTATTATAC-3) and ligated into pIL-SV (E. coli-L. lactis
shuttle vector) (Alkhatib et al., 2014b). The point mutation
NsrFhz024  was introduced by a standard mutagenesis
protocol using the following primers: forward: 5-GATGGT
AACCGCTTCAGCAAATGCTG-3'; reverse: 5'-CAGCATTTGC
TGAAGCGGTTACCATC-3'. The resulting plasmid was verified
by sequencing and transformed into the L. lactis strain NZ9000
for expression (Holo and Nes, 1989) and the corresponding
strains were termed NZ9000NsrFP and NZ9000NsrFi»024P. An
empty vector pIL-SVCm was also transformed into the NZ9000
strain and was used as a control (that excludes any possible
effect of induction of the plasmid), and this strain was called
NZ9000Cm. The expression of the nsrfp gene is regulated by the
TCS NisR/NisK present in the NZ9000 strain genome.

Expression of NsrFP and NsrFpsgoaP

The NZ9000NsrFP and NZ9000NsrF2024 P strains were grown
in GM17 media supplemented with 5 pg/ml chloramphenicol.
By the addition of nisin (final concentration of 1 ng/ml, which
is equivalent to 0.3 nM), the expression was induced and the
culture was further grown overnight. To analyze the expression,
the cells were harvested at ODggp of 2.0 by centrifuging at
5000 x g for 30 min. The resulting pellet was resuspended
with R-buffer [50 mM HEPES pH 8.0, 150 mM NaCl, 10%
(w/v) glycerol] to an ODggg of 200. Then 1/3 (w/v) glass beads
(0.3 mm) were added and cells were lysed. A cycle of 1 min
disruption and 2 min cooling on ice was repeated five to
six times. A low centrifugation step at 10,000 x g to collect
the cytoplasmic part was performed. Followed by a high spin
step (100,000 x g) to harvest the membranes. To collected
cytoplasmic and membrane fractions SDS-loading dye [0.2 M
Tris-HCI, pH 6.8, 10% (w/v) SDS, 40% (v/v) glycerol, 0.02% (w/v)
bromophenol and B-mercaptoethanol] was added, samples were
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FIGURE 1 | Schematic overview of nisin, the variants of nisin, nisin H, and gallidermin used in this study. Introduced mutations in CCCCA, CCCAA, CCCCP, and the
natural variants in nisin H are highlighted in blue. The (methyl)-lanthionine rings (labeled with A, B, C, D, and E) are formed by a dehydrated amino acid residue and a

further used for SDS-PAGE and Western blot analysis (20 pl
loaded). To detect NsrFP and NsrFyz024 P a polyclonal antibody
against the large extracellular loop of NsrP was used (Davids
Biotechnologie, Regensburg, Germany).

Cloning of the Nisin H and CCCCP

Variant

The wused variants (CCCCA, CCCAA, nisinj_jg3 and
nisinj_j;) were previously described in Alkhatib et al
(2014b). Nisin H (O’Connor et al, 2015) was created by

introducing five point mutations into the pNZ-SV-nisA
vector (Alkhatib et al, 2014b). For the I}F-L¢gM point
mutations we used the following primers (forward: 5-GTG
CATCACCACGCTTTACAAGTATTTCGATGTGTACACCCGG
TTG-3'; reverse: 5'-CAACCGGGTGTACACATCGAAATACTT
GTAAAGCGTGGTGATGCAC-3'). The Gi3T-M,;Y mutations
were introduced with the primers (forward: 5-GTAAAAC
AGGAGCTCTGATGACATGTAACTATAAAACAGCAACTTGT
CATTG-3;reverse: 5'-CAATGACAAGTTGCTGTTTTATAGTT
ACATGTCATCAGAGCTCCTGTTTTAC-3') and the last
mutation H3; K with the primers (forward: 5'-CTTGTCATTG
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FIGURE 2 | Schematic representation of NsrFP from S. agalactiae COH1. NsrFP is an ABC transporter consisting of NsrF (highlighted in green), which hydrolyses
ATP and NsrP (highlighted in orange). NsrP is a membrane protein consisting of 10 predicted transmembrane helices with an extracellular domain (depicted in red),

loop
(221 aa)

NsrF

ADP

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

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

Expression, Purification of Prenisin

Variants

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

Purification of Nisin

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

Determination the Activity of Nisin by
Growth Inhibition (IC5g)

Cells from the different expressing strains were grown overnight
in GM17 supplemented with 5 pg/ml chloramphenicol in
presence of 1 ng/ml nisin. The diluted cells (final ODsg4 was 0.1)
were incubated with a serial dilution of nisin in a 96-well plate.
The total volume in each well was 200 1], consisting of 50 |1l

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

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

ODmax - ODmin
1+ 10(log(IC50)—x) xp

y= ODmin +

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

Calculation of the Fold of Resistance

We determined the ICs value of nisin against the NZ9000Cm
sensitive strain as well as the strain NZ9000NsrFP and
NZ9000NsrFy2024P. By dividing these two values the fold of
resistance is obtained. For example wild type nisin displayed
an ICsyp of 4.9 nM against NZ9000Cm and 82.2 nM against
NZ9000NsrFP. Dividing these two values results in a fold of
resistance of 16.7. We used this fold of resistance to obtain a
quantitative, comparable value for the nisin variants.

Dependency of Nisin Variants on Induced

Expression of NsrFP

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

SYTOX Green Nucleic Acids Binding

Assay

SYTOX green nucleic acids binding dye possesses a high binding
affinity toward nucleic acids. It enters cells, which contain a pore
in the plasma membrane and never crosses the intact membranes
of living cells (Roth et al, 1997). The cells of NZ9000NsrFP
were grown overnight in GM17 supplemented with 5 pg/ml
chloramphenicol in presence of 1 ng/ml nisin. The next day, the
overnight culture was diluted to an ODggg of 0.1 in fresh media
supplemented with 5 pg/ml chloramphenicol. The cultures were
grown until the ODggp reaches 0.5, the SYTOX green dye was
added at a final concentration of 2.5 WM and incubated for
5 min according to the manual of the manufacturer (Invitrogen).
The fluorescence signal, which was measured at an excitation
and emission wavelength of 504 and 523 nm, respectively, was
monitored. After a stable baseline is reached, nisin was added
and the fluorescence was monitored over an additional time
period.

Nisin Transport Assay

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

We grew the cells of NZ9000NsrFP, NZ9000NsrFrz024P,
and NZ9000Cm in GMI17 supplemented with 5 pg/ml
chloramphenicol in presence of 1 ng/ml nisin. We harvested
the cells and washed them with 50 mM HEPES, pH 7, 500 mM
NaCl, 10 % (v/v) glycerol. The cell density was adjusted to an
ODggp of 10 in 1 ml of the corresponding strain and incubated
with 8 pg nisin at 30°C for 30 min under gently shaking. After
centrifugation at 10,000 x g for 10 min the supernatant was
collected and applied to RP-HPLC for the quantification of nisin
as described above.

RESULTS

IC5¢ Determination of NZ9000ONsrFP and

NZQOOONSI‘FHZOZAP

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

morphology or growth behavior of the L. lactis strains. This
expression system has been used in the past for several
proteins involved in nisin modification as well as immunity
and resistance (Kuipers et al., 2004; Plat et al., 2011; AlKhatib
et al, 2014a; Khosa et al, 2016a). Nisin was purified as
previously described (Figure 3; Abts et al,, 2011). To address
the activity of nisin against the NZ9000Cm, NZ9000NsrFP, and
NZ9000NsrF 2024 P strains, growth experiments were performed
using an increasing concentration of nisin. From these the ICs
values were determined, which reflects the growth inhibition of
the corresponding strain by 50% using Eq. 1.

Nisin is highly active against the NZ9000Cm strain, as
observed by the ICsy value of 4.9 £ 0.4 nM (Figure 4 and
Table 1). The NZ9000NsrFP strain exhibited a higher ICs, value
of 82.2 & 6.7 nM (Figure 4 and Table 1). By dividing the two
values a 16.7-fold of resistance was calculated (see Materials
and Methods). This highlights that NsrFP expressed in L. lactis
confers resistance against nisin. We cloned a variant of NsrFP
termed NsrFp024 P, where the histidine at position 202 of NsrF
is mutated to an alanine. By sequence alignments this histidine
residue was identified as the catalytically important residue for
ATP hydrolysis, generally termed as H-loop (Zaitseva et al.,
2005). The corresponding NZ9000NsrFi2024P strain displayed
a lower ICsg value of 5.1 &+ 0.8 nM, which within experimental
error represents the same value as obtained for the NZ9000Cm
strain (Figure 4 and Table 1). This suggests that NsrFP relies
on ATP hydrolysis to confer resistance against nisin. Here, we
have to note that the expression of NsrFr2024P led to a reduced
final OD (0.8 compared to 1.1 for the wild type strain) in our
growth experiments. The observed difference does not rise from
different expression levels of NsrFP and the NsrFr024 P variant
as shown by Western blot analysis using a polyclonal antibody
directed against the large ECD of NsrP (Davids Biotechnology,
Regensburg, Germany) (Figure 3A).

Pore Formation of Nisin in the
NZ9000NsrFP Strain

Nisin is able to form pores in the membrane of Gram-
positive bacteria initiated by the initial binding to lipid II and
subsequently reorientation of the C-terminal part of nisin into the
membrane (Hasper et al., 2004). This leads to membrane leakage
and rapid cell death. We monitored this pore formation using a
SYTOX green nucleic acid dye (Roth et al., 1997). When pores
are formed in the membrane the SYTOX dye enters the cells
and binds to the DNA, resulting in an increased fluorescence
signal. This is an almost instant effect, which can be monitored
in real time. We monitored the pore forming action of nisin
against the NZ9000NsrFP, using different nisin concentrations,
which were based on the ICsq values of the corresponding strains
determined above. As a control, we added only buffer without
nisin, which resulted in no increase of the fluorescence signal
as observed by the black line in Figure 5. This control indicates
that no cells are spontaneously lysed under this experimental
setup.

When 40 nM nisin (corresponding to half the ICs5y value
determined for the NZ9000NsrFP strain) was added to the
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Western blot using a polyclonal antibody against the extracellular domain. As observed both proteins are expressed at a similar level in L. lactis NZ9000. (B) Nisin
and its variants were purified and activated by using a standard procedure (see Materials and Methods). All substrates display a similar purity, judged by a 20%
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FIGURE 4 | Activity of nisin against the NZ9000Cm, NZ900ONsrFP, and NZ9000ONsIFp024P strains. (A) The ICsq of nisin against the NZ9000Cm (@), NZ900ONsrFP
(A), and strain NZ90OONsrFo00aP (M) was determined. As observed the curve shifted to higher nisin concentration indicating that the NZ90OONSsrFP strain is more
resistant toward nisin. (B) The calculated ICsq values of nisin against the NZ9000Cm, NZ9000NsrFP, and the NZ9000ONSsIF024P strain are highlighted.

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

Nisin Transport Assay-Peptide Release
Assay

We performed a peptide release assay to verify the transport
direction of NsrFP. Previously, the same assay was used to
characterize NisFEG and SpaFEG, two exporting systems from
lantibiotic producing strains (Stein et al., 2003, 2005). Here,
we incubated the NsrFP expressing strain with 8 pg nisin for
30 min. After centrifugation of the cell, the supernatant was
analyzed via RP-HPLC to determine the amount of nisin. From
8 g nisin, 4.3 g nisin was recovered from the supernatant
(Figure 6). As a control, we used the NsrFiy024 P and the sensitive
NZ9000Cm strain. There only ~2 pg nisin was recovered from
the supernatant (Figure 6). This shows that NsrFP is able to
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TABLE 1 | ICs values of nisin and its variants against the NZ9000Cm, NZ9000NsrFP, and NZ900ONSsIFpp24P strains.

NZ9000Cm NZ9000NsrFP NZ9000NsrFy00aP
Nisin variant ICs50 (M) IC50 (NM) Fold of resistance IC50 (NM) Fold of resistance
Wild type 49+04 822 +6.7 16.7 51+£08 11
CCCccP 39.7+£1.5 238.4 +11.7 6.0 37.8+3.9 0.9
CCCCA 64.4 +8.4 2023 + 143 31.4 38.9+59 0.6
CCCAA 278.6 +18.8 36346 + 3632 130.5 154.6 +£30.8 0.5
Nisin{ - og 157.0+ 8.7 5243 + 1225 33.4 65.3+11.4 0.4
Nisin{ — oo 309.9 + 514 12220 + 804 39.4 209.0 4+ 39.9 0.7
Nisin H 7.0+04 86.5+ 3.7 12.3 75+0.8 14
Gallidermin 67.1+9.1 840 + 87.0 12.5 59.7+7.3 0.9

Besides the ICsq values also the fold of resistance against the nisin variants mediated by NsrFP are shown. The fold of resistance is calculated by the division of the ICsq
value obtained of the NZ90OOONSsrFP by the value for the NZ9000Cm strain. The values represent the average and standard deviation of at least four different experiments.
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FIGURE 5 | SYTOX green assay to visualize pore formation mediated by nisin.
The NZ9000NSsIFP strain was grown until ODggg of 0.5 and then incubated
with the SYTOX dye. After a stable baseline was reached nisin (indicated with
an arrow) was added at various concentrations: 40 nM (green ling), 80 nM
(blue line), and 160 NM (red line). As a control only buffer was added (black
line). The fluorescence signal was monitored online using a fluorolog (Horiba
lll) and the rapid increase indicates pore formation. The curves are
representatives of at least four biological replicates.

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

Substrate Specificity of NsrFP

In order to investigate the substrate specificity of NsrFP we used
a set of nisin variants. Here, the nisin variants CCCCA, CCCAA,
nisin g, and nisin; _, were used (Khosa et al., 2016a). These
variants are lacking the last or last two lanthionine rings or
display deletions at the C-terminus of nisin, respectively. CCCCP
is a variant, where the cysteine at position 28 (important for ring
E formation) is exchanged to a proline (for a schematic view see
Figure 1).
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FIGURE 6 | Nisin transport assay. The NZ9000Cm, NZ9000NsrFP, and
NZ9000NSsrFp004P strain were incubated with 8 g nisin. After incubation for
30 min the cells were spun down and the amount of nisin in the supernatant
was determined using RP-HPLC. The NZ9000Cm and NZ9000NsrFzooaP
strain showed similar nisin amounts. The NZ900ONsrFP strain revealed a
~2-fold increased nisin amount, highlighting that NsrFP exports nisin from the
L lactis membrane.

Expression and purification were performed as previously
described (Alkhatib et al, 2014b), resulting in high purity
(Figure 3B). The activities of these variants were determined
against the nisin sensitive NZ9000Cm strain and the strains
expressing NsrFP or NsrFpyo2aP, respectively (Table 1). By
comparing these values the fold of resistance was obtained
(Figure 7) as determined for the wild type nisin (see above and
Materials and Methods).

For CCCCP, the fold of resistance was determined to
be 6.0 (IC5 against NZ9000Cm was 39.7 £+ 1.5 nM and
against NZ9000NsrFP was 238.4 + 11.7 nM). For CCCCA,
the fold of resistance was determined to be 31.4 (ICsy against
NZ9000Cm was 64.4 = 8.4 nM and against NZ9000NsrFP
2023 £ 143 nM). The CCCAA variants displayed a 130.5-fold
of resistance (ICsp against NZ9000Cm was 278.6 £+ 18.8 nM
and against NZ9000NsrFP 36346 + 3632 nM). The two deletion
mutants displayed a 33.4 (nisin;_»g) and 39.4 (nisin;_») fold
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FIGURE 7 | Substrate specificity of NsrFP. Graphical representation of the fold
of resistance exhibited by NsrFP with nisin and different nisin variants
(CCCCA, CCCAA, CCCCP, nisin{ 22 and nisiny —og) as well as nisin H and
gallidermin. The NZ9000Cm and NZ9000NSsrFP strains were used to
determine the activity of all tested lantibiotics. The error bars indicate the
standard error of at least three independent experiments.

of resistance, almost five times higher when compared to
wild type. Here IC5) were determined to be 157 £ 8.7 nM
against NZ9000Cm and 5243 + 1225 nM against NZ9000NsrFP
strain for nisin; _5g and 309.9 £ 51.4 nM against NZ9000Cm
and 12,220 + 804 nM against NZ9000NsrFP for nisin;_y,
respectively.

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

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

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

70 ‘,‘
55 - - - -
40! “ 7
35“~ a
FIGURE 8 | Dependency of nisin variants on induced expression of NsrFP.
The expression of NsrFP was monitored by Western blot using a polyclonal

antibody against the extracellular domain. As observed, the expression of
NsrFP was similar in all cases, independent of the used nisin variant.

DISCUSSION

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

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

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

Within the nisin resistance operon in S. agalactiae COH1 two
proteins, namely the membrane associated protease NSR and
NsrFP, are present (Khosa et al., 2013, 2016b). NSR is cleaving
off the last six amino acids of nisin resulting in nisin; _,g, which
has a 32-fold lower activity. This product of NSR (nisin; —»g),
however, is still well recognized by NsrFP, as shown by an even
increased fold of resistance. This suggests that both proteins are
working together to obtain full resistance in S. agalactiae. The
first line of defense would be NSR and the resulting processed
product nisinj _»g, is transported by NsrFP, once it reaches the
membrane with high efficiency. This type of cooperativity would
be similar to the natural immunity system observed in the nisin
and subtilin (auto)immunity systems from L. lactis and B. subtilis,
respectively. There, a cooperative mode of action of the immunity
proteins LanI and LanFEG have been observed by which only full
immunity was displayed when both protein are simultaneously
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4 Discussion

Within this thesis, several topics concerning lantibiotics were presented and addressed,
providing various useful insights in lantibiotics themselves and their mechanism of resistance.
Chapter I comprised an overview about the different classes of lantibiotics and their
modification machinery, which is responsible for the installation of the post-translationally
modifications. Furthermore, the binding of the maturation enzymes NisB and NisC with their
substrate nisin A was shown, revealing the interplay between the proteins and the stoichiometry
of the modification complex (Chapter II). These modification enzymes also have the capability
to influence the ABC transporter NisT as shown in Chapter IIl. Several nisin variants were
created and produced; and the effect of the mutations on the whole maturation machinery as
well on the antimicrobial activity was analyzed. This included screening of position one of
nisin A (Chapter IV), followed by analysis of the natural variant, nisin H (Chapter V). Special
regions of nisin A, concerning the C-terminal part of nisin A or the important hinge region
were analyzed as well (Chapters VI — VII, IX). A detailed introspection of the BceAB-type
ABC-transporter NsrFP from nisin resistance operon and its corresponding NBD NsrF were

presented in Chapters VIII and IX.

4.1 Lanthipeptides and their machinery, a story of success

In the history of mankind, bacterial infections are responsible for millions of deaths and until
the 20" century, no effective treatment was found. The first antimicrobial substance, penicillin
was discovered in 1928 by Alexander Flemming (Fleming, 1929). Since this discovery,
hundreds of antimicrobial substances have been found and one promising group is the
lanthionine-containing antibiotic (lantibiotics) with the best characterized lantibiotic nisin A

(Ingram, 1969; Kellner et al., 1988; Knerr & van der Donk, 2012; Newton et al., 1953; Schnell

et al., 1988; Xie & van der Donk, 2004). The (methyl-) lanthionine rings present in nisin are
characteristic of lantibiotics and responsible for their high thermostability, antimicrobial
activity in nanomolar concentrations and resistance against proteolytic digestions (Chan et al.,
1996; Gross & Morell, 1967; Lu et al., 2010; Oppedijk et al., 2016). With the increased need
of highly active antimicrobial peptides, other natural nisin variants were also found and so far,
nine natural variants of nisin have been identified (Figure 3). Although, most natural

lantibiotics are only effective against Gram-positive bacteria and lack Gram-negative activity
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(Kordel et al., 1988; Stevens et al., 1991); lantibiotics are used in the fields of veterinary
medicine, food industry and pharmaceutical applications. Nisin A, for example, is used in the
food industry since decades as an additive (E234) in cheese or milk (Delves-Broughton et al.,
1996) or used in the veterinary medicine to treat mastitis in cows (Cao et al., 2007). The class
I lantibiotic, NAI-107, for example, is in pre-clinical trials and might be a good candidate in
the treatment of multidrug-resistant strains such as MRSA or similar Gram-positive strains
(Brunati et al., 2018; Jabes et al., 2011). However, some lanthipeptides also show antifungal,
antiviral, morphogenetic, or antinociceptive activities (Ferir et al., 2013; Iorio et al., 2014;
Kodani et al., 2004; Kodani et al., 2005; Mohr et al., 2015); making them an excellent
alternative candidate to antibiotics in the pharmaceutical industry. Even the lantibiotic gene
clusters have been extensively used in the biotechnological industry. For example, parts of the
nisin gene cluster are used for biotechnology applications in the so called nisin-controlled
expression (NICE) system. This is an established platform containing the TCS system NisRK
(nisin inducer) and the corresponding nis4 promoter, for the expression of the target peptide or
protein (Kuipers et al., 1997; Kuipers et al., 1998; Mierau & Kleerebezem, 2005). Furthermore,
enzymes of the nisin A maturation e.g. NisBTC were successfully used for the installation of
PTMs and the secretion of therapeutic peptides, like angiotensin or vasopressin (Khusainov et

al., 2013; Kluskens et al., 2005; Kluskens et al., 2009; Plat et al., 2011; Rink et al., 2005).

4.2 The nisin maturation machinery

The proteins responsible for the installation of PTMs and thereby resulting in mature precursor
peptide are the dehydratase NisB (responsible for the dehydration of serine and threonine
residues in the core peptide) and the cyclase NisC (catalyzing the Michael-type condensation
and forming the (methyl-) lanthionine rings) (Karakas Sen et al., 1999; Koponen et al., 2002;
Okeley et al., 2003). Both these proteins were purified and based on SPR or ITC experiments,
the binding affinities of these proteins for the precursor peptide of nisin A were determined
(Abts et al., 2013; Mavaro et al., 2011). It was shown that both the NisB dimer and the NisC
monomer bind nisin A in a 1:1 stoichiometry. Furthermore, it could be shown that the affinity
of NisC is independent of the modification state of the substrate, whereas the modification state
is crucial for NisB. NisC has a Kp of ~2 uM for the substrate (Abts et al., 2013), but the Kp of
NisB varied depending on the modification state of the substrate: 1.05 uM for the unmodified
core, 0.31 uM for the dehydrated substrate and 10.5 uM for the modified core (Mavaro et al.,
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2011). Additionally, the importance of the -FNLD-box for substrate binding could be shown
in vitro and an exchange against -AAAA- resulted in no binding at all (Abts et al., 2013;
Khusainov et al., 2011; Khusainov et al., 2013; Mavaro et al., 2011; Plat et al., 2011; Plat et
al., 2013). Nevertheless, mutational studies of the substrate e.g. leaderless nisin or in trans
expression of the leader peptide resulted in partial modification of the substrate in vivo, but full
modification was only observed when the leader peptide was attached to the core peptide. This
led to the conclusion that the leader peptide is not crucial for the PTM installation, but for the
efficiency (Khusainov & Kuipers, 2012). The interplay of NisB and NisC was extensively
analyzed in vivo and it could be shown that dehydration and ring formation acted in
cooperation, resulting in the protection of potential dehydration positions within the core
peptide during maturation (for example Seryo in nisin A) (Garg et al., 2013; Karakas Sen et al.,
1999; Khusainov & Kuipers, 2012; Khusainov et al., 2013; Koponen et al., 2002; Li & van der
Donk, 2007; Li et al., 2006; Lubelski et al., 2009; Oman & van der Donk, 2010; Ortega et al.,
2015; Plat et al., 2011; Plat et al., 2013; Rink et al., 2007). Based on these findings, it was
proposed that the modification process has a strict N- to C-terminal directional orientation in
an intertwined process (Ortega et al., 2015). Nevertheless, this is strictly not the case for all
classes of lanthipeptides and not even for the whole class 1. As an example, the class I

lantibiotic NAI-107 has a C- to N terminal direction (Ortega et al., 2016).

In the Chapters IV-VII and IX, several nisin variants were expressed and secreted in the
presence of NisB and NisC. The analysis of these variants via mass spectrometry (MS) showed
that all variants were dehydrated and (methyl-) lanthionine rings were installed. Nevertheless,
it should be mentioned that sub-populations of minor dehydrations were also detected. One
exception is the variant Ile;Cys, where the introduced cysteine was not involved in a (methyl-
) lanthionine ring, likely due to the lack of availability of a N-terminal dehydrated amino acid.
Additionally, it was shown that for the Ile;Trp variant of nisin Z, Thr, partially escaped the
dehydration (Breukink et al., 1998). Similar results were also obtained for Ile;Phe and Ile; Tyr,
were the main species having seven-fold dehydrated residues instead of eight (Chapter IV) and
we could also observe these phenomena in nisin H (Chapter V). This is in line with the
statistical analyses that aromatic residues could influence the dehydration activity of NisB
(Rink et al., 2005). Interestingly, the Ile;Ser or Ile; Thr variants showed no or minor additional
dehydrations in the MS spectra (Chapter [V). An explanation for this could be the lack of amino

acid at the N-terminus. Another possibility would be that this position is somehow inaccessible
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for NisB due to its position in the core peptide. The only nisin variant with a Thr at position
one is nisin O4, however MS data confirming that this Thr is dehydrated are missing
(Hatziioanou et al., 2017). Additionally, no other nisin variant is known with three potential

dehydration positions in a row.

4.3 The nisin modification complex

The interplay between NisB and NisC, as well as the transporter NisT was already studied in
the early days based on co-immunoprecipitations and yeast-two-hybrid experiments. A
potential complex consisting of NisB, NisC, NisT and nisin A was proposed with a
stoichiometry of 1:2:2:1 (Lubelski et al., 2009; Siegers et al., 1996). However, contradictory
studies on the homolog subtilin proposed a composition of SpaB, SpaC, SpaT and subtilin with
a stoichiometry of 2:2:2:1 (Kiesau et al., 1997). Within this thesis, via size exclusion
chromatography coupled with multi-angle-light scattering (SEC-MALS), it could be shown
that at least the modification complex (NisB, NisC and nisin A) comprises of a dimer of NisB,
a monomer of NisC and a single nisin A molecule. Furthermore, it could be shown that both
NisB and NisC individually have a 1:1 stoichiometry with their substrate (Chapter II).
Moreover, via small-angle X-ray scattering (SAXS) analysis the orientation of NisC and NisB

could be determined within the NisBCA complex (shown in Figure 16 and Chapter II).

The analysis of the modification complex assemblies clearly showed a dependency on the
modification state of nisin A core peptide. The fully modified core peptide did not induce the
assembly in a significant way (Chapter II). With (methyl-) lanthionine ring deficient mutants
(Cys to Ala exchange), it could be further shown that the complex assembles until the last ring
E is installed, clearly indicating that this is the trigger factor for release of the modified

precursor peptide to NisT.
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Figure 16: The nisin maturation complex. A: The NisC (PDB ID: 2G0D) and NisB (PDB ID: 4WD?9) crystal
structures were used as template for the docking of the ensembled complex using collected SAXS data (details in
Chapter 2). Protomers of dimeric NisB are shown as cartoon representation in green and cyan and monomeric
NisC in magenta. B: Docking of tRNAS! into the nisin A maturation complex. C: Zoom-in into the tip region of
bound tRNAS!", Residues of NisB which resulted in abolished dehydration upon mutation (Argss, Thrse, Aspiai,
Aspagg, and Argues), are highlighted in ball-and-stick representation as well as the leader peptide bound to
NisB(Garg et al., 2013; Khusainov et al., 2013; Ortega et al., 2015). Figure taken from Chapter 1.

In 2015, the crystal structure of NisB co-expressed with the leader peptide of nisin was solved
and regions of the leader peptide, most importantly the -FNDL-box which is responsible for
binding, were visible in the electron density. The structure showed a 2:2 stoichiometry of NisB:
nisin leader which is in clear contrast to the in vitro data from SPR or SEC-MALS experiments
(shown in Chapter 2 and (Mavaro et al., 2011)). However, the observed differences might be a
result from the simultaneous overexpression of both, NisB and the leader peptide of nisin.
Additional co-crystallization experiments were performed with a non-reactive substrate (NisB-
Vali6oCys with nisin A-SersDap®-Ser(-12)Cys) which revealed a stoichiometry of 2:2

(Bothwell et al., 2019). However, the reason for this difference is still an open question.
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The dehydration reaction of serine and threonine residues requires the delivery of a glutamate
by a tRNAY™, In Figure 16 B (and Chapter I) a docking approach is presented where the
tRNASM (PDB ID: 1N78) is docked into the dimeric NisB. The docking results show a binding
mapped around with crucial amino acids resides known to be important for functionality (Garg
et al., 2013; Khusainov et al., 2013; Ortega et al., 2015), supporting the significance of the

docking results, but obviously requires experimental verification.

The structural availability of PTM enzymes is very limited. There are only two structures
available in apo state, namely, class I LanB called MibB from Microbispora sp. 107891 and
class I LanM enzyme CylM from Enterococcus faecalis (Dong et al., 2015; Ortega et al., 2016;
Ortega et al., 2015). However, NisB from Lactococcus lactis is the only LanB enzyme in
substrate bound state with regions of leader peptide partially visible. Structural information
about other classes such as III-V are completely lacking. By superposition of the substrate
bound NisB and the apo MibB it was shown that the glutamylation domains undergo a
translational and rotational motion, resulting in a more compact shape (Chapter I). This would
result in a conformational selection which is also a proposed mechanism for class II LanM
enzymes, where the equilibrium between inactive (open conformation) and active (closed
conformation) is shifted towards the active form in the presence of leader peptide (Levengood

et al., 2007; Oman et al., 2012; Thibodeaux et al., 2015).

The crystal structure of NisC (PDB ID: 2G0D), a LanC enzyme, is only solved in apo state and
no information about the binding motif of the leader peptide or the structure of a trapped core
in the active center is available (Li & van der Donk, 2007; Li et al., 2006). With further
computational improvements, an AlphaFold2 (Jumper et al., 2021) model of the precursor
peptide nisin A bound to NisC (Figure 17) was created. The predicted model showed that the
leader is orientated between a-helix 3 and o-helix 5 from the outer layer (Figure 17 A).
Nevertheless, there is no predicted binding motif for this region and no experimental evidence

is available to support that this position is correct.

However, ITC experiments revealed that the binding affinity of NisC towards the precursor
peptide is a due to the leader peptide and not the core peptide, indicating that a consistent
binding side must be present (Abts et al., 2013). Intriguingly, residues Thrs; and "Cys7 align in
close proximity to the zinc ion in the active center (Figure 17 B), which is required for a
cyclization reaction. The rest of the C-terminal core peptide after Cys; remains flexible in the

models (not shown for clarity in the Figure 17).
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Figure 17: Nisin A precursor binding. Until now, no structural information about a bound state LanC are
available. A: The structure of NisC (PDB ID: 2GO0D) is shown in green with the SH2 domain in cyan and the zinc
ion in blue. An AlphaFold2 prediction of the precursor peptide nisin A is shown in orange. For clarity, only amino
acids 1- 31 of the precursor peptide are shown. B: Zoom-in of the active site of NisC showed that the Thr4 and
Cys8 from the core peptide are in close proximity to the zinc ion. Created with PyMOL 2.5 (Schrodinger, 2022),
nisin A bound NisC model was created using AlphaFold2 (Jumper et al., 2021).

Although this model is also speculative, a superposition of the predicted model and the
determined NisBCA complex from SAXS analysis (as determined in chapter II) is shown in

Figure 18.

Figure 18: Superposition of predicted nisin A precursor peptide within the NisBCA complex. The protomers
of dimeric NisB are shown in cyan and green and the partial visible leader fragment in the crystal structure in red.
The cyclase NisC is shown in magenta with the SH2 domain in yellow and the zinc ion in blue. The predicted
nisin A precursor peptide from AlphaFold2 is shown in orange. Created with PyMOL 2.5 (Schrodinger, 2022).
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The predicted leader peptide from the AlphaFold2 prediction (Figure 18, orange) is on the
opposite side of the partially-solved leader peptide from the bound NisB structure (Figure 18,
red). This makes sense because the leader needs to flip between NisB and NisC during the
maturation process. Moreover, when we twist this L-shape leader to the predicted site in NisB,
the distance of the core peptide to the zinc ions remains identical, strongly suggesting that this
could be a possible orientation of the core peptide which is further supported by the position
of NisC determined via small angle X-ray scattering (SAXS). Interestingly, in between of this
region is the SH2 domain from NisC. Although its direct function is not clear and the functional
role of the SH2 domains in the complex of NisB and NisC remains unclear but it is potentially
involved in substrate binding or in the flipping process between NisB and NisC (based on this

superposition).

4.4 The interplay between NisT and the modification enzymes NisB and NisC

As stated above the interplay between NisB and NisC, as well as the transporter NisT was
already studied in the early days and a potential complex consisting of NisB, NisC, NisT and
nisin A was proposed with a stoichiometry of 1:2:2:1 (Lubelski et al., 2009; Siegers et al.,
1996). However, contradictory studies on the homolog subtilin proposed a composition of
SpaB, SpaC, SpaT and subtilin with a stoichiometry of 2:2:2:1 (Kiesau et al., 1997). The
interplay between the modification enzymes NisB and NisC (installing the PTMs) and ABC
transporter NisT (responsible for the secretion of the fully modified precursor peptide into the
extracellular space) is an important question. For the nisin system, it was shown that the ABC
transporter NisT is able to transport the substrate nisin A independent of the modification state,
but with reduced efficiency (Kuipers et al., 2004). However, if the modification enzymes NisB
and NisC are present, only fully modified and neither dehydrated nor unmodified precursor
peptide was secreted via NisT in the extracellular space (Lubelski et al., 2009; van den Berg
van Saparoea et al., 2008). In Chapter III, the secretion rate of precursor nisin A of different
strains contains combinations of the NisBTC or inactive variants. It was shown that there is a
clear correlation between the secretion efficiency and the presence of the modification enzymes
(NZ9000BTC > NZ9000BT > NZ9000T) and every aberration of the secretion system reduced
the secretion rate by a factor of ~2. This supports the proposed channeling mechanism by the
modification enzymes NisBC (Khusainov et al., 2013; Lubelski et al., 2009; van den Berg van
Saparoea et al., 2008). Additionally, the ABC transporter is not stimulated in vitro by its
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substrate independent form the modification state or the leader peptide alone nor the
modification enzymes NisB and NisC. In the Chapters [IV-VII and IX, several variants of nisin
were expressed, modified and secreted in the presence of NisBTC, but interestingly, nearly no
substrate reached similar secretion levels like wild type nisin A. A potential explanation is that
most of the variants contain minor species of partly modified precursor peptide. Based on our
findings in Chapter II, the modification complex is stable when the core peptide is not fully
modified and the transfer of the substrate to the ABC transporter NisT is thereby interfered and
slows down the secretion process, which would be in line with the stated channeling

mechanism (van den Berg van Saparoea et al., 2008).

4.4 The multimeric membrane-associated lanthionine synthetase complex

The presence of multimeric membrane-associated lanthionine synthetase complex was already
proposed in the early days, based on co-immunoprecipitations and yeast-two-hybrid

experiments for the nisin and the subtilin system (Kiesau et al., 1997; Siegers et al., 1996).

Recent studies on the subcellular localization showed that NisB is localized at the pole of a
bacterial membrane and act as a “recruiter”. Additionally, it was also shown that NisC and the
precursor peptide nisin A are co-localized at the old pole as well, whereas the ABC transporter
NisT was uniformly distributed in the cell periphery. The precursor peptide, NisC and NisT
travel to the poles, bind to NisB and form the NisSABTC modification complex (Figure 19)
(Chen et al., 2020). This is in line with previous findings that NisB is the lead component of
the NisABTC complex (Chapter III and (van den Berg van Saparoea et al., 2008)). These
observations of a membrane-associated modification complex were also supported with recent
co-purification/ pull down assays and Western blot analyses of the proteins (Chapter III and
(Chen & Kuipers, 2021).

Nevertheless, the structure of the whole assembled complex to complete the picture of the
interplay is still missing. Especially, the information regarding the release of the modified
precursor peptide from the NisBC machinery and the hand-over of the peptide to the ABC

transporter NisT for secretion remains still unclear.

-218-



Modified
NisA

Old pole Old pole

Figure 19: Assembly process and subcellular localization of nisin biosynthesis machinery. A: NisB is
localized at the old pole and recruits the precursor peptide nisin A, NiC and NisT. B: Fully assembled complex
and transport of fully modified nisin A into the extracellular space after PTM installation from NisBC. Taken
from (Chen et al., 2020)

4.5 Leader cleavage, the final step of maturation

After the secretion of the modified precursor peptide via the ABC transporter NisT into the
extracellular space, the last step of maturation is to cleave off the leader peptide releasing
biologically active nisin A (van der Meer et al., 1993). This step is performed by a membrane-
anchored subtilisin-like serine protease NisP, which recognizes the cleavage site in the leader
peptide with the motif -GASPR- and cleaves after the arginine residue, thereby, releasing
mature active nisin A (Lagedroste et al., 2017; Montalban-Lopez et al., 2018; Plat et al., 2011;
van der Meer et al., 1993). Although NisP is membrane-anchored in nature, it could be shown
that the cleavage reaction is independent of the location (Kuipers et al., 2004) and a purified
soluble version of NisP was used (Abts et al., 2013) in the corresponding Chapters II-VII, IX.
An important point of the cleavage reaction is that no “leftover” amino acids remains at the
core peptide after the -GASPR- motif. However, this motif can be exchanged against the motif
of the thrombine cleavage site (-AVPR-), the Factor Xa cleavage site (-IEGR-) as well as the
NisP auto-cleavage site (-VSLR-), without any loss of function (Montalban-Lopez et al., 2018).
Initially, it was stated that the cleavage of the nisin A precursor is dependent on at least one
(methyl-) lanthionine ring, but recent experiments showed that although NisP is independent
but its catalytic activity is dependent on the modification state (Kuipers et al., 2004; Lagedroste
et al., 2017; Montalban-Lopez et al., 2018; Plat et al., 2011; van der Meer et al., 1993). In
Chapters IV-VII and IX, NisP was used to cleave off the leader peptide from the different nisin
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variants. Here, it was observed that in line with previously findings, the cleavage efficiency is
not consistent and favored small hydrophobic amino acids at position one of the core peptide
whereas bulky or charged amino acids reduced the efficiency drastically (Chapters IV-VII, IX
and (Siezen et al., 1995)). Interestingly, the presence of a proline at position one completely
abolished the cleavage reaction, likely due to an unfavorable orientation of the precursor
peptide (Chapter IV). This could be a potential drawback for the use of NisP in the future as
the analyses in Chapters IV and V showed that especially aromatic residues at position one
showed high antimicrobial potential. Some natural nisin variants like nisin H from
Streptococcus hyointestinalis (O'Connor et al., 2015) or nisin O1-3 from Blautia obeum
A2-162 (Hatziioanou et al., 2017) have a phenylalanine or a tyrosine, respectively, at position
one. Computational analysis identified genes of the nisin O1-4 operon
(nsoFEGIRKABTC) (GenBank: FP929054), but no probable gene for protease was found
(Hatziioanou et al., 2017). The structural model analysis of the nisin H protease NshP
(GenBank: AKB95123.1) from Streptococcus hyointestinalis revealed only a minor
positional orientational change from Aspi7s in the active center, which is maybe
responsible for better access of bulky amino acids (Figure 20 and Chapter V). Experimental
evidence whether NshP could cleave other variants like Ile;Trp or Ile;Phe from nisin A with
a better efficiency and remains highly active even with small hydrophobic amino acids at

position one, are lacking so far.

A B

NisP 253 ISVGIIDSGIMEE 265
NshP 172 TTIAIVDTGIMTE 184

se kakgkkk

NisP 300 IVDKMGHGTEVAG 312
NshP 219 VTDFQGHGTEVAG 231

sk kkkkkkkk

NisP 506 QYVYGNSFATPKV 518
NshP 425 QYVYGNSFAAPKV 437

khkkkkkkkdhghkkk

Figure 20: Alignment of NisP from Lactococcus lactis and NshP from Streptococcus hyointestinalis. A: The
important residues from the active site (Aspaso, Hiszos, and Sersio for NisP and Aspi7s, Hiszzs, and Serss; for NshP)
are marked in red, shown together with the close neighborhood residues. The sequence alignment was done with
Clustal Omega (Sievers et al., 2011). B: Zoom-in into the active sites of NshP (magenta) and NisP (cyan). The
important residues for the catalytic activity (Aspaso, Hissos, and Sersi» for NisP and Aspi7s, Hiszos, and Serss; for
NshP) are shown in stick representation. Created with PyMOL 2.5 (Schrodinger, 2022). Modified from Chapter
V.
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A commonly used alternative for the nisin A leader cleavage in vitro is trypsin, which cleaves
after the arginine in the NisP -GASPR- cleavage motif (Cheng et al., 2007). Noteworthy, that
nisin A contains two additional cleavage positions (Lys12 and Lys22), which are shielded from
the (methyl-) lanthionine rings in mature nisin. A lack of the (methyl-) lanthionine ring, or a
longer distance would result in an accessible cleavage site for trypsin, ending in a degraded
product. Thus, additional/accessible cleavage sites need to be considered when using trypsin

in vitro.

4.6 Resistance is futile

Lantibiotics are highly effective against various bacteria. However, the nisin producer strains
contain an innate immunity system (comprising of Nisl and NisFEG) to survive the
antimicrobial activity of their own produced lantibiotic. On the contrary, some non-lantibiotic
producer strains established a resistance mechanism against lantibiotics (de Ruyter et al., 1996;
Draper et al., 2015; Engelke et al., 1994; Hacker et al., 2015; Kuipers et al., 1993; Siegers &
Entian, 1995; Stein et al., 2003). One such example is the Nisin resistance system from S.
agalactiae COH1, containing SaNsrFP which encodes for a BceAB-type ABC transporter and
a nisin resistance protein NSR (Khosa et al., 2013; Khosa, Frieg, et al., 2016; Khosa, Hoeppner,
et al., 2016; Khosa, Lagedroste, et al., 2016). In Chapters IV-VII and IX, several nisin variants
were analyzed regarding the effects on the immunity- (Nisl and NisFEG) as well as on the
resistance- (NSR and SaNsrFP) systems. In general, it could be shown that hydrophobic or
aromatic residues at position one are required for a high antimicrobial activity (Chapters IV

and V).

Analysis of the ABC transporter SaNsrFP in Chapter IX showed that the N-terminal part of
nisin A is important for recognition. Interestingly, for the NSR cleaved product nisini.2s, the
determined fold of resistance was even higher, indicating that the resistance system NSR and
SaNsrFP are working together (Chapter IX). This cooperativity phenomena was also observed
for immunity systems like Nisl and NisFEG, and Spal and SpaFEG (Stein et al., 2005; Stein et
al., 2003). Based on the results in Chapter X, SaNsrFP acts as an exporter. However, recent
studies indicate that SaNsrFP is involved in shielding of membrane-localized targets for these

antimicrobial peptides (Gottstein et al., 2022) and nisin resistance is more of a side effect of
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bacterial cell wall modification rather than a direct transport of the nisin A molecule, but this

remains to be elucidated (Draper et al., 2015; Gottstein et al., 2022).

In Chapter VII, variations of the nisin A hinge region were analyzed. This hinge region was
shown to be important for antimicrobial activity because it is the flexible linker for the C-
terminus to insert into the membrane (Healy et al., 2013; Yuan et al., 2004; Zhou et al., 2015).
Variations in the length or the amino acid composition has a strong effect on the biological
activity as well on the spectra of the target organisms. In Nisin Z, for example, the AsnxoLys
and MetziLys variants showed an antimicrobial effect against Gram-negative strains like
Shigella, Pseudomonas and Salmonella, which are normally not effected by wild type nisin Z
treatment (Yuan et al., 2004). In Chapter V, a nisin variant where Ile and Val were introduced
after the hinge regain (,0NMKIV24) was identified to be a promising candidate for future
applications, because this variant was less recognized by all the tested immunity and resistance

proteins.

The NSR protein cleaves off the last six amino acids of nisin, lowering the antimicrobial
potential of nisin (Liang et al., 2010; Sun et al., 2009). In Chapter VI, it was shown that the
nisin variant Cysz9Pro, could still bind to NSR but the efficiency of the cleavage reaction is
drastically reduced. In screening assays, another mutation, SeroPro, was found to be very
efficient in inhibition of the NSR activity (Field et al., 2019), here the Ser,9 was mutated against
all other amino acid variants and their effect on NSR protein was analyzed. Intriguingly, this
inhibitory effect also holds true for Serx9Pro variants of nisin F, nisin Z and nisin Q (Field et
al., 2019). In addition to nisin variants which inhibit the activity of NSR, recent studies

identified a compound (e.g. NPG9) which reduced the NSR activity as well (Porta et al., 2019).

Taken together, many mutational studies as well as genome mining approaches delivery new
and better lantibiotics, which could counteract against established resistance mechanisms as
well as the extent of the antimicrobial spectra in the future to Gram-negative strains (Field et
al., 2019; Field et al., 2008; Healy et al., 2013; van Heel et al., 2016; van Heel et al., 2011;
Yuan et al., 2004; Zhou et al., 2015).
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