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Abstract

Nisin is a post-translationally modified, 34-residue antibacterial peptide produced by some
strains of Lactococcus lactis that is effective against various Gram-positive bacteria. It is
widely used in the food industry as a preservative. However, some nisin non-producing
strains of bacteria are intrinsically resistant to nisin because of the presence of nsr gene,
which encodes the 35-kDa nisin resistance protein (NSR). NSR-mediated nisin resistance
results from the proteolytic degradation of nisin by this serine protease. Within this thesis,
the mechanism of nisin resistance in Streptococcus agalactiae was studied on a molecular
level.

An operon encoding NSR was discovered in S. agalactiae and various other human
pathogenic bacteria (nisin non-producers). In addition to NSR, this conserved operon
consists of an ATP-binding cassette transporter (NsrFP) and a two-component system
comprising of NsrR and NsrK. Furthermore, NSR from S. agalactiae (SaNSR) was shown
to confer 20-fold resistance against nisin.

In this thesis, in vitro studies on the nisin resistance protein from S. agalactiae were
performed. The structure of NSR was solved using X-ray crystallography at a resolution of
2.1A. The structure revealed that NSR consists of three structural domains: an N-terminal
helical bundle, the protease cap and protease core, which together form a hydrophobic
tunnel. The protease core harbors a highly conserved TASSAEM region. A model of
SaNSR and nisin was generated through molecular modeling and MD simulations. The
SaNSR/ nisin complex and mutagenesis studies revealed that SaNSR is specifically
interacting with the N-terminus of nisin, especially the last C-terminally located
lanthionine ring.

Furthermore, this thesis also dealt with the molecular characterization of the response
regulator NsrR involved in nisin resistance. The structure of NsrR was solved using X-ray
crystallography and revealed that NsrR consists of two domains: a N-terminal receiver
domain and a C-terminal effector domain.

Finally, the last part of this thesis is dedicated to the cytoplasmic loop, NsrP loop of the
ABC transporter NsrFP. An interaction event between NsrP loop and nisin was
demonstrated using pull down assays and further confirmed via agar diffusion assays. A

binding affinity was also determined by microscale thermophoresis.



Zusammenfassung

Nisin ist ein posttranslational modifiziertes, 34 Aminosduren langes antimikrobielles
Peptid. Es wird von einigen Lactococcus lactis Stammen produziert und weist
iiberwiegend gegen Gram-positive Bakterien eine antimikrobielle Aktivitdt auf. Seit
Jahrzehnten wird es in der Lebensmittelindustrie als Konservierungsmittel eingesetzt und
fast keine Resistenzen gegeniiber Nisin wurden bisher dokumentiert.

Jedoch besitzen einige bakterielle Stdmme, die selbst kein Nisin produzieren, eine
intrisische Nisin-Resistenz vermittelt durch das nsr Gen. Dieses Gen codiert fiir das 35
kDa groBe Nisin Resistenz Protein (NSR). Die Serin-Protease NSR vermittelte eine
Resistenz, bei der Nisin proteolytisch degradiert wird. In der vorliegenden Dissertation
wurde der molekulare Mechanismus der NSR-vermittelten Nisin Resistenz in
Streptoccocus agalactiae untersucht.

In S. agalactiae und weiteren humanpathogenen Bakterien, die selbst kein Nisin
produzieren, wurde ein NSR-kodierendes Operon entdeckt. Zusétzlich zum NSR, kodiert
dieses konservierte Operon fiir einen ATP-binding-cassette Transporter (NsrFP) und fiir
ein Zwei-Komponenten System bestehend aus NsrR and NsrK. Des weiteren konnte
gezeigt werden, das NSR von S. agalactiae (SaNSR) eine 20-fach erhohte Resistenz
gegeniiber Nisin vermittelt.

In der vorliegenden Thesis wurden in vifro Studien zum Nisin Resistenz Protein aus S.
agalactiae durchgefiihrt. Die Struktur von NSR konnte mittel Rontgen-Kristallographie
gelost werden. Dabei konnte gezeigt werden, dass NSR aus drei strukturellen Dominen
besteht: aus einem N-terminalen o -Helixbilindel, einer Deckel-Doméne und einer Kern-
Domine. Dabei formen die zwei zuletzt genannten Doménen einen hydrophoben Tunnel.
AuBerdem besitzt die Kern-Domine der Protease ein hoch-konserviertes TASSAEM-
Motiv.

Mit Hilfe eines generierten Modells von SaNSR und Nisin konnte der SaNSR/Nisin-
Komplex untersucht werden. Das Model des Komplexes und Mutagenesestudien zeigten,
dass SaNSR spezifisch mit den N-terminus und im Besonderen mit den letzten C-
terminalen Lanthioninring von Nisin interagiert

Des Weiteren behandelt diese Thesis die molekulare Charakterisierung des Antwort-

Regulartors NsrR. Der Struktur von NsrR wurde mittels Rontgen-Kristallographie gelost

vi



und ein Model der Struktur zeigt, dass das Protein aus zwei Doménen besteht. Namlich aus
einer N-terminale Empfanger-Doméine und eine C-terminale Effektor Doméne.

Abschlieend ist der letzte Teil der Thesis der extrazelluldren Schleife des Proteins NsrP
des ABC-Transporters NsrFP gewidmet. Mittels pull-down und Agar-Diffusion Assays
konnte die Interaktion zwischen der NsrP-Schleife und Nisin bestdtigt werden. Weiterhin

konnte durch MicroScale Thermophorese Bindungsaffinititskonstanten bestimmt werden.
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1. Introduction

1.1 Antimicrobial Peptides

Antimicrobial peptides (AMPs) traditionally refer to peptides that can inhibit the growth of
microbes and are produced virtually by all organisms. They are also known as the first and
important line of defense [1, 2]. Since the early discovery of nisin from Lactococcus lactis
in 1928 [3, 4] to the discovery of sonorensin from Bacillus sonorensis in 2014 [5], hundreds
of AMPs have been isolated so far. According to the modern definition, AMPs are relatively
short (<60 amino acids), positively charged (net charge of +2 to +9), amphipathic molecules
with broad spectrum of antimicrobial activity and multiple modes of action [6-8].

AMPs possess a broad spectrum of antimicrobial activity against various Gram-positive and
Gram-negative bacteria, fungi and viruses. Most AMPs interact with microbial membranes
or cell surfaces, leading to the loss of cellular integrity [9]. Here, the AMPs can be either
membrane-disruptive resulting in cell lysis, or membrane-interactive leading to pore
formation and subsequent cell death. Furthermore, AMPs can have diverse intracellular
targets including DNA, RNA and protein and also have the capability of inhibiting both cell
wall and protein synthesis [10, 11].

AMPs have been expressed by bacteria for millions of years and during the course of
evolution, AMPs have retained their antimicrobial activity and are still effective [12].
Compared to the traditionally used antibiotics, AMPs have a broad spectrum of activity with
multiple cellular targets and kill bacterial very rapidly [13, 14]. Furthermore, AMPs have the
potential of neutralizing endotoxins and bypass the classical antibiotic resistance
mechanisms [15-17]. In addition to the antimicrobial activity of AMPs, various other
alternate functions of AMPs have been recently identified including immunomodulatory
activities and neutralization of wound-healing and anti-neoplastic properties [18-22]. These
diverse biological functions of AMPs make them ideal for the development of new
therapeutic agents with wide applications involving cancer therapy and anti-inflammation.
AMPs can generally be classified based on their distinct structural features like size, charge,
amino acids and physical structure. Numerous classification schemes are currently available
for grouping AMPs based on their biological source (amphibian, bacterial, insect,

mammalian, plant and viral), biological functions (antibacterial, antiviral, antiparasital,



antifungal, etc.), peptide properties (net charge: cationic, neutral and anionic;
hydrophobicity: hydrophobic, amphipathic and hydrophilic; based on size: ultra small,
small, medium and large) and molecular targets (cell surface targeting or intracellular
targeting), based on three-dimensional structure (linear, 3 -sheet, loop and with
predominance of one or more amino acids) [7, 23]. Likewise, for example, human defensins
(Figure 1a) can be grouped as mammalian AMPs that function preliminarily as antibacterial.

They are small (around 5kDa), cationic peptides and have B-sheet structure [24].

a)

c)

Figure 1: Structural classes of different antimicrobial peptides. (a) B-sheeted human defensin-2
(PDB code: 1FQQ), (b) a-helical magainin (PDB code: 2MAG), (c) the extended boat-
shaped structure of bovine indolicidin (PDB code: 1G89), and (d) looped thanatin (PDB
code: 8TFV). Based on [25]. Created with MacPymol.

However, the most prominently used -classification scheme is based on the three-
dimensional structure of the AMPs [26, 27]. Linear peptides possess a a-helical structure
and constitute 27% of all the AMPs. Common examples are silk moth’s cecropin [28] and
magainin from the African clawed frog (shown in Figure 1b) [29]. B-sheet peptides usually
have cyclic structures that are stabilized by disulphide bonds and include defensins (Figure
la) [30]. There are also peptides with predominance of one or more amino acids like

tryptophan-rich indolicidin of cow neutrophil (Figure 1c) [31] and proline-rich apidaecins



[32] which represent an extended conformation. Peptides with loop structures are highly
stable due to the presence of hairpin structure that is stabilized via disulphide bonds in
between the f-strands. The examples include tachyplesins [33] and bactenecin [34] (shown

in Figure 1d).

1.2 Bacterial AMPs: Bacteriocins

AMPs produced by bacteria are also referred to as bacteriocins. Bacteriocins are
proteinaceous and heterogeneous group of peptides produced by bacteria that are lethal
towards other bacteria, either within the same bacterial genus (narrow spectrum) or across
genera (broad spectrum) to which the producer has a specific immunity mechanism
(Klaenhammer, 1993).

Bacteriocins were the first among the AMPs to be isolated and characterized [35-37].
Colicins from E. coli were discovered as early as 1925 [38]. The most extensively studied
bacteriocin is nisin, produced by L. lactis, it has been commonly used for the past 50 years
in the food industry [39, 40]. Mersacidin is produced by Bacillus spp. and displays
bactericidal activity against Methicillin-resistant Staphylococcus aureus (MRSA) [41].

1.2.1 Classification of Bacteriocins

Bacteriocins are divided into three distinct classes: lantibiotics (class I), non-lantibiotics
(class II) and bacteriolysins (class III) [42]. Lantibiotics are small peptides of 19-38 amino
acids, which undergo various post-translational modifications yielding thioether-based ring
structures like lanthionine or methyl-lanthionine rings and various unusual amino acids [43-
45]. Some examples of bacteriocins are nisin, mersacidin and lacticin 3147. Detailed
description is in section 1.3. Class II bacteriocins are non-lanthionine containing and
comprise of small (<10kDa) thermostable peptides, which do not undergo post-translational
modifications. These peptides are also active in nanomolar range. Their activity is a result of
their insertion into the membranes, promoting membrane depolization and cell death.
Examples include pediocin PA1, enterocin AS48, lacticin F and lactococcin A. Class III
includes large thermolabile bacteriocins (>30kDa) with complex activity. These are also

called bacteriolysins and are non-bacteriocin lytic proteins. Their mode of action is different



from the other classes as they function through cell lysis via hydrolysis of cell-wall [46].
Some examples are lysostaphin and enterolysin A.

There are numerous applications of bacteriocins. Colicins are used in the treatment of
urinogenital infection and haemolytic uremic syndrome and have been shown to inhibit the
growth of tumour cells [47]. Enterocin CRL35 has potent antilisterial activity [48]. Some
studies have also indicated that bacteriocins are active against tumour cells and thus, are
potential candidates for anti-tumour drug [49]. Bacteriocins have also huge potential in the

biopreservation of packaged food, dairy products, canned foods etc. [50].

1.3 Lantibiotics

The term lantibiotics literally means lanthionine-containing antibiotics [51] which are
produced by Gram-positive bacteria. Lantibiotics are ribosomally synthesized peptides of
approximately 19-38 amino acids. They are characterized by the extensive post-translational
modifications they undergo to be in their biologically active form and the presence of
unusual amino acids [52, 53, 45, 54]. The dehydration of the serine and threonine residues in
the prepeptide results in the formation of 2,3-didehydroalanine (Dha) and 2,3-
didehydrobutyrine (Dhb), which are covalently linked to the free cysteine residues to form
the lanthionine (Lan) or 3-methlylanthionine (MeLan) rings [55, 56].

1.3.1 Classification of Lantibiotics

Lantibiotics are classified in three distinct classes according to their size, properties and
modification pathway: class I, class II and class III [57]. Class I lantibiotic peptides are less
than 5kDa in size and are post-translationally modified by two enzymes, dehydratase LanB
and the cyclase LanC [58, 59, 57]. The ABC transporter LanT exports the fully modified
prepeptide into the extracellular space where the protease LanP cleaves off the leader
peptide resulting in fully modified active peptide. This class of lantibiotics possesses
antimicrobial activity in nanomolar range against various Gram-positive bacteria [59, 57].
The common examples are nisin, subtilin and epidermin (Figure 2).

On the contrary, Class II lantibiotics are 5-10kDa in size and are post-translationally
modified by a single enzyme, LanM containing N-terminal dehydratase and C-terminal

LanC-like cyclase domains, that performs both dehydration and cyclization [57, 60].
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Although, LanM bears no homology with LanB proteins, it displays low sequence identity
to the cyclase LanC, including the three zinc-binding amino acids. Furthermore, LanT
exports the modified prepeptide and cleaves off the leader peptide [61]. Prominent members
of this class are lacticin 481 and mersacidin (Figure 2). This class also has antimicrobial

activity against Gram-positive bacteria.
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Figure 2: Schematic representation of the structure of various lantibiotics depicting the
unusual amino acids. The representatives of various classes of lantibiotics are shown:
Class I — nisin and subtilin, Class II - lacticin 481 and mersacidin, and Class III — sapB
and sapT. Based on [57] and created using Chem BioDraw 13.0.

Class III lantibiotics, like SapB and SapT (Figure 2), do not possess any antimicrobial
activity. Instead, they perform morphogenesis functions. The corresponding modification
enzyme is a tri-functional synthetase that comprises of an N-terminal lyase domain, a central
kinase domain and a putative C-terminal cyclase domain that lacks the active site residues

found in LanC/LanM enzymes [62, 60].



1.3.2 Gene Cluster of Lantibiotics

The genes for the biosynthesis of lantibiotics are generally found on chromosomes as
clusters [57]. lanA is the structural gene that encodes the prepeptide and comprises of the N-
terminal leader sequence (composed of 23 to 59 amino acids) and the C-terminal (core)
sequence that forms the mature peptide [63, 59]. lanB and lanC (class I) or lanM (class II)
are the modification enzymes. /anT is an ABC transporter that transports the fully modified
prepeptide. The protease /anP cleaves the leader peptide forming the mature active peptide
[63].

The biosynthesis of the lantibiotics is auto-regulated via a two-component system consisting
of a histidine kinase (/anK) and a response regulator (/anR) [63]. In order to protect itself
from the bactericidal effect of the lantibiotic, the producer strain has a self-protection
immunity system comprising of a lipoprotein /an/ and/or an ABC transporter encoded by

lanFEG [63, 57]. The gene clusters of various lantibiotic classes are shown in Figure 3.
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Figure 3: Gene clusters of various lantibiotics from different classes. Shown are the operon for
nisin, subtilin, epidermin, Pep5, lacticin 481 and SapB. The structural gene (red), genes
for modification (orange), transport (grey), leader cleavage (purple), regulation (green)
and immunity (blue) are shown for different lantibiotics. The respective promoters are
depicted in red arrows. Based on [64].



1.3.3 Applications of Lantibiotics

With the increasing number of incidences of antibiotic resistance, there is an immense
pressure to develop alternative therapeutic agents. Lantibiotics are the most promising
candidates [65] due to their capability to inhibit various multidrug-resistant pathogenic
bacteria like staphylococci, enterococci, streptococci and clostridia [66]. Some lantibiotics
are also effective against Gram-negative bacteria like Neisseria and Helicobacter [67]. Their
mode of action involves multiple targets, which might help in overcoming the pre-existing
mechanisms of antibiotic resistance.

Lantibiotics are also of great use in the food industry [68-70, 50, 42]. The lantibiotic nisin
has been used for the past 50 years as a food additive. Lantibiotics are also effective in the
bio-preservation of meat, dairy products, canned food, fish, alcoholic beverages, salads, egg
products, high-moisture bakery products, and fermented vegetables [40].

The pharmaceutical potential of lantibiotics has also been extensively studied and some are
already in the preclinical and clinical phases of development [71]. The lantibiotic derivative
NVB333 (NovactaBiosystems Limited) was used in the treatment of nosocomial infections
[72]. The antimicrobial activity of nisin against Staphylococcus mastitis has been utilized in
a commercial intramammary product (Mast Out®, ImmuCell) for the treatment of mastitis
in cows [73]. It is also effective in the treatment of MRSA, peptic ulcers and enterocolitis
[74]. Gallidermin and lacticin 3147 are active against acne causing bacterium
Propionibacterium acnes, thus, have the potential of being used in cosmetics and personal
care products [75]. Mutacin 1140 is active against Streptococcus mutans that causes dental
cavity [76]. Duramycin is effective against bronchial epithelia and is a potential drug
candidate for the treatment of cystic fibrosis and inflammation. It is already in phase II of
clinical trials [77]. Cinnamycin is active against retroviruses such as herpes simplex and is
also an inhibitor of angiotension converting enzyme. It can probably be used in regulation of
blood pressure and in the treatment of virus infections and inflammation. Mersacidin and
actagardine are effective against staphylococci and streptococci and therefore, can be used

in the treatment of MRSA and streptococcal infections [78, 79].



1.4 Nisin

Nisin is produced by some L. lactis and Streptococcus uberis strains and was first
discovered in 1928 [3, 4]. Nisin is the most studied and best characterized lantibiotic [78]. It
has a broad antimicrobial spectrum against a wide range of Gram-positive genera, including
staphylococci, streptococci, Listeria spp., bacilli, and enterococci.

Nisin is an amphipathic molecule with a hydrophobic N-terminal and hydrophilic C-
terminal part. The three-dimensional solution structure of nisin was solved via NMR
spectroscopy in 1991 [80] (Figure 4). The structure of active nisin comprises of three parts:
an N-terminal region formed by rings A, B and C (first three rings); a flexible hinge region;
and a C-terminal region consisting of intertwined rings D and E followed by six amino acids
(last two rings) [81, 82, 80] (Figure 4). The first three rings are important for binding to
Lipid II, while the last two rings are important for pore formation. The flexible hinge region

is crucial for flipping into the membrane [83-87].
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Figure 4: The NMR structure of nisin. The dehydrated amino acids are shown in blue, the cysteine
residues are displayed in purple. The lanthionine ring A, methyl-lanthionine rings B and
C are displayed in red, green and grey, respectively. In yellow are the methyl-lanthionine
rings D and E. Based on PDB code: IWCO [86] and created with MacPymol.

1.4.1 Mode of Action of Nisin

The target molecule of nisin is a precursor molecule of cell wall synthesis lipid II, which is

anchored to the cytoplasmic membrane by an undecaprenyl residue [85]. This anchor is



connected via an ester bridge to a diphosphate moiety that carries a N-acetylmuramic acid
molecule and the attachment of a pentapeptide completes the lipid II molecule [57, 88].
Catalyzed by a transglycosylation reaction, more N-acetylmuramic acids molecules fuse to
lipid II forming linear polymers that are cross-linked by a transpeptidation reaction to form

the mature peptide glycane of Gram-positive bacteria [57, 88] (Figure 5a).

Pora

Figure 5: The mode of action of nisin. Nisin comes in contact with the bacterial plasma membrane
(a), where it binds to Lipid II via two of its amino-terminal rings (b). This leads to pore
formation (c), which involves a stable transmembrane orientation of nisin. The pore
complex is formed comprising of four nisin molecules and eight lipid II molecules. Based
on [87] and created with Chem BioDraw 13.0.

Nisin binds with the first two (methyl)-lanthionine rings (A and B) to the diphosphate
moiety of lipid II [89, 86] and prevents the transglycosylation reaction, thereby inhibiting
cell wall synthesis [85] (Figure 5b). When the concentration of nisin-lipid II complexes
increases beyond a certain threshold an intermediate complex is formed which induces the
insertion of the C-terminus of nisin into the cytoplasmic membrane (Figure 5c). This results
in a complex consisting of eight nisin and four lipid II molecules [89], creating a pore
(Figure 5c¢) with a diameter of 2 - 2.5 nm, releasing essential ions and small nutrients,
thereby causing a collapse of the membrane potential, subsequently leading to cell death

[89]. The threshold concentration for this reaction is in the low nanomolar range [90].



1.4.2 The Nisin System

The nisin gene cluster in L. lactis is associated with a conjugative transposon comprising of
eleven genes for synthesis, modification, transport, self-immunity and regulation in the order
nisABTCIPRKFEG [91-94] (Figure 6). Nisin is synthesized ribosomally as a precursor
peptide consisting of 57 amino acids [93]. This precursor peptide NisA is composed of the
N-terminal leader peptide (23 amino acids) and the C-terminal core peptide (34 amino acids
residues) [95]. The prepeptide is post-translationally modified through two modification
enzymes. The dehydratase NisB, dehydrates the serine and threonine residues, while NisC
the cyclase, is responsible for the cyclization reaction generating one lanthionine and four
methyl-lanthionine rings [96]. For secretion, the ABC transporter NisT exports the peptide
across the membrane into the extracellular environment [97, 98], where the protease NisP

cleaves off the leader peptide sequence yielding active nisin [92, 99].
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Figure 6: Overview of the nisin operon comprising of genes for biosynthesis, immunity and
regulation. The proteins involved in the biosynthesis of nisin are shown comprising NisB
(orange), NisC (yellow), NisT (grey) and NisP (purple). The two-component system
regulatory proteins: NisR (dark green) and NisK (light green) and the immunity proteins:
Nisl (red) NisFEG (blue) are also shown. The promoter nisA is shown with brown arrow
and the promoters nisF, nisl and nisR are shown in black. Based on [100] and created
with Chem BioDraw 13.0.
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Since the antimicrobial activity of nisin is targeted specifically against lipid II (precursor
molecule for cell wall synthesis), and lipid Il is also present in the cytoplasmic membrane of
the producer cells; the producer strain has developed a self-immunity mechanism to protect
itself from the suicidal effect of the produced nisin. Here, the lipoprotein Nisl and the ABC
transporter NisFEG provide immunity against nisin [101, 94, 102]. Furthermore, full
immunity is achieved only when both Nisl and NisFEG are expressed [103].

Nisin acts as a quorum sensor and auto-regulates its own biosynthesis which is controlled by
a two-component system comprising of NisRK [104, 105]. Presence of nisin in the
extracellular medium of L. lactis induces an auto-regulation mechanism, activating NisR
and NisK. External nisin acts as a signal, which is recognized by NisK, the histidine-kinase.
NisK is attached to the cytoplasmic membrane, which binds to the active mature nisin,
activating a signal transduction cascade [105]. After the binding, NisK is auto-
phosphorylated at a conserved histidine residue. This high energetic potential of the
phosphoryl group is transferred to a conserved aspartate residue of the transcriptional
response regulator NisR [104]. Upon activation, NisR binds to the nis4 promoter on the
nisin operon, stimulating the expression of the genes of the nisin operon [105]. Studies have
shown that the first two rings of nisin are essential for this regulation mechanism, while the
ring C of nisin is important for induction of the expression, whereas the last two rings have

no specific influence on the expression [106, 104].

1.4.3 Applications of Nisin

Nisin shows antimicrobial activity against a wide range of Gram-positive bacteria. The
major application of nisin to date remains in the food industry as a food preservative and an
additive in dairy products [40], canned vegetables [40], bakery products [107], meat [108]
and alcoholic beverages [109, 110]. The therapeutic potential of nisin has also been
extensively studied. Nisin is effective in the treatment of atopic dermatitis [111], stomach
ulcers [112], colon infections [113], respiratory tract infections [114], staphylococcal
mastitis [73] and sexually-transmitted infections [115]. In veterinary, nisin is currently used
as a sanitizer against mastitis pathogens (Staphylococcus and Streptococcus species) [116,

117].
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1.5 Lantibiotic Resistance

Lantibiotics are effective against numerous bacteria where the bacterial cell wall and
membrane comprise the major target for the bactericidal efficiency of lantibiotics. However,
bacteria can become resistant to lantibiotics by different mechanisms: (i) modifications in
the cell membrane, (ii) changes in cell wall, (iii) two-component system regulation, (iv)
ATP-mediated efflux pumps, and (v) lantibiotic degradation [118, 119, 9, 120, 121].
Interestingly, some resistant bacteria counter the effects of the lantibiotics by relying on

more than one of the above said mechanisms in form of a gene cluster.

1.6 Cell Wall Modifications

The precursor of cell wall biosynthesis Lipid II is found at the outer leaflet of the bacterial
membrane. The cell wall of Gram-positive bacteria is formed by a thick peptidoglycan
fabric and by polymers of alternating phosphate and alditol groups called teichoic acids.
These polymer chains are either covalently connected via phosphodiester linkage to the
peptidoglycan (wall teichoic acids, WTA) or to membrane glycolipids (lipoteichoic acids,
LTA). The net negative charge of the bacterial cell surface is generated by anionic
components of the cell wall, such as phospholipids and teichoic acids which attracts the
positively charged lantibiotics [122]. Therefore, one of the strategies for repelling the
lantibiotics is to alter the cell wall components to decrease the overall net charge, thereby
hindering the electrostatic attraction of the lantibiotics (Figure 7).

D-alanylation of teichoic acids and lipoteichoic acids of the cell wall by the dit operon
(Figure 7a) of various Gram-positive bacteria like Staphylococcus, Listeria, Enterococcus,
Bacillus, Clostridium, Streptococcus, Lactobacillus and Lactococcus [123-128] reduces the
negative charge of the cell envelope, thereby influencing the binding and interaction of
various lantibiotics.

Penicillin-binding protein (PBP) is a bi-functional enzyme which catalyzes the
polymerization of the sugar units (glycosyltransfer) as well as peptide cross-linking
(transpeptidation), utilizing lipid II as the substrate [129]. An increased expression of PBP
has been observed in various lantibiotic resistant species of Listeria monocytogenes [130]

and L. lactis TL1403 [131].
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Furthermore, irpT is another gene that is involved in lantibiotic resistance through gene

regulation and whose disruption results in increased levels of resistance in L. lactis MG1363

[132].
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Figure 7: The various mechanisms involving modifications in cell wall and membrane that are
associated with lantibiotic resistance. (a) D-Alanylation of lipoteichoic acids (LTA) and
wall teichoic acids (WTA) by the ditABCD operon, which confers a positive charge. (b)
Changes in phospholipid composition. (¢) Changes in membrane fatty acid composition.
(d) Cell wall thickening. (e) Lysine esterification of one of the two hydroxyl groups of
phosphatidylglycerol (PG) by MprF. (f) Gram-negative outer cell membrane containing
lipopolysaccharide (LPS). Based on [121]. Created with Chem BioDraw 13.0.

1.7 Cell Membrane Modifications

Other than lantibiotic repulsion, changes in the composition of the bacterial membrane
(Figure 7) also contribute to lantibiotic resistance.

Although, lantibiotics are active against Gram-positive bacteria, the Gram-negative bacteria
are usually resistant towards them. This is solely because of the presence of the outer

membrane that prevents the penetration of lantibiotics. Furthermore, the cell wall of Gram-
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negative bacteria comprises only of a few Lipid II molecules [133, 134]. The outer layer
forms a site of attachment for Lipid A (a negatively charged dimer of glucosamine linked to
fatty acid chains and polar phosphate groups) [135]. A complex called LPS is formed by the
covalent attachment of Lipid A to a chain of oligosaccharide units and a core polysaccharide
[136]. However, application of chelating agents such as EDTA [137], citrate [138] or stress
[139, 140] can disrupt this barrier.

Membranes of Gram-positive bacteria contain phospholipids that vary in composition.
However, the most common bacterial phospholipids are phosphatidylglycerol (PG) and di-
phosphatidylglycerol (D-PG), whose head groups are negatively charged.

An increase [141] or decrease [142] in the levels of PG in the membrane of L.
monocytogenes has been associated with lantibiotic resistance [143] (Figure 7b).
Furthermore, analysis of the cell membrane components revealed that resistant cells contain
a higher proportion of saturated (straight chain) fatty acids versus unsaturated (branched
chain) fatty acids [144-146] (Figure 7c). All these modifications result in a decrease in cell
membrane fluidity leading to a more rigid membrane conformation, thereby, making it
difficult for the lantibiotics to access the membrane.

Additionally, some Gram-positive bacteria have the capability of modifying the net negative
charge of the PG via addition of a positively charged amino acid by the multipeptide
resistance factor protein, MprF (Figure 7¢). MprF is an integral lysyl-phosphatidylglycerol
synthetase that synthesizes and translocates aminoacylated-phosphatidylglycerol to the
external membrane layer of the bacterial cell. MprF incorporates a positively charged lysine
into phosphatidylglycerol to produce lysyl-phosphatidylglycerol (L-PG), decreasing the net
negative charge on the bacterial membrane [147, 148] (Figure 8). This MprF-mediated
resistance has been observed in various Gram-positive bacteria like Staphylococcus aureus
[149], L. monocytogenes [150], Bacillus subtilis [151], Enterococcus faecalis [152],
Enterococcus faecium [153], Bacillus anthracis [154] and Mycobacterium tuberculosis
[155].

Moreover, a fabDG1G2Z1Z2 operon is present in some Gram-positive bacteria, which is
involved in membrane synthesis via saturation and elongation of phospholipids [156]. A
decreased expression of this operon has also been associated with lantibiotic resistance in L.

lactis cells [131].
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Figure 8: Modification of the membrane net charge by the addition of L-lysine and L-alanine
to phosphatidylglycerol. Dashed bonds indicate modifications of phosphatidylglycerol.
The lysyl-phosphatidylglycerol synthase (L-PGS) and alanyl phosphatidylglycerol
synthase (A-PGS), respectively, regulate the addition of L-lysine (R1, red) and L-alanine
(R2, blue) to phosphatidylglycerol (black). Based on [157]. Created by Chem BioDraw
13.0.

1.8 Two-Component System: Regulatory Networks

Bacteria have the ability to sense and survive various environmental stimuli through
adaptive responses, which are regulated by two-component signaling systems (TCSs) [158].
TCSs control a wide variety of processes including drug resistance, quorum-sensing,
phosphate uptake, sporulation and osmoregulation [159, 160].

TCSs comprise of two genes: a membrane-bound histidine kinase (HK) that acts as a sensor
and a response regulator (RR) that mediates the cellular response [159-161].

Many TCSs have been identified which are associated with lantibiotic resistance in various
pathogenic bacteria and are encoded on gene clusters [121]: BceRS in Bacillus spp.
(actagardine and mersacidin resistance) [162], LcrRS in S. mutans (nukacin-ISK-1 and
lacticin 481) [163], LisRK of L. monocytogenes (nisin resistance) [164], GraRS (nisin and
nukacin-ISK-1 resistance) [165-167], WalKR , BraRS (bacitracin, nisin and nukacin-ISK-1
resistance) [168] and VraRS (resistance against nisin, mersacidin and nukacin ISK-I) [167]
of S. aureus, CprRK of Clostridium difficile (nisin, gallidermin, subtilin, mutacin 1140 and

cinnamycin resistance) [169].
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1.8.1 Lantibiotic Resistance Associated Two-Component Systems

Two main classes of TCSs can be identified that are linked with lantibiotic resistance:
BceRS-like TCSs and LiaRS-type TCSs. Interestingly, the main differentiating
characteristic between them is the sensor kinase.

The BceRS-type of TCSs were first identified in B. subtilis where it conferred resistance
against actagardine and mersacidin [162]. Since then, several Bce-type TCSs have been
identified in S. aureus [168, 170], S. mutans [171] and E. faecalis [172].

Interestingly, the associated histidine kinases of these groups possess two transmembrane
helices but lack the characteristic extracellular sensory domain are thus, classified as
intramembrane-sensing kinases (IMSK) [173, 174]. Because of their incapability in
recognizing the stimulus, these types of kinases are functionally linked with ABC
transporters of the BceAB family (described in section 1.9). These kinases rely on them for
recognizing the presence of the lantibiotic involving a direct synchronization [174, 170]
between sensing of the lantibiotic and signal transduction.

On the contrary, the LiaRS-type form the so-called three-component systems that respond to
cell stress signals and were named after LiaRS of B. subtilis [175]. This group in addition to
the response regulator (LiaR) and the kinase (LiaS), are characterized by the presence of a
third component (LiaF) that acts a negative regulator of the gene expression mediated by
LiaR [175]. VraRS [167] of S. aureus, CesRS of L. lactis (nisin, plantaricin C, bacitracin
and vancomycin resistance) [176, 177], and LiaRS of L. monocytogenes [178] belong to this
group of TCSs. This TCSs system acts as a damage sensing and signal transduction system.
It operates in an indirect manner via upregulation of the expression of genes involved in cell

wall synthesis, thereby altering the composition of the cell wall and cell membrane.

1.9 ABC Transporter-Mediated Lantibiotic Efflux Mechanisms

Another common mechanism used by Gram-positive bacteria for the resistance against
lantibiotics is through their transport, or efflux from the cells. The majority of lantibiotic-
resistant transport mechanisms consist of multi-protein ABC (ATP-binding cassette)
transporter systems, which use ATP to drive the transport of substrates across the cell

membrane. All ABC-transporters are composed of two distinct domains: the transmembrane
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domain (permease) and the nucleotide-binding domain (NBD), which facilitates ATP-
binding [179].

Two types of lantibiotic-associated ABC transporters are present in Gram-positive bacteria:
three-component and two-component transporter systems. Three-component ABC
transporters are members of the ABC-type 2 sub-family of transporters that consist of one
nucleotide-binding domain and two distinct transmembrane permeases [179]. Generally,
these types of transporters are present in the lantibiotic producing strains such as NisFEG in
L. lactis [93, 103] and SpaFEG in B. subtilis [180], conferring immunity against their
cognate lantibiotic [180, 94]. On the contrary, the two-component ABC transporters are
often associated with lantibiotic resistance in Gram-positive bacteria. The canonical two-
component ABC-transporter consists of one nucleotide-binding protein and a separate
membrane-spanning permease [181]. However, the only known exception to the best of our
knowledge is the three-component CprABC transporter of C. difficile which provides
resistance against lantibiotics such as nisin and gallidermin [182, 169].

The lantibiotic resistance-associated two-component ABC transporters are called BceAB-
type transporters and contain an archetypal ATP-binding protein of about 225-300 amino
acids and a larger permease component that ranges in size from 620—-670 amino acids with a
characteristic cytoplasmic loop [183, 181, 184, 185]. Various BceAB-type ABC transporters
have been identified such as BceAB in B. subtilis [186], BraAB [167], VraDE [187, 167] in
S. aureus [168], PsdAB in B. subtilis [188], MbrAB [189] and BceAB in S. mutans [171],
SP0812-SP0813 [190] and SP0912-SP0913 [191] Streptococcus pneumoniae and NsrFP in
various bacteria of corynebacterium, enterococcus, leuconostoc, streptococci genera [184].
Although the members of this group have demonstrated resistance to a wide-range of
lantibiotics such as nisin, gallidermin, mersacidin, actagardine and subtilin, antimicrobial
peptides like mammalian and fungal defensins, and other antimicrobial compounds; the

exact roles of these transporters in conferring resistance is still not known.

1.10 Lantibiotic Degrading Mechanisms

In addition to the above-mentioned resistance mechanisms, some Gram-positive bacteria
possess resistance mechanisms that are highly specific for lantibiotics. In some nisin-
resistant Bacillus spp. strains, a nisin inactivating enzyme, named nisinase was found [192,

193]. Nisinase was shown to be produced by several spp. of bacillus [192], lactobacillus
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[194], lactococcus, enterococcus, leuconostoc [39], streptococci [39, 195] and
staphylococcus genera [196]. This non-proteolytic enzymatic inactivation of nisin was later
identified as a dehydroalanine (Dha) reductase that reduces the carboxyl Dha to Ala (i.e., it
breaks the C-terminal lanthionine ring), lowering the antimicrobial potency of nisin [193,
197]. However, in addition to nisin, this enzyme could also inactivate subtilin [192].

Another different mechanism of nisin resistance observed in some nisin-non producing
strains involves the presence of a nisin resistance protein NSR (serine protease) that
proteolytically cleaves nisin by removing the C-terminal tail of nisin [198]. Similarly, a
sublancin degrading protease YqeZ is involved in resistance against sublancin 168 in bacilli

[199].

1.11 Lantibiotic Resistance Associated Operons

As described in section 1.5, various lantibiotics non-producing strains including many
human pathogenic bacteria are resistant towards lantibiotics because of the presence of a
lantibiotic resistance-associated gene operon [184] comprising of four-five genes [170, 184,
169] encoding a two-component system (response regulator and histidine kinase), an ABC
transporter and/or a serine protease (or a protein of unknown function) [170, 184]. The
encoded proteins utilize a combination of the previously mentioned mechanisms of
resistance (section 1.8 and 1.9), thereby providing efficient resistance. Similar to the
lantibiotic immunity operons, these lantibiotic resistant operons are also found as gene
clusters on the chromosomes of various bacteria [184].

The graXSR/vraFG locus in S. aureus (Figure 9) provides resistance against various AMPs
including lantibiotics [200, 170] and this resistance is regulated by the presence of AMPs in
the extracellular environment. graSR together encode for a two-component system while
vraFG encodes for a BceAB-type ABC transporter (explained in section 1.9) [170].
Furthermore, the fifth component graX encodes a cytosolic protein that acts as an accessory
protein to the TCS and assists in signalling [170].

A five genes operon cprABCK-R (Figure 9) has also been identified in C. difficile which
confers resistance against lantibiotics nisin, gallidermin, subtilin, mutacin 1140, and
cinnamycin [169] where cprABC encodes for an ABC transporter and cprK-R form a two-

component system [182, 169].
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In S. mutans, IctGEFlcrXRS (Figure 9) and nsrXRS form two distinct gene systems which
confer resistance against nisin, nukacin ISK-1 and lacticin 481 [163]. lcrRS and ns7RS form
two-component systems, while /crGEF encode for an ABC transporter. LerX is a
hypothetical protein of unknown function while NsrX is homologous to acetyl transferase

and binds to nisin, preventing its interaction with lipid IT [163].

graXSR-vraF
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nsr operon ﬂ
8. agalactioe
I

cprABCK-R
C. difficile

letGEFIerXRS
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Figure 9: A schematic representation of distinct gene clusters conferring lantibiotic resistance.
Shown are the resistance-associated operons graXSR/vraFG in S. aureus, nisin resistance
operon in S. agalactiae, cprABCK-R in C. difficile, IctGEFIcrXRS in S. mutans and
lialHGFSR in Bacillus spp. The genes with similar functions are color-coded identically.
The response regulator, histidine kinase (in shade of green); ATP-binding domain and the
permease domain of ABC transporter (depicted in blue), the genes with unknown
functions (colored in grey) and gene encoding for serine protease (pink) are shown.

Similarly, a multicomponent operon system /ialHGFSR is present in Bacillus spp. (Figure 9)
that is induced with the presence of bacitracin, ramoplanin, vancomycin and nisin [177,
175]. Here, LisFSR form a three-component system, while LiaH is a homologue of E. coli
phage shock protein A. /ial and liaG encode for proteins with unknown functions, however,
they harbor transmembrane domains, indicating membrane localization [175].

A five gene cluster, vanRSHAX was also identified in Tn/546 from E. faecium BM4147
which confers resistance against teicoplanin and vancomycin [201].

A sublancin resistance ygeZyqfAB operon is identified in Bacillus subtilis where ygeZ
encodes a serine protease and ygf4AB encode for membrane-anchored proteins of unknown

functions [199]. Similar sublancin resistance operon systems are also present in various
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species of Bacillus genera such as Bacillus licheniformis, Oceanobacillus iheyensis,
Symbiobacterium thermophilum, S. aureus, and Staphylococcus epidermis [199].

In S. agalactiae, a multicomponent operon system (Figure 9), nsrFPRK comprising of five
genes is involved in nisin resistance [184]. The nsr gene encodes for a serine protease,
namely nisin resistance protein that proteolytically degrades nisin, reducing its bactericidal
activity (explained below in section 1.12) [198, 184]. NsrRK and NsrFP form a two-
component system and an ABC transporter, respectively (refer to sections 1.13-15) [184].
Similar homologous operon systems have also been identified in various genera of Gram-
positive bacteria including human pathogens like streptococci, streptococcus,

staphylococcus, enterococci and listeria [184].

1.12 Nisin resistance protein- the serine protease

A nsr gene is present in some species of Gram-positive bacteria that is associated with nisin
resistance. Originally, this nisin resistance determinant in non-nisin producer Streptococcus
lactis subsp. diacetylactis DRC3 was found to be associated with a 40-megadalton plasmid
pNP40 [202]. However, subsequently various plasmids were identified in different strains
that conferred nisin resistance [203-205]. The nisin resistance in non-producing strain DRC3
is 1/10 of the immunity in producing strains [206].

nsr encodes for a 35 kDa nisin resistance protein (NSR) which is strongly hydrophobic and
membrane-associated via the N-terminus [206]. Homology modelling revealed that the
mechanism by which NSR confers resistance is via a tail specific protease (TSP) domain at
its C-terminal [87, 198, 207].

TSPs are present in various species and usually cleave substrates that have non-polar
residues and a free alpha-carboxylate at the C-terminus [208]. Such proteases usually
contain a conserved PDZ domain adjacent to the TSP domain, which is indispensable for
binding of the TSP domain to non-polar C-termini of the peptide substrates and thus
important for the catalytic activity [209, 210]. However, NSR differs from other TSP-
containing proteins as it harbours charged and polar residues (Lys, His, and Ser) at the C-
terminus [209] and does not possess a PDZ domain. Recent in silico studies revealed that
NSR belongs specifically to the S41 family of peptidases, specifically the CTPs (C-terminal
processing peptidase). Furthermore, the active site of these proteases usually consists of a

catalytic dyad formed by Ser and Lys or Ser and His [211].
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Experimental studies showed that the presence of NSR reduces the bactericidal efficiency of
nisin [207] in L. lactis MG1363. NSR-mediated nisin resistance is conferred via proteolytic
degradation of nisin where NSR cleaves/hydrolyses the peptide bond between MeLan28 and
Ser29 of nisin [198] (Figure 10). Interestingly, the predicted N-terminal signal sequence has
no effect on the activity of NSR, as both the full-length and the smaller variant were able to
inactivate nisin in vitro. The cleaved nisin fragment (nisin'**) (Figure 10), still having the
five characteristic lanthionine rings, displays a reduced affinity for the cell membrane,
decreased affectivity in pore formation and a 100-fold less bactericidal activity [198],
implicating towards the importance of the C-terminus of nisin in its bactericidal efficiency

[207].
Nisiny_sg (2697.0 Da)

i.msin 26.34 (651.6 Da)

[ ] [
NSR Nisin (3330.6 Da)
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Figure 10: Proteolysis of nisin catalyzed by NSR. Post-translationally modified residues are
indicated in orange color. Molecular masses of intact and NSR-cleaved nisin are indicated

in parentheses to the right of the corresponding peptides. Based on [198] and created with
Chem BioDraw 13.0.

Interestingly, this protein is found within an operon that contains other genes encoding an
ABC transporter NsrFP, and a TCS named NsrRK which confers nisin resistance in these
strains [184] (Figure 11). Furthermore, these operons were identified in various strains of
different genera of corynebacterium, enterococcus, leuconostoc, staphylococcus and

streptococcus bacteria.

21



Yirl i

Ta
G’" Q NS

A ~~
ATF .\:\r.ﬂ" -

onsr o nsef o [TRSEED IASARD  nsc

Figure 11: Overview of the nisin resistance operon. The nisin resistance protein (Nsr) is shown in
shade of pink. The two-component system regulatory proteins: NstrR (dark green) and
NsrK (light green) and the ABC transporter proteins: NsrF (sky blue) NsrP (blue) are also
shown with the extracellular domain (loop) highlighted in dark blue. Adapted from
chapter I and created with Chem BioDraw 13.0.

1.12.1 Other resistance-associated serine protease

Sublancin is a S-linked glycopeptide [212] encoded by the sund gene located on the SPB
prophage [213] and is produced by B. subtilis 168 [214]. Various species of Gram-positive
bacteria are found to be intrinsically resistant to sublancin due to the presence of ygeZyqfAB
operon [199].

YqgeZ is a member of the NfeD family of membrane-bound serine proteases (ClpP class;
COG1030). Although, the exact molecular mechanism of YqgeZ is not known yet, its N-
terminal region is similar to SppA (signal peptide peptidase) with conserved catalytic serine
and lysine residues [199]. Furthermore, a NfeD homologue (PH1510) from Pyrococcus
horikoshii is known to cleave within the C-terminal region of the downstream stomatin
(PH1511) [215]. Furthermore, it is postulated that the membrane-integrated protease YqeZ
might provide resistance by degrading peptides inserted into the membrane [199], indicating

towards a similar mode of resistance involving cleavage of lantibiotics.

1.13 The histidine kinases

Histidine kinases (HKs) form integral part of TCS that act as sensors and monitor the
external stimuli. ATP-dependent autophosphorylation of HK at a conserved histidine residue

results in the dimerization of the kinase. Furthermore, phosphotransfer from the HK to the
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RR results in activation of the RR and leads to generation of the output response of the
signaling pathway [161].

Histidine kinases vary in size from 40kDa to 200kDa [160] and are cytoplasmic membrane-
associated, usually via one or two membrane-spanning sequences which are crucial for
substrate binding. They typically contain extracellular sensory input modules fused to the
conserved protein kinase catalytic core [159] and their overall activity is dependent on the
input signals mediated by the sensory domains.

The sensor domains are responsible for detection of the external signal, while the 350 amino
acids long kinase catalytic core is composed of a dimerization domain and an ATP/ADP-
binding phosphotransfer (catalytic) domain which is responsible for ATP-binding and
directing phosphorylation [160].

1.13.1 NsrK — the histidine Kinase

As previously mentioned, most of the known lantibiotic resistance-associated kinases belong
to the so-called “intramembrane-sensing kinase” (IMSK) subfamily of histidine kinases
which are characterized with a short N-terminal sensing domain, composed of two
transmembrane helices separated by a short loop of only a few amino acids (less than 25
amino acids) [173, 216]. Thus, these kinases are buried almost entirely in the cytoplasmic
membrane and are conserved in low GC Gram-positive bacteria. These kinases are usually
small of about 400 amino acids (Figure 12).

Since they lack a typical HK extracellular sensing domain, it has been suggested that the
signal detection involves a process [173] in response to the lantibiotic leading to increased
synthesis of the ABC transporter encoded by the neighbouring genes. The ABC transporter
then facilitates the removal of the corresponding lantibiotic [173, 216, 121].

In silico studies revealed that NsrK also belongs to the IMSK family of kinases and
comprises of the typical short sensory domain and the characteristic kinase domains (HisKA
and HATPase c) [217] and lacks any additional domains that would allow signal detection
within the cytoplasm (Figure 12). Therefore, the presence of the ABC transporter NsrFP in

the neighborhood is inevitable for providing the full resistance against nisin [184].
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Figure 12: Domain organization of intramembrane-sensing histidine Kkinases. The structural
domains of different lantibiotic resistance associated (IMSK family) kinases are shown in
comparison to EnvZ histidine kinase from E. coli. NsrK and BceS are associated with
ABC transporter while LiaS and YbdK are ABC transporter independent kinases. The
figure on based on the graphical output of the SMART interface [217] and [173].

1.14 The response regulator - NsrR

Response regulators of the TCS function as phosphorylation-activated switches that regulate
the output responses [161] such as upregulation of genes. Generally, response regulators
(RRs) consist of two distinct structural domains, a receiver domain (RD) and an effector
domain (ED), that are separated from each other by a flexible linker [159, 160]. RDs contain
a highly conserved aspartate residue, which acts as a phosphoacceptor and is phosphorylated
by the kinase domain of the histidine kinase upon reception of the external signal. The ED is
thereby activated and binds to the designated promoters, initiating transcription of the genes
[159, 218].

Lantibiotics serve as a signal for CprRK in C. difficile [169] and GraSR in S. aureus [170]

and upon activation, the corresponding response regulators CprR and GraR promote the
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transcription of the cpr locus comprising of cprABCRK, and graXSR and vraFG genes
[170, 169], respectively.

A similar function for NsrR has been postulated wherein upon phosphorylation, it induces
the expression of all the corresponding genes present in the nisin resistance operon nsr and

nsrRKFP [184].

1.15 The ABC transporter NsrFP

Within the nsr operon, the protein encoded by nsrF, designated NsrF represents the
nucleotide-binding domain (NBD), and NsrP encoded by nsrP is the transmembrane domain
(TMD), which forms the transport pore within the membrane [184]. The proteins NsrF and
NsrP together encode a functional ABC transporter.

NsrFP is a BceAB-type ABC transporter and is closely related to the ABC transporter
MbrAB from S. mutans (45% sequence similarity). MbrAB, a homologue of BceAB in B.
subtilis, is an exporter of bacitracin involved in bacitracin resistance [189] and functions
together with BreSR, a two-component system to regulate its own gene expression [183].
Various similar ABC transporters associated with lantibiotic resistance have been
characterized in S. pneumoniae (bacitracin and vancoresmycin resistance) [190], YsaBC in
L. lactis TL140 (exporter and is involved in nisin resistance) [131], ABC09 and ABC12 of
Lactobacillus casei BL23 (nisin, bacitracin, subtilin and plectasin resistance) [219], ABC
multidrug-resistance efflux pump AnrAB in L. monocytogenes (exports nisin, gallidermin,
bacitracin and B-lactam antibiotics) [220], BceAB in B. subtilis [162, 221, 222] and VraDE
and BraDE in S. aureus (nisin and bacitracin resistance) [168].

Since NsrFP is an ABC transporter, it should either export or import the substrate. Based on
the known ABC transporters from the lantibiotic immunity and resistance systems, the
putative function of NsrFP can be postulated. The immunity ABC transporters, NisFEG and
SpaFEG in the producer systems, are known to act as an exporter, transporting the
nisin/subtilin molecules into the external environment [103, 223]. Thus, NsrFP probably acts
as a second-line of defense exporting the nisin molecules out of the cell, thereby providing

resistance [184].
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2. Aims

The elucidation of the mechanism of nisin resistance as present in S. agalactiae on a
molecular level and its in vitro characterization was the overall aim of this thesis. Although
various modifications in cell wall and membrane are responsible for nisin resistance in
various nisin non-producing strains [123, 142, 143, 126, 132, 148, 128, 157, 9, 121], a
distinct mechanism of nisin resistance in nisin non-producers involving a nisin resistance
protein (NSR) was identified in 1957 [196, 192].

This nisin resistant determinant was observed in various non- producing strains of L. lactis
[202, 203, 206, 204, 205]. However, it was not until 2009 that the underlying mechanism of
NSR-mediated nisin resistance was identified [198]. NSR confers nisin resistance by
proteolytically degrading nisin by cleaving the six amino acids from the carboxyl tail of
nisin [198]. The resulting nisin fragments showed 100-fold less bactericidal activity and
reduced affinity for membrane.

These results provide only limited insights into the functioning of this serine protease.
Furthermore, biochemical characterizations of NSR including its substrate specificity are
still lacking. Additionally, analogous to the immunity system in nisin producing strains [93,
94, 224], involvement of any additional genes in nisin resistance is still ambiguous.

In order to establish the possible involvement of additional genes in this resistance
phenomenon, the first aim of the thesis was to characterize the operon involving nsr gene
and subsequently identify other associated genes.

After successful identification of the five-component operon involving NSR, NsrFP (ABC
transporter) and NsrRK (two-component system), the second aim was to solve the crystal
structure of NSR from S. agalactiae, determine the binding site and the substrate specificity
in order to absolve the enigma behind the unusual proteolytic degradation of nisin.

Finally, the third aim was to identify the contribution of NsrFP and NsrRK in nisin
resistance in S. agalactiae, through biochemical characterization of the proteins on a

structural level.
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Short Communication

Sakshi Khosa, Zainab AlKhatib and Sander H.]. Smits*
NSR from Streptococcus agalactiae confers
resistance against nisin and is encoded by a

conserved nsr operon

Abstract: Nisin is a lantibiotic produced by Lactococcous
lactis (L. lactis), which is active against many Gram-pos-
itive bacteria. However, in various pathogenic and non-
pathogenic bacteria, the presence of a nisin resistance
protein (NSR) confers resistance against nisin, Here, we
show that NSR from Streptococcus agalactine (SaNSE)
confers 20-fold resistance when expressed in L. lactis.
We also show that SaNSR is encoded by an operon struc-
ture comprising of a lipoprotein and an ATP-binding cas-
sefte transporter as well as a two-component system that
is putatively involved in expression and regulation. This
organization of the operon is conserved in several (non)
pathogenic strains that do not produce nisin themselves.,

Keywords: ABC transporter; immunity; lantibiotic; lipo-
protein; nisin resistance protein; regulation.

*Corresponding author: Sander H.]. Smits, Institute of
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Lantibiotics are ribosomally synthesized peptides that are
characterized by the extensive post-translational modifi-
cations they undergo and are approximately 19-38 amino
acids in length (Sahl and Bierhaum, 1998). The dehydra-
tion of serine and threonine residues in the prepeptide
forms dehydroalanine and dehvdrobutyrine amino acids
(Chatterjee et al., 2005a), which then covalently link to
the free cysteine thiols to form (methyl) lanthionine rings
(Ingram, 1969). These lanthionine rings are important for
the activity because they stabilize the peptide and protect
it from proteolytic degradation (Bierhaum et al., 1996).
Lantibiotics have a broad antimicrobial spectrum against
various Gram-positive bacteria and thus are interesting
candidates for pharmaceutical applications (Willey and
van der Donk, 2007).

Ome of the best-characterized lantibiotic is nisin, a
type 1 lantibiotic. It is an amphiphilic, cationic peptide of
34 amino acids. It is produced by Lactacoccus lactis and
was first discovered in 1928 (Rogers, 1928). Nisin contains
one lanthionine ring and four methyl-lanthionine rings
(Chatterjee et al., 2005b) and has bactericidal activity
against many Gram-positive bacteria including Strepto-
coccus preumonia. It also prevents the outgrowth of many
Clostridinm and Bacillus spp. (Harris et al., 1992). The
bactericidal efficiency of nisin is due to its capability to
inhihit the cell wall biosynthesis (Reisinger et al., 1980)
and its pore-forming ability (Wiedemann et al., 2001; van
Heusden et al., 2002), where it uses the cell wall precursor
lipid 11 as a decking molecule (Hasper et al,, 2006), This
activity can be quantitatively measured by growth inhibi-
tion of the target bacteria either on agar plates [minimum
inhibitory concentration (MIC)] (Wiedemann et al., 2001)
ot in liguid medium [the concentration of lantibiotic that
inhibits cell growth by 50% (IC_)] (Oman and van der
Donk, 2009), Because nisin is bactericidal in nature (low
nanomaolar concentrations of nisin are enough to per-
meahilize the target membrane), there is a mechanism in
nisin-producing strains conferring immunity against their
own harmful lantibiotic and thus preventing a suicidal
effect. A specific lipoprotein, Nisl, and an ATP-binding
cassette (ABC) transporter, NisFEG, together fulfill this
role (Siegers and Entian, 1995). Interestingly, both these
proteins act cooperatively, and only 20% of the total
immunity is conferred in the absence of either of the two
(Ra et al., 1999).

However, there are some Gram-positive human patho-
genic bacteria such as Staphylococcus aureus (Carlson and
Bauer, 1957) and Streptococcus agalactiae (Hirsch, 1950)
that display substantial resistance against nisin (Harris
et al., 1992). Interestingly, these strains themselves do not
produce nisin,

In non-nisin-producer L. lactis subsp. diacetylactis
DRC3, the nisin resistance determinant was found to be
associated with the nisin resistance gene, nsr (Froseth and
McKay, 1991). Sequencing of this nsr gene revealed an open
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reading frame of 318 codons. The encoded 35-kDa protein
nisin resistance protein (NSK) was recently characterized
and was found to be membrane-associated, which is likely
due to its hydrophobic N-terminus (Froseth and McKay,
1991). It has been shown that NSR from L, lactis TS1640
degrades nisin proteclytically by cleaving the peptide
bond between Melan28 and Ser2?, thus resulting in the
reduced bactericidal efficiency of nisin (Sun et al., 2009,
The cleaved nisin, still having the five characteristic lan-
thionine rings, was found to have a reduced affinity for
the cell membrane and showed 100-fold less activity (Sun
et al., 2009), NSR belongs to the 541 family of peptidases,
also known as the C-terminal processing peptidase (CTP).
CTFPs are characterized by an active site consisting of a cata-
Iytic dyad made up of serine and lysine and an N-terminal
signal peptide (Keiler and Sauer, 1995; Rawlings et al.,
2012). Based on homology modeling, it was later identi-
fied that NSR contains a tail-specific protease domain at
its C-terminus (Silber et al., 1992) that is responsible for the
C-terminal specific cleavage of its substrate,

By sequence homology studies, we identified an nsr
gene in 5. agalactiae ATCC 13813 (Gene Accession No.:
HMFPREFM71_1170). The gene product, here referred to
as 5aN5R, shows to confer resistance when expressed in
a nisin-sensitive L. lactis strain (Figure 1). A shift in IC_
toward higher nisin concentrations indicates that SaNSR
confers resistance. Comparing the IC, values of nisin
incubated with the sensitive strain harboring the empty
plasmid (IC_=3.8£0.4 nm) and the SaNSR-expressing
strain {ICW of 68£1.2 nm} highlighted the fact that NSR from
5. agalactiee confers a 20-fold resistance. As previoushy
shown, NSR proteins act as serine proteases and the cata-
Iytic serine is conserved among the NSE homologues.
When mutating this serine to alanine (gene product anno-
tated as SaNSR-52364), the resistance against nisin drops
to merely 8+1.1 nm. This slight increase when compared
with the sensitive strain containing the empty plasmid is
likely due to the fact that although catalytically deficient,
the expressed SaNSR-5236A protein still binds to the nisin
molecules, resulting in a slightly higher number of nisin
molecules, which are needed to inhibit the cell growth,

Additionally, through genomic data and comparative
sequence analysis and using the nsr gene from 5. agalac-
tige ATCC 13813 as the query sequence, we found that this
gene is localized in a specific operon within the genome,
termed here as nsroperon encoding six different proteins.
Similar to the immunity system present in the producer
strains (Alkhatib et al., 2012), the nsr operon consists of
a lipoprotein, NSE, and an ABC transporter, termed here
as NsrFP (NsrF is named after LanF found in the producer
strains and P stands for the permease). Furthermore, a
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two-component system is also present, consisting of the
response regulator and the histidine kinase (designated as
NsrR and NsrK, respectively). Likely, this nisin resistance
mechanism (schematically shown in Figure 2) is similar
to the process of immunity in nisin-producing strains
because of the high similarity between the genes present
in both the systems,

This nsr operon is found to be present in some non-
pathogenic species Corynebacterium casei and Corynebac-
terium ammoniggenes; in various pathogenic strains of
Leuconostor mesenteroides, Leuconostoc carnosum, Ente-
rococcus faecium, Staphylococcus epidermis, Streptococcus
ictaluri, Streptococcus sanguinis; and in different strains of
Streptococcus dysgalactiae and 5. agalactiae,

Further analysis showed variation in the orientation
and the order of the genes in the nsr operon, which can
be categorized in four different groups (Figure 3). The first
group (1) comprises the nonpathogenic strains C. casei
and C. ammoniagenes, which contain nsrR, nsrK, nsrFP,
and nsr in their operon. However, here, the translational
direction of nsrFF and nsr genes is opposite of nsref and
nsrK genes. The second group (I1a and [Ib) comprises the
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Figure 1 IC,, determination of nisin incubated with strains express-
ing 5aN5R and 5aN5R-5236A, Shown are the inhibition curves for
straing expressing SaNSR (red), SaNSR-52364 (green), and the
nisin-sensitive L factis strain NZ9000 (blue), The IC,, measure-
ments were performed according to the protocol mentioned by Abts
etal. (2011).
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Figure 2 Mechanism of nisin resistance. The nisin resistance system consists of membrane-associated NSR, histidine kinase Nsrk,
transcriptional regulater Nseit and an ABC-transparter NseFP. NSR ¢leaves the nisin molecule into nisin®™ and nisin™ " fragments,

which show reduced activity,

pathogenic Streptococcus species where the gene order is
different, encoding nsr and nsrFP genes first and then the
two-component system genes, nsrR and nsrk. S, ictaluri
also belongs to this group, however, here the nsrP gene is
much smaller than that observed in the other operons (see
below) and is therefore classified separately into group Ib,
One interesting observation is that the nsr operon found
in 5. sanguinis encodes two additional nsrFP ABC trans-
porters, suggesting that it might be resistant against diffe-
rent lantibiotic peptides, where every ABC transporter
might be responsible for resistance against a specific
antimicrobial peptide (group 111, Figure 3), which is also
reflected by its large operon size. However, the members
of group [V do not have the complete operon and in L,
carnasum, E. casseliflavus, and E. faecium, only the nsr
gene is present, whereas the putative genes for regulation
and transportation could not be identified, In contrast,
the operons of 5. epidermis and L. mesenteroides have nsr
and nsrFP, whereas nsrR and nsrK genes were not identi-
fied. (Note: The genomes of the species of group IV are not
fully sequenced or completely assembled, and only DNA
contigs could be found, which might be the reason for the
missing genes.) Recently, a similar operon structure has
also been found, which is associated with nisin resistance
in Streptococcus mutans UA159 (Kawada-Matsuo et al.,
2013). Despite the variation in the operon structures, the
sarme set of genes putatively involved in resistance, regu-
lation, and transport remain present in these groups.

The proteins NsrF and NsrP together encode a func-
tional ABC transporter (Figure 2). ABC transporters

comprise one of the largest families of membrane pro-
teins that are present in all kingdoms of life and are
subdivided into two major classes, the exporters and
the importers (Davidson et al., 2008). Generally, an
ABC transporter consists of two hydrophobic transmem-
brane domains (TMDs) and two hydraphilic cytosolic
nucleotide-binding domains (NEDs). Within the asr
operon, the protein encoded by nsrF, designated NsrF,
represents the NED, and NstP encoded by nsrP is the
TMD, which forms the transport pore within the mem-
brane, Sequence analysis of NstF protein reveals that it
contains all the ABC transporter sequence motifs. These
are the Walker A, the Walker B, the H-loop, and the two
hallmarks of ABC transporters, the C-loop (or ABC sig-
nature motif, LSGGO) (Schmitt and Tampé, 2002) and
the D-loop (Higgins and Linton, 2004; Van Der Does
and Tampe, 2004; Zaitseva et al., 2006). These sequence
motifs are important for ATP binding and hydrolysis and
are needed to energize the transport of the substrate via
the TMDs.

NsrFP belongs to the ISVH family of ABC transport-
ers that comprises a macrolide-specific ABC-type efflux
carrier (MacAB), which confers resistance to macrolides,
and proteins invalved in cell division (FsE), and lipopro-
teins released from the cytoplasmic membrane (LolCDE)
(Holland et al., 2003). Furthermore, the ABC transporter
present in the genus Enterococcus, which has been proven
to confer resistance against the antimicrobial peptide bac-
itracin, also belongs to this ABC transporter family (Matos
gt al., 2009).
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Figure 3 Structure of the nisin resistance operon. The operon structure of nislin producer strain and nsrin different nonproducer strains
has been shown. Genes performing similar functions are color-coded identically. Nenpathogenic strains are indicated in green, whereas
the pathogenic strains are represented in red. Homolegues of NSR from 5. agaloctioe ATCC 13813 (Gl: 319745028) were manually retrieved
fram MCBI using a BLAST search (Altschul et al., 1990), Sequences having an E-value <le-10 and percentage identical aming acids =30 were
retained; partial sequences were excluded, Using UniProt (Magrane, 2011) and NCBI (Sayers et al., 2010), the genome of the selected micro-
organisms were searched for the nsr gene, and subsequently, other genes were also identified. *The genome and gene accession numbers

are provided in Table 2 of the Supplementary Information.

Generally, the TMDs of ABC transporters display a low
sequence similarity, reflecting the large variety of sub-
strates they transport, ranging from small ions to large
proteins of up to 900 kDa. A noteworthy feature of the
nsrP gene is its size (around 2000 bp, encoding 630 amino
acids), which is relatively large for a single TMD of an ABC
transporter. Analysis of the membrane helical content
of NstP showed that it contains 10-12 transmembrane
helices (Bernsel et al., 2009) (Figure 4), indicating that it
might be harboring both the TMDs needed for a functional
ABC transporter, which would result in the stoichiometry
of a monomet of NsrP and a dimeric NsrF. One exception
here is the NsrP of 8. ictaluri, which might be forming a
homodimer in the membrane, as it is predicted (o contain
only six helices (Bernsel et al., 2009) (group b, Figure 3).

Interestingly, in the MNsrP proteins, a large extracel-
lular loop of 200-250 amino acids (18-24 kDa) is present

between helices 7 and 8, representing an extra domain
(highlighted in red, Figure 4). The nsrP gene of 5. ictaluri
is smaller; consequently, the extracellular loop present in
its NsrP (between helices 5 and ) is also smaller than that
present in other NsrP proteins.

Analysis of the loop sequence of NsrFP using BLAST
searches (Altschul et al., 1990) did not reveal any sequence
similarities to other proteins, except the NsrP-like ABC
transporters that are involved inlantibiotic resistance, Fur-
thermore, sequence comparison and structure prediction
programs such as PDB-BLAST (Altschul et al., 1990) and
Phyre 11 (Soding, 2005), vielded no significant structural
homology with the known crystal structures, suggesting
that this extracellular loop is an exclusive characteris-
tic of the lantibiotic resistance-associated family of ABC
transporters, Extra domains fused to ABC transporters
are not unusual and perform some specific functions. In
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Figure & Predicted secondary structure of NerP. NsrP is composed
of 10 transmembrane helices (Bernsel et al., 200%) shown in green.
Between helices 7 and 8, an extra loop domain (red) thought to be
associated with lantibiotic resistance is present,

the glycine betaine ABC transporter, Opud from L. lactis,
an extra domain [identified as substrate-binding protein
(SBP)] is fused to the membrane permease. Located at
the C-terminus, the main purpose of this SBP is to hind
to the substrate in the extracellular space and deliver it
to the transporter (van der Heide and Poolman, 2002). A
peptidase domain localized at the N-terminal is present
in the ABC exporter MukT that transports Nukacin 15K
(a class 1 lantibiotic produced by Staphylococcus warneri
15K-1), which cleaves off the signal sequence prior to the
transport of the lantibiotic into the external environment
(Nishie et al., 2011). Similar to the presence of an extra
domain between the helices in NsrP, an extra domain is
also localized between transmembrane helices 2 and 3 in
MalFGE, (the maltose uptake ABC transporter system of
Escherichia coli). The membrane protein MalF contains a
large extracellular loop (called F2-loop), which folds into
an lg-like domain, extending 30 A away from the mem-
brane surface and interacts with MalE (SEP) (Oldham
et al,, 2007) for regulatory purposes,

Because NsrFP is an ABC transporter, it should either
export or import the substrate. Using the lantibiotic
immunity system as a model, we hypothesize the function
of NerFP. The immunity ABC transporter SpaFEG in the
subtilin-producing systems is known to act as an exporter,
transporting the subtilin molecules into the external envi-
ronment (Stein et al., 2005). Similarly, in the nisin-pro-
ducing strains, NisFEG has also been shown to function
as an exporter, expelling the nisin molecules out of the
membrane into the extracellular space (Stein et al., 2003).
Studies involving the expression of NisIFEG in B. subtilis
showed that all the nisin molecules could be recovered
from the media and the strain became resistant (Stein
et al., 2003). Thus, LanFEG builds a so-called second line
of defense in the lantibiotic-producing strains.
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It is known that the lipoprotein NSE captures the nisin
molecules and cleaves off the last six C-terminal residues,
thereby lowering its activity (Sun et al., 2009). However,
at higher nisin concentrations, it is likely that N5R is not
cleaving all the nisin molecules. We propose that NstFP
would have a similar activity as the NisFEG, rescuing the
microorganism from the nisin molecules that escape the
first line of defense provided by NSR.

In nisin-producing L. lactis strain, the expression
of Nisl and NisFEG is regulated by the two-component
system, NisR and NiskK. The presence of nsrR and nseK
genes, together encoding a two-component regulatory
system in the operon, suggests that the expression of
NSE and WNsrFP is also tightly regulated. In the producer
strains, the genes for bicsynthesis and immunity are regu-
lated via signal transduction involving a two-component
regulatory system composed of a receptor NsrK, nisk,
and a transcriptional NsrR, nisR (Kuipers et al., 1995).
The transcription of the immunity genes is controlled by
nisk and nisK, based on the concentration of extracellular
nisin (Kleerebezem, 2004). Thus, nisin acts as a phero-
mone and regulates its own biosynthesis and expression
(Kuipers et al., 1995), Recently, the involvement of the
two-component system NsrRS of 5. mutans UA159 was
confirmed in nisin resistance, which also regulates the
expression of other genes found in the operon (Kawada-
Matsuo et al., 2013). Thus, we postulate a similar function
for Nsr® and Nsrk, which might also be induced by the
amount of external nisin,

In conclusion, the nsr gene found in the genome of
5. agalactiae confers resistance to nisin when expressed
in L. lactis. SaNSR is encoded by an operon consisting of
nsr, nsri, nsrk, and nsrFF genes, which are found in other
nisin-nonproducing strains as well, The observed operon
structure resembles the one found in nisin-producing
strains. However, the exact underlying mechanism of the
correlated functioning of these genes is still unknown,
and some extensive studies on the encoded proteins are
regquired for proper understanding. An in-depth knowl-
edge about this resistance would open new avenues for
the treatment of bacterial infections using lantibiotics,
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SUPPLEMENT INFORMATION:

Cloning of plasmids:

The plasmid pNZ-5V-Nsr(N-His) was cloned with the In-Fusion HD PCR Cloning
Kit (Clontech) according to the manufacturer’s protocol. The vector pNZ-SV was
linearized by PCR with the primer pair pNZ-8V-for and pNZ-8V-rev. The nsr gene
was amplified by PCR applying pET28b-Nsr with the primers Inf pET Nsr for and
Inf pET Msr_for. both primers with a 15bp homology to the vector for the In-Fusion
reaction. Restriction analvses and partial sequencing confirmed the resuliing plasmid,

whose protein is referred o as SaNSR.

The amino acid residue Ser-236 was replaced by Ala using site-directed mutagenesis
and primer pair Nsr-5236A-for and Nsr-5236A-rev (product mentioned as SaNSR-
S5236A).

Table 1: Sequences of the primers used for cloning,

Primer name Primer sequence
pMNZ-SV-for GCTTTCTTTGAACCAAAATTAG
pMNZ-SV-rev GOGTGAGTGCCTCCTTATAAT

Inf_pET Mar_for | AAGGAGGCACTCACCTACCATGOGGCAGCAGCCATC

Inf pET _Nsr rev | TGGTTCAAAGAAAGCTCGACGGAGCTCGAATTCGGATC

Nsr-8236A-for CTAATCATAAAACTGCTGCGTCGGUAGAAATGAC

Nsr-5230A-rev GTCATTTCTGCCOACGCAGCAGTTTTATGATTAG
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Table 2: Genome and Gene [Ds of the various genomes and genes.

Microorganism Strains

Genome/Gzene Accession No.

Corynebacierium casei UCMA 3821

{Putative nisin-resistance protein)

CAFW01000086 CAFW01000000/
CCAS 11245

Corynebacterivm ammoniagenes DSM
20306 (Peptidase, S41 family)

ADNSO1000015 ADNSO1000000/
HMPREFO0281_01689

Streprococcus agalactioe ATCC 13813

(Misin-resistance protein)

AEQQOI000060 AEQQU1000G00/
HMPREF9171_1170

Sirepiococcns agalactioe COHIT (Nisin-

resistance protein, putative)

AAJRO1000021 AAJRO1000000/
SAN 1085

Sireptococens agalactioe STIR-CD-17

(Misin resistance protein Nsr)

ALXBO1000029 ALXBO1000000/
M3IM_D6594

Streprococeus agalactiae 2603V/R (Nisin-

resistance protein, putative)

AEM9948
AE014191-AE014290/ SAG0973

Streptococons canis FSL Z3-227 (Misin

resistance protein Nsr, putative)

AIDX01000001 AIDX01000000
AIDXKOT000002 AIDXOT000003/
SCAZ3 06155

Sirepiococcus dyvsgalactiae subsp.
dysgafacrioe ATCC 27957 (Nisin

resistance protein Nsr, putative)

AEGOO1000002 AEGOG1000000/
SDD27957 04970

Streprococcus dysgalaciiae subsp.
equisimilis AC-2713 (Nisin-resistance

protein)

HES58529/ SDSE_1008

Streptococeus fctaluri T07-05 (Peptidase,
541 family)

AEUX02000006 AELXO2Z000000/
STRIC_1250

Streptococcus sanguinis SK 1057 (Misin

resistance protein)

AFBADTO00006 AFBAOTO00000/
HMPREF9394 0793
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Enterococcus foecium E1039 (Nisin-

resistance protein)

ACOS01000004 ACOS01000000/
EfmE1039 0093

Levwconostoe carnosum JB16 (NisR)

CPOD3IRS1/ C270_03870

Lewcanostoc mesenteroides subsp,
cremoris ATCC 19254 (Nisin-resistance

protein)

ACKVO1000021 ACKVO1000000/
HMPREF0555 0508

Staphlococcus epidermidis AU12-03
(NisR)

AMCS01000047 AMCS01000000/
B440 10980

* Gene 1Ds are from GenBank NCBI (Benson et al., 2013).
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3.2  Chapter II — Nisin Resistance Protein
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| communicaTions preliminary X-ray diffraction of the nisin resistance
protein from Streptococcus agalactiae
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Eciied by R. L. Swasdicld, The Scripps Bewrarch R _ 3 i & . £
s : e Misin is 8 34-amino-acid antimicrobial peptide produced by Laciococens factis

B e belonging to the class of lantibiotics. Nisin displays a high bactericidal activity
Kieyworthi: lanbeotic: misin: nesERance: against various Gram-positive bactena, including some  human-pathogenic
immuniiy; lpoprotein; Lactococcus Lachis strains. However, there are some nisin-non-producing strains that are naturally

resistant owing o the presence of the mir gene within their genome. The
Supposting Information: thi anticls has encoded protein, NSR, cleaves off the last six amino acids of nisin, thereby

suppating inloomation al jeumalsoiocr ongd

reducing iis bactericidal efficacy. An expression and purification protocol has
been established for the NSR protein from Streprococens agalactiae COHL The
prodein was successfully crystallized using the vapour-diffusion method in
hun_l;:ing and sitting drops, resulting in crystals that diffracted X-rays 1o 2.8 and
2.2 A, respectively.

1. Introduction

The widespread use of antibiotics has led to the emergence of
resistant pathogenic bacteria. Thus, there is an urgent need 1o
develop new alternatives in order to fight infectious diseases.
Fromising candidates are antimicrobial peptides such as
lantibiotics produced by some Gram-positive bacteria. Lanti-
biotics are ribosomally svnthesized peptides that are char-
acterized by the extensive modifications that they undergo and
normally consist of dehydrated amino acids and {methyl)-
lanthionine rings {Chatterjee ef al, 2005: Lubelski et all, 2008).
Lantibiotics  target lipid 11, an essential cell-membrane
precursor, and form pores within the membrane, causing cell
leakage and subsequently cell death (Breukink & de Kruijff,
26), Maore than 50 lantibiotics have been discovered to date
{Donaghy, 2000} and many of them have already entered the
preclinical phase.

Misin is the most studied and widely used lanubiotic, It is
produced by Lactococeus laciis and has the characteristic one
lanthiomine and four methyl-lanthionine rings. Interestingly,
nisin has been shown 1o be insensitive Lo proteolviie digestion
owing 1o the presence of the five lanthionine rings. Nisin has a
wide bactericidal activity spectrum against many CGram-
positive bacteria, including L. factis subsp. lactis and subsp.
cremoris, L. bulparicus, Stphvlococens aurens, Clostridivm
difficile, Srreprococcus preumonioe, MRSA, enterococci and
Listeria monocyiogenes. Nisin also prevents the outgrowth of
many Closiridinm and Bacillus species (Hareis ¢ al, 1992).
The germicidal efficiency of nisin is owing to its capability to
inhibit cell-wall biosynthesis and pore-forming ability, where it
uses the cell-wall precursor Lipid I1 as a docking molecule
i B0 5 Batermational Union of Crpstallagragihy (Willey & van der Donk, 2007). Nisin has been found 1o be

Acta Cryst, (20015), FT1, 671675 hetpe: Velx caiorg 10, N TOFS205 32 30X 50062 26 {',}?1
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Table 1
M:l.u:rm'rmh:culc-pnn,lu.cli:m anformation,
Source organism

[MMNA source
Forward primer

£ agmlacrioer
Gienomic DNA
TTARATATTTATCTATTACCTOCTAGTAOCGAAL-

GTTATGG
Reverse primer ATGGCTGEOGOGCGGCACIAG
Cloning victor pET-28h
Expression vecter pET-28h

Expression hosy
Complele amino-acill sequence
of the construct produced

E, caeli BL21 (DE3)

MG ESHHHHANEHSSGLYPRGSHLN I YLLPPSSER=
FERVILOAVEIRALY SCROWGT TROASERKL -
KTSREYESRN I VQEAVRY CCCRKHSQILSXET -
VRRDTLODERYPEYRRLNEDILLITIPRISELD=
MRS TSV ECHLONT LMERSYEGLIT LOLSKNTG=
GHEIFHIGCLASILPROTLFHY TORYCHEETI-
THENIPLEALKISRETINTEHVPIALITHEET-
ASEAEMTFLEFEGLPEVESFGOATAGYTTVRE=
TPHLYDCARLALTTC IVEDEOEY K YENTPILD-
DYV TELPL]ESIEWLESRI RGN

clfective agﬂinst A preumoniae, ;'rf.w:'ahac'.rﬂhmi eherciilosis
and other mult-resistant Gram-positive pathogenic bacleria
(Carroll o al.. 2000; Cotter er all. 2003). Nisin also has
potential for the treatment of various enterococcal infections,
atopic dermatitis, peptic uleers and bacterial mastitis {Cotler ef
al., 2005: de Arauz er al.. 2009), However, there are some non-
nisin-producing strains, including various pathogenic bacteria
such as Streprococcus agafactioe and 8. awrens, which are
resistanl against aisin (Hareis er al, 1992). This resistance is
owing 1o the presence of the nsr gene, which encodes the nisin
resistance protein (referred to as MSR). It has been shown that
MNSR cleaves off the last six amino acids of misin, thereby
degrading nisin proteolytically. The eleaved nisin was [found 1o
have reduced affinity for the cell membrane and showed K-
fold less antibacterial efficiency (Sun er o, 2009). NSR s
stromgly hvdrophobic at the N-terminus and was thus posti-
lated 1o be membrane-associated (Froseth & McKay, 1991).
Interestingly, there is a whole operon associated with the
mechanism of nisin resistance, consisting of the msr gene, a
two-component regulatory system and an ABC transporter,
This operon can be found in various specics of Gram-positive
human-pathogenic bacteria (Khosa er al, 2003).

Thius, the structure of NSR would lead to a deeper under-
standing of the overall mechanism of nisin resistance,

Here, we present the overexpression, purification and
crystallization of the nisin resisiance protein.

2. Materials and methods
2.1, Macromolecule production

210, Cloning and expression. The nasr gene  [rom
S apafoctioe COHL was amplified using the genomic DNA
into pET-25b in a similar manner as described previously
(Khosa er af, 2003). Since the encoded protein has an N-
lerminal transmembrane region, the Grst 3 ammeo acids were
removed (referred to as NSR30) and an ExHis tag was
introduced at the M-terminus. The resulting plasmid (Table 1)
was verified by sequencing and transformed into Escherichin
cofi BL21 (DE3) for expression. A single transformed colony

was inoculated into 20 ml LB medium containing 30 pg ml™'
kanamycin. The culture was grown for 14 h at 310 K with
shaking at 200 rev min~', 21 LB medium with 30 pg ml™!
kanamyein was inoculated with the overnight culiure at an
Oy of 005 and grown at 310K with shaking at
170 rev min~" until an 0Dy of 03 was reached. The
temperature was lowered 1o 291 K and the cells were further
grown o an Oy, of (L8 before induction with 1 mA 1PFTCG
The cells were grown for a further 15 h.

The cells were harvested by centrifugation at
8000 rev min~" for 20 min at 277 K. The harvested cell pellet
was stored at 253 K until further use.

2.1.2, Purification. All steps were performed at 277 K. The
stored cell pellet was thawed and resuspended in 10 ml buffer
A (50 mM Tris pH 840, 50 mM MaCl, 10% glveerol), and 10 mg
DNase (deoxynbonuclease | from bovine pancreas. Sigma-
Aldrich) was added, The cells were lvsed five times using a
cell disruptor (Constant Cell Disruption Systems, United
Kingdom) at 260 MPa. The lvsate was centrifuged at
42 000 rev min~' for 60 min wsing a TGk rolor 10 remove
unlysed cells and debris.

Histidine was added o the cleared lysate o a final
concentration of 1 mM. The lysate was then applied onto an
MNi**-loaded HiTrap HF Chelating column {(GE Healthcare)
pre-equilibrated with buffer £ (20 mM Trs pH 8.0, 250 m\
MaCl. 1 mM histidine) at a flow rate of 1 mlmin~'. The
column was washed with six column volumes of buffer 8. The
protein was then eluted with increasing concentrations of
histidine from 1 to [20mM in the form of a linear gradient
spanning 60 min at a flow rate of 2 ml min~'. The fractions
comaining the protein of interest were pooled and concen-
trated to 12 mg ml™" in an Amicon centrifugal filter concen-
trator with a 10kDa cutoll membrane (Millipore). The
concentrated protein was then further purified by size-
exclusion chromatography using a Superose 12 GL 300
column (GE Healtheare) equilibrated with bulfer © (25 mf
MES pH 6.0, 150mM NaCl), The protein eluted as a single
homaogencous pcak and the concerned fractions were pooled
and concentrated 1o 26 mg ml ' as described above. The
purity of the protein was analyzed with SD5-PAGE and
colloidal Coomassie stain {Dyvballa & Metzger, 2000). The
purified protein was directly used for crystallization,

2.2, Crystallization

Crvstallization screening was performed at 285 K using an
NTE robot (Formulatrix) and the sitting-drop vapour-diffusion
method in Corming 3553 sitting-drop  plates. For initial
sereening, various commercial crystallization screens were
used (The JCSG Core Suite L. Classics Suite, PEGs Suite and
MPD Suite from Qiagen, Germany and MIDAS from Mole-
cular Dimensions, England). Manodrops consisting of 0.1 pl
each of protein and reservoir solution were mixed and equi-
librated against 50 pl reservoir solution. The screening vielded
some initial rod-shaped crystals after 3d in the condition
0.5 M lithium sulfate, 15%(w/v) PEG 3000 (The Classics |
Suite condition F5). The initial crvstals were optimized by
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Figure 1

Purification of NSH30. {a) Chromatogram representing the purification
of NSRI by size-exclusion chromatography, (k) 15% SDS-PAGE
showing the punfied NSR3) fractions. Lane 1 comtams PageRuler
Unstamed Protein Ladder (lebelled in KDa) and lanes 2-8 oontan the
purified NSR30 fractions at 35 kDa. The lower 30 kDa band also arises
from NSRM), as verified by mass spectrometry, and is likely to be a
degradation product. @, b and ¢ refer to the protein standards BSA
{ meslesczlar w:*ighl 67 kD), fdactonlbumin (35 kDa) and cvtochrome «©
(12.7 kDa), respectively.

Table 2
Crystallization,

Method Vapour diffusion
Flate type Hamging/alting drop
Temperature (K} 20785

Protein concentration (mgml "k i

23 mM MES pH 6.0, 1350 mM Matl

5 A lithium sulfate, 15% (W)
PEG RO

Rati of drop 121

Wedume of reservolr () klL1]

Buffer composition of prolcin saluton
Compaosition of reservoir selution

varying the concentration of PEG [5, 10, 15, 20, 25 and
J0%(wiv)] and lithium sulfate (0.4, L5, 006 and 0.7 M) using
hanging and sitting-drop vapour-diffusion methods at 297 and
285 K. respectively. Each drop consisted of 1 pl protein solu-
tion {concentration of 9 mg ml™") mixed with 1 pl reservoir
solution and was equilibrated against a reservoir volume of
S pl. Crystals were obtained after 1d and grew 1o their
maximum dimensions within 5 d. Crystallization information
is summarized in Table 2,

2.3, Data collection and processing

Drrops containing the optimized crystals were overlaid with
2 pl mineral oil before the erystals were harvested and flash-
cooled in ligquid nitrogen., X-ray diffraction data were collected
on the [D23-EH2Z beamling at the Euwropean Synchrotron
Radiation Facility (ESRF; Flot et al.. 2010), Grenoble using a
Pilatus detector. Adter the initial diffraction tests, a data-
collection strategy was calculated using the EDNA soltware
available at the beamline {Incardona er al, 20097 and the data
subsequently collected were processed and scaled using XDS
and XSCALE (Kabsch, 2010).

3, Results and discussion

MNSR30 was successfully cloned and overexpressed in a soluble
form in E. colif BL21 {DE3) cells. The protein was purnified vig

()

Figure 2

Crystaks of NSR30. (a) Rod-shaped crystals obtained by the sitting-drop vapour-diffusion method at 285 K. (b) Cubic crystals obtained by the hanging-

drop vapour-diffusion method at 297 K.
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a two-step purification protocol. Nickel-affinity chromato-
graphy was performed first, followed by size-exclusion chro-
matography (Fig. La), NSR30 eluted from the size-exclusion
chromatogram at 14.8 ml, which corresponds to a molecular
mass of 3040 kDa, indicating that NSR30 = a monomer in
solution. The vield of the protein was arcund 5 mg per litre of
cell culture, Protein homogeneity and purity was assessed by
SDS-PAGE (Fig. 1b). The molecular mass of the purified
protein was comparable 1o the theoretically caleulated maole-
cular weight of 353 kDa (Gasteiger ef al, 2005),

Initial crystals of NSR30 appeared after 3 d in The Classics
Screen | condition F5 [0.5 M lithium sulfate, 15%(wiv) PEG
S000] with a sitting=drop setup. Oplimizations were performed
by varying the concentrations of lithium sulfaie and PEG.
Hanging-drop and sitting-drop vapour-diffusion methods were
also tried, Crystals were oblained with 5-30%(w/v) PEG S000
and 04-0.7 M lithium sulfate after 1 d (Fig. 2). Sitting-drop
vapour diffusion at 285 K yielded rod-shaped crystals (Fig. 2a)
with maximum dimensions of 560 x 45 x 30 um, whereas
cubic-shaped crystals with dimensions of 125 = 125 = 40 pm
were obtained using the hanging-drop vapour-diffusion
method at 297 K (Fig. 2b). The crystals obtained were
dissolved and analysed by mass spectrometry, revealing the
presence of the NSR30 protein (Supporting lnl'nr+mali-un].

The initial rod-shaped crystals diffracted (o 2.2 A resolution
using synchrotron X-rays (Fig. 3a). The crystals belonged to
space group PZLZ.ZL. with unit-cell parameters @ = 53.8,
h=1372 c= 1640 A, o = f = p = 9F (Table 3). Matthews
coelficient calculations resulted ina Vi of 2.34 A Do~ and a

Table 3

Diata collection and processing.

Road-shapod crystal

Cubie erystal

Driffraction source

‘Wavelength :AJ

ID2-EHL, ESRF
(8T

ID23-EH2, ESRF
AT

Temperature (K} JLLI] JLLI]
Detector Pilztuss 2M Pilatus® X8
Crystal-to-detector mu 35005

distance (mm)
Rotation range per image (7] 005 s
Tofal rodation range () 120 4
Exposure time per image (s) 002 0
Space group P22y 432
a, kb, c |'.5|.} SRE, 137.2, 16400 1864, 186.4, 186.4
a, A v () ), D, G ), W, W
Mosaicity () ; 05 s
Resolution range (A} I00=2.21 (2.29=2.21} 1NAD=2.ET {2.97=2.8T)
Total Now of reflections 320 (28341) HIRLR (19521)
Mo, of unigque reflections GTITT (B655) I3 (24T1)
Complebeness (%) G (9.3) SELE [ JNLO)
MMulaplicity 4.5 (4.2) B3 (79
i i 267 (1.79) 6% (1.71)
Bpim (%) 600 (33.5) TA (411}
Oreerall B factor from ZHa4 334

Wiksan plot { A7)

solvent contemt of 4734 %, corresponding to four molecules in
the asymmetric unit (Matthews, 1968: Kantardjiefl & RupE-:.
2003). However, the cubic crystals diffracted o0 28 A
resolution wsing svnchrotron X-rays (Fig, 30). The crystals
belonged to space group P432, with umit-cell parameters
a=b=c=1864A o= B =y =90 (Table 3). Interestingly,

223 A

147h

Figure 3

(b

X-ray diffraction patiern of NSRY0. Diffraction images of rod-shaped (o) and cubic (&) NSR30 crystals with an oscillation width of 107, The images were
used to calculate a data-collection strategy wsing EDNA (Incardona ef al, ),
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Muatthews coefficient calculations resulted in a Vy, of 381 or
254 A7 Da~" and a solvent content of 6% or 52%, corre-
sponding 1o two or three molecules in the asymmetric unit
(Matthews, 1968; Kantardjieffl & Rupp, 2(M3}). The exact
number of molecules in the asymmetric unit will be deter-
mined when the structure has been solved. The sell-rotation
function revealed a noncrystallographic iwofold axis for the
P432 erystal form and & nonerystallographic fourfold axis for
the crystal form displaving P2,2,2, symmetry. Furthermore, no
large peaks were seen in the native Patterson function for
cither of the crystal forms. Since there are no template
structures which can be wsed for molecular replacement in the
PDE that display a sequence identity of higher than 22%., the
structure will be solved by using experimental phase deter-
mination, ie selenomethioning incorporation or heavy-atom
dervatization, which is currently in progress.

The nisin resistance prodein could be a model for other
lantibiotic resistance proteins observed i the genome of a
wide variety of human pathogens. Initial experiments show
that NSR cleaves the nisin peptide in vitro as observed in vive,
where it has been shown that NSR confers a 20-fold resistance
towards misin {Khosa ef al., 2003). The structure of the nisin
resistance protein would thus lead (o a deeper understanding
of its function and also pave the wav for the development of
new therapeutic agents with the potential of substituting for
antibiotics,
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ABSTRACT

Lantibiotics are potent antimicrobial peptides. Nisin is the most prominent member and contains
five crucial lanthionine rings. Some clinically relevant bacteria express membrane-associated
resistance proteins that proteclytically inactivate nisin, However, substrate recognition and
specificity of these proteins is unknown. Here, we report the first three-dimensional structure of a
nisin resistance protein from Sirepiococcus agalactiae (SaNSR) at 2.2 A resolution. It contains an
M-terminal helical bundle. and protease cap and core domains. The latter harbors the highly
conserved TASSAEM region, which lies in a hydrophobic tunnel formed by all domains. By
integrative modeling, mutagenesis studies, and genetic engineering of nisin variants. a model of the
SaMNSRE/nisin complex is generated, revealing that SaNSR recognizes the last C-terminally located
lanthionine ring of nisin. This determines the substrate specificity of SaNSR and ensures the exact

coordination of the nisin cleavage site at the TASSAEM region.
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INTRODUCTION

Antibiotics provide a great advantage in the treatment of infections caused by bacteria such as
Strepiococens prewmoniae and Streprococcens agalaciioe. However, due 1o their widespread use, the
number of resistant bacterial strains is increasing ', leading to an urgent need for the development of
new antibiotics. Several approaches have been taken to identify new antibiotics where naturally
occurring compounds are found to be the most promising ones °. Here, small antimicrobial peptides
such as lantibiotics are excellent candidates because they exhibit high effectivity against various
Gram-positive  human  pathogenic bacteria including Streptococeus  preumoniae and  several
methicillin-resistant Staphvlococcus aurens (MRSA) strains .

Lantibiotics display antimicrobial activities in the very low nanomolar range 3 The anti-infective
potency of lantibiotics such as nisin, mutacin, mersacidin and others has been recognized, and
several are in the preclinical stages of medical application . After translation, lantibiotics are
modified and contain unusual amino acids such as dehydroalanine (Dha) and dehydrobutyrine
{Dhb), which are covalently linked to the side chain of cysteine residues forming the so-called
lanthionine rings **. The number as well as the exact location of the lanthionine rings vary within
lantibiotics ", Lantibiotics have multiple modes of action, of which binding to lipid I, thereby
inhibiting cell wall synthesis, and pore formation are the most predominant ones *''. Nisin
produced by Lactococcus lactis (L. faciis) is one of more than 50 lantibiotics discovered so far 12
and is considered to be the role model. Active nisin consists of 34 amino acids and contains five
lanthionine-based rings (Supplementary Fig. 1). The first three rings (A-C) are separated from the
other two intertwined rings (D-E) by a flexible hinge region. The first two rings are able to bind
lipid 11 ", the hinge region and the last two intertwined rings are able to flip into the membrane and
create a pore "'

Due to their multiple modes of action, hardly any resistance against lantibiotics has developed over
the past decades. However, some bacterial strains have been reporied to be congenitally resistant
against nisin '’ via various mechanisms such as cell wall modifications, biofilm formation or the
expression of resistance proteins '". For the latter case, a nsr gene was identified in the
Streprococens lactis subspecies diacenylactis (DRC3) that encodes the nisin resistance protein, NSR

70w ¥] : . :
e 13021 ncluding several human pathogenic

. Similar genes were identified in other species
strains “***, NSR is a member of the S41 protease family. specifically the C-terminal processing
peptidases (CTPs). NSE from L. factiy TS1640 has been shown to degrade nisin by cleaving the
peptide bond between Melanzg in ring E and Serw. The resulting nising.as fragment displays a

significantly lower bactericidal efficacy and reduced affinity towards cellular membranes *.
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Furthermore, the NSR protein from S agafgctioe ATCC 13813 induced a 20-fold increased
resistance towards nisin when expressed in L. laetis .

MSR is localized within an operon comprising five genes, which encode for NSR, a two-component
signaling svstem (MsrRK), and an ABC transporier (MsrFP). When expressed together, these
proteins deliver full nisin resistance . Interestingly, similar operon structures were also found to be
associated with resistance against other lantibiotics "%, These operons resemble (auto)-immunity
systems found in lantibiotic producer " strains. Structures of Spal from B. subiilis ** conferring
resistance against subtilin and MIbQ from the actinomyecete Microbispora ATCC PTA-5024
conferring resistance against NAI-107 *® were resolved by NMR. However, no significant sequence
identity is found between NSE and Spal or MIb(), suggesting a different mechanism for the defense
against lantibiotics. Furthermore, most {(auto)-immunity proteins do not cleave or manipulate the
lantibiotic but rather shield the host's membrane from being harmed by its lantibiotic "7,

The ahility of NSR to cleave nisin is impressive because it has been shown for several lantibiotics
that they are not easily accessible for protease cleavage '*. Here, the lanthionine rings are likely
causing steric hindrance within the active site of proteases, thereby inhibiting proteclysis. Thus,
notwithstanding the recent advances in this field, we still structurally know relatively little about
lantibiotic resistance. In particular, the lantibiotic binding site in NSR and the mechanism how
substrate specificity is conferred remains elusive. In this study, we report the first structure of a
nisin resistance protein, NSR from S agalactice COHI1 (SaNSR). Mutagenesis studies guided hy
molecular dynamics (MD) simulations reveal that SaNSR recognizes the lanthionine ring closest o
the C- terminus of nisin and that this ring binds at one end of the catalvtic tunnel, thereby
determining the substrate specificity and ensuring the exact coordination of the nisin cleavage site

at the catalytic site region.
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RESULTS

Crystal structure of SaNSR

Nisin has been shown to be quite resistant against proteolytic digestion in general ", supposedly
due to the presence of lanthionine rings. Therefore, it is intriguing to understand the proteolytic
resistance mechanism mediated by NSRs. To obtain a molecular view on this mechanism. we
solved the structure of SaNSR by X-ray crystallography.

Through sequence analyses, it was predicted that the first 30 amino acids encode for a
transmembrane helix **. We deleted this N-terminal transmembrane helix and included a Hiss-tag
for purification purposes, resulting in soluble expression of SaNSE. After over-gxpression, two-step
purification yielded 5 mg of pure SaNSR protein per liter of cell culture (Supplementary Fig. 2a),
SaNSR 15 a monomer in solution as determined by multiple angle light scattering (MALS)
(Supplementary Fig. 2b), SaNSR protein was crystallized and cubic crystals were obtained that
diffracted up to 2.2 A resolution *. We solved the structure by Single Anomalous Dispersion
(SAD) phasing. using crystals of selenomethionine-substituted protein (data and refinement
statistics are shown in Table 1).

The asymmetric unit (Supplementary Fig. 2¢) contained four copies of SaNSR that were virtually
identical {root mean square deviation (RMSD) between the monomers = 0.15-0.5 A over 300 amino
acids). Therefore, the overall structure is described only for monomer A. The entire sequence of
SaNSR could be fitted into the electron density, with the exception of the N-terminal Hisg-tag that
was disordered. The Ryum and Ry values after refinement were 0,19 and 0,24, respectively,

A SaNSR monomer (Fig. 1) consists of eleven helices (ay-uy) and eleven p-strands (Py-Py). which
form three domains: an N-terminal helical bundle and two protease subdomains. Altogether, these
domains form a hydrophobic tunnel of ~10 A width (Fig. 1b). which could very well harbor the
nisin molecule. The N-terminal helical bundle (Fig. 1b, represented in green) comprises 63 amino
acid residues (Lys; =Glygg), which form helices oy-0:. This domain ends in a triple glycine motif
{94GGGos) before entering the protease cap domain (Fig. 1b, represented in red). The protease cap
domain consists of helix wy and a f-hairpin structure formed by strands pij. The protease cap forms
a lid-like structure above the tunnel. The third domain is the so-called protease core domain (Fig,
Ib. represented in grey). which adopts a *protease fold” domain as observed in other 541 peptidases
¥ The protease core domain is formed by six strands By-p, and five helices us-us. It contains the
highly conserved TASSAEM region that harbors the previously identified catalytically active serine
at position 236 ** (Fig. 1. represented in blue; Supplementary Fig. 3). The TASSAEM region lies in

the wunnel between the two protease subdomains (Fig. 2a).

55



N-terminal helical bundle

A comparison of the M-terminal helical bundle with all available entries in the Protein Data Bank
was performed using the Dali server " The Dali server identifies similarities in 3D structures
irrespective of sequence similarities. A structurally similar helical bundle has been identified in the
human Factor H (Z-score of 5.2), which is responsible for tight binding of the pneumococcal
protein virulence factor ChpA (choline-binding protein A) **. Furthermore, a similar helical bundle
is present at the C-terminus of the 70 kDa human heat shock protein (HSP70) (Z-score of 5.0). This
region is responsible for causing a structural switch of HSP70 allosteric activation, which is
important for maintaining a proper conformation of the protein for binding to the J-domain and
ATPase activity purposes . Finally, a dynamic helical region is present at the N-termini of
staphylococcal complement inhibitors (SCINs) ( £-score of 4.7), which is responsible for binding to
the substrate C3b and is also necessary for the formation of higher order complexes of C3b, which
blocks phagocytosis *°, While these findings suggest that a certain degree of mobility of the found
helical bundles is required for function, in three replicates of molecular dynamics (MD) simulations
of a monomer of SaNSR (termed NSR,.: see online methods for details), each of 500 ns length,
the N-terminal helical bundle is rather immobile with respect to the protease core and cap domain

{backbone root mean square fluctuations (RMSF) < 2.5 A: Supplementary Fig. 4a).

N-pep bound to SaNSR

In the erystal structure, the hydrophobic tunnel is filled with the N-terminal residues 5  KNIYLLPPsy
of a neighboring SaNSR molecule (termed N-pep: Fig. 2b; shown in light green in Fig. 1). N-pep is
predominantly bound to SaNSR via direct backbone interactions to amino acids |mNNTGGN 7; of
[(-strand [3a. which is part of the protease core domain and is structurally located on the opposite site
of the TASSAEM sequence motif (Fig. 2e¢). In addition, N-pep is stabilized via water-mediated
hydrogen bonds between backbone atoms of Asng, Tyry, Leuys and residues Asnags and Thrag, of
the protease cap domain (Fig. 2c). The presence of M-pep within the wnnel is clearly an induced
artifact of the crystallization procedure, since in the full-length SaNSE. protein, another 30 amino
acids are attached at the N-terminus of the N-pep sequence that form a transmembrane helix. Yet,
during MD simulations of 500 ns length of a SaNSR monomer complexed with N-pep (termed
NERpy: see online methods for details), N-pep remains stably bound within the hydrophobic tunnel
(mean backbone RMSD < 1.6 A: Supplementary Fig. 4b). The predominance of backbone
interactions of M-pep with the protease core and cap domains could explain why N-pep binds into

the putative binding region of nisin despite its sequence being very dissimilar to the one of nisin.

Substructures of nisin determining its molecular recognition
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To investigate the substrate specificity of SaNSR and determine substructures of nisin important for
its recognition by the protein, we used different nisin variants. In order o test the influence of rings
I3 and E located next to the cleavage site of nisin, we genetically replaced the last or the last two
cysteine(s) in nisin by alanine, resulting in the expression of active nisin containing only rings A-D
(termed CCCCA) or A-C (termed CCCAA), respectively ', Similarly, we removed the last six
amino acids of nisin (termed nising.;s). resulting in the product of the proteolysis reaction mediated
by SaNSR. Furthermore, a truncated variant (nisin;..2) was expressed, which contained the rings A-
C but lacked the rest of the C-terminus of nisin %', Since all variants show a different activity
against the nisin sensitive L. lactis NZ9000Erm strain (Supplementary Table 1a), we analyzed them
with respect to the fold of resistance mediated by the expression of the SaNSE protein in the
MNL9000SaNSE strain. From current and previous work, it is known that SaNSR. confers a 20-fold
increased resistance against wildtype nisin (Fig. 3a) 2.

For CCCCA as well as CCCAA, the resistance mediated by SaNSR decreased to roughly 1.4-1.7
fold when comparing the 1Cs; values of the different strains (Fig. 3b; Supplementary Table 1a). For
the truncated variants, nisin.z; and nisin,.zg, no resistance was observed anvmore as the 1Csy values
dropped to the levels observed for the NZ9000Erm strain. Thus, the lanthionine ring E is clearly
important for the recognition by SaNSR.

Structural model of nisin binding to SaNSR

Despite intensive trials, we were not successful in obtaining a crystal structure of a SaNSR/nisin
complex. Thus, we resorted to generating a structural model by integrative modeling and validating
it by mutagenesis studies. Initially, we structurally aligned the backbone of residues 31-36 of nisin
to the backbone of N-pep such that the nisin cleavage site between ring E and Seryy was oriented
towards the catalytically active Serysg in SaNSE. Rings D and E were then manuvally placed in three
orientations at the tunnel entrances such that they showed good complementarity with the SaNSR
surface. This resulted in three structural models of SaNSE/nisin complexes, two (termed NSEyisin .
MNSRuiinz) where rings D and E are located close to Asnygz, Metyrz, and Ileyq. and one (termed
NESRuiins) where nisin is oriented oppositely with respect to the tunnel axis such that Tyrs stacks
onto rings [} and E (Supplementary Fig. 5a), The three models were subjected to MD simulations i
of 500 ns length, with three replicate simulations each.

The average distances between the side chain oxvgen of Seryw. previously identified as the
catalytically active serine 22, and the carbony! carbon of Sery at the nisin cleavage site ** are 3.71
A, 413 A, and 7.74 A for NSRwisin 1. NSRuisia2 and NSRyicin 3. respectively (Fig. 4a). This strongly
indicates that a nucleophilic attack of the side chain of Serysg at the nisin cleavage site as a first step

in the catalytic mechanism ** is possible for the first two models but not for the third, suggesting
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that NSR i and NSRain 2 represent the most likely orientation of nisin within the SaNSR tunnel.
Thus, we focused further analyses on the NSRsin and NSRyign > models.

Wisual inspection of the MD trajectories and computations of the backbone RMSF identified
residues Lysaz, Hisyy, Valys, Dhass, and Lysyy of nisin as highly mobile (RMSF values up to 6.39 A
+ 0,49 A) (Fig. 4b). In contrast, the core region (Nisincae) composed of the rings D and E, and
residues Seryy and lley, revealed RMSF values < 1.85 A + 0.24 A (Fig. 4b) suggesting a tightly
bound Mising,.. region. This was corroborated by a per-residue decomposition of effective binding
energies computed by the MM-PBSA approach **, Here, rings D and E (treated as one residue in the
energy decompaosition) and [less are identified as essential for nisin binding (residue-wise effective
binding energies in the range from -4.26 keal mol” 1o -8.63 keal mol™) (Fig. 4¢). In contrast, for
Serzg, a smaller contribution to the effective hinding energy of -1.64 kcal mol”’ (~0.70 keal mnl"}
For SaNSRuisin,1 (SaMNSRyisin2) was found (Fig. 4c). Overall, this suggests that the rings D and E as
well as lless form a binding motive, that way ensuring that also Serzeat the nisin cleavage site is
correctly positioned within the catalytic site.

In Figure 4d, a representative set of six nisin structures within the SaNSR tunnel is shown. For this,
the structure with the smallest backbone RMSD to the average structure was extracted from each of
the MSRuuing and MNSRuyuin: MD trajectories. The set shows that the location and orientation of
rings D and E., Sery. and ey agree well in all cases, with RMSD values with respect 1o the average
structure for the Nisingy. ranging from 0.80 A 10 2.27 A (Supplementary Fig. 5b). Thus, both
NESRuising and NSRuisin 2 models were considered equivalent and used to identify residues in SaNSRE
important for catalysis and nisin binding for mutagenesis studies. The remaining residues of nisin
show large structural deviations, in agreement with the above analyses {Supplementary Fig. 5b, Fig.

4b, ¢).

The TASSAEM region and Hisqsg form the active site

The NSE superfamily contains a highly conserved sequence motif “TASSAEM” (Supplementary
Fig. 3) located at the rear end of the protease core domain. Within this TASSAEM region, Serys
has been previously identified as the catalytically active serine *. This serine is in close proximity
to the strictly conserved Hises residue, which is localized at the end of the N-terminal helical bundle
directly next to the osGGGe motif (Fig. 1) and is in hyvdrogen bonds distance with the side chain of
Serazs. In the NSRying and NSRuiin: MD simulations, hydrogen bonds were found in up to ~23%
of all conformations (Supplementary Fig. 6a), which indicates that both residues likely interact also
in the nisin-bound state. Based on the interactions of Serzis and Hiseg and the absence of any other
lysine or aspartate residue localized nearby. we presume that SaNSR acts via a catalytic dvad

mechanism as observed for some other serine proteases ", The NZ9000SaNSR-SerzisAla strain
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displayed a low background activity as observed by an 1Csy value of 12.620.7 nM (Supplementary
Table 1b), which relates to a SaNSR residual activity of 14% (Fig. 3c). The HisszAla mutation
displayed a similar 1Csy value of 12.3£1.5 nM and a residual activity of 14% (Fig. 3c,
Supplementary Table la). The residual activity displayed by both varianis is likely due to the
binding of nisin to that particular SaNSR variant such that a higher concentration of nisin is
required to kill the corresponding nisin sensitive NZ90D0Erm L. Jactis strain.

Within the TASSAEM sequence. a second serine residue, Seras, is present. In the NSRyn, and
NE5Ruiinz MD simulations, the mean distance between the side chain oxygen and the carbonyl
carbon of ring E is < 5.7 A (Supplementary Fig. 6b). However, the distance to the d-nitrogen of
Hisgg is = 9 A (Supplementary Fig. 6¢), and no hydrogen bonds were detected between both
residues, making a proton shift between Serzy7 and Hissg unlikely. Instead. we observed hydrogen
bond formation between the side chain of Serz;y and the backbone of Gl of the protease core in
at least 46% of the conformations that may be relevant for nisin recognition (see section “Residues
involved in nisin recognition and SaNSR specificity™) but not for catalytic activity. Thus. Ser;:; is
not expected to be involved in the catalytic mechanism. In accordance. a SerysyAla mutation does
not have a pronounced effect on the activity of SaNSR (residual activity 74%: see Fig. 3e,
Supplementary Table 1h).

The next residue in the TASSAEM motif is Gluzse, which is pointing away from the active site. In
the crystal structure, the Gluze side chain interacts with backbone atoms of Glyzes and Tyras via
hydrogen bonds, and during the NSRyign and NSRuisin 2 MD simulations this interaction is present
in at least 82% of all conformations (Supplementary Fig. 6a). Additionally, we found hydrogen
bond interactions between Glugse and Serzys in at least 25% of the cases (Supplementary Fig. 6a).
These interactions are likely important for the correct positioning of the TASSAEM region. This is
in line with the drastically lowered activity of the GluyseAla mutant (1Csy value of 17.1+0.7 nM;
residual activity of 22%; Fig. 3c, Supplementary Table 1b), Furthermore, we found stabilizing
hydrogen bonds between Thrag; and Hises in up to ~28%, and between Asnags and Hisgg in up to
~20% of all cases (Supplementary Fig. 6a). These interactions likely ensure a correct orientation of
Hiseg as the mutations ThragzAla and AsnzgsAla decrcased the residual activities of SaNSE o 208
and 30%, respectively, (Fig. 3c¢) with associated 1Csy values of 16.020.3 and 22.1=1.1 nM
{Supplementary Table 1b), Taken together, the TASSAEM sequence is crucial for the activity of
SaMNSR and contains the catalytically active serine as well as a glutamie acid residue, which is likely

responsible for a correct positioning of the TASSAEM helix.

Residues involved in nisin recognition and SaNSR specificity
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Mext. we investigated nisin recognition by SaNSR. Residue-wise effective binding energies were
computed for both the MSKyig, 0 and NSRuyigin: MD trajectories to identify SaNSR residues likely to
be important for nisin binding (Supplementary Fig. 7a). Considering energies < -0.8 kcal mol”
resulted in seven candidates (Lewgge, Lewyy, Asngza, Metygs., Heygy, Glugss., Alazzs). Our model (Fig.
4d) suggests that the hvdrophobic residues Lewge. Lewgss, Metyga Tlern. Alazy and the
polar/charged ones Asnyyy and Glugg bind to rings D and E in nisin. Asnyq, Mety7:. and llejq4 form
a pocket that harbors rings I} and E in our model (Fig. 4e). The AsnjAla mutant displayed an
activity of 47% (1Cs value of 33.5£2.9 nM) (Fig. 3c. Supplementary Table 1b). Furthermore, when
mutating the strictly conserved Met;7: residue (Supplementary Fig. 3), a reduced activity of 42%
compared to the wild tvpe value was observed (1Csy value of 30.3+1.4 nM). Additionally, the
IleyAla mutant exhibited an activity of 33% (ICs value of 24.1£2.2 nM) (Fig. 3c, Supplementary
Table 1h).

Moreover, we found hydrogen bonds between backbone atoms of Thrig and Gly,7, with the
Misinggp residues (Supplementary Fig. 7b). These interactions are reminiscent to those found for N-
pep (Fig. 2¢) and likely ensure a proper placement of the Nising.. within the binding site.
Additional stabilizing hydrogen bonds were observed between Asnje and Glyyqo (Supplementary
Fig. 7b), which could contribute to nisin binding indirectly. A similar indirect effect was found for
Gluzgs. for which we observed sali-bridge formation with Argsy from the N-terminal helical bundle
(Supplementary Fig. 7c; mean distance < 3.4 A). We also found water-mediated hydrogen bonds
between backbone atoms of rings D and E, and Asnggs and Throgr. respectively (Supplementary Fig,
7d), again mimicking what was observed for the bound M-pep (Fig. 2¢). Accordingly, the mutations
AsnggsAla (see above) and ThrygAla decreased the residual activity of SaNSR to 30% and 71%,
respectively. (Fig. 3c¢) with associated 1Cs values of 22.1+£1.1 and 48.5+0.6 nM (Supplementary
Table 1b).

Role of the protease cap domain in SaNSR

Other 541 peptidases also contain a protease cap domain comprising a helix and a p-hairpin
structure, where the helix appears to open and close depending on the presence of the peptide
substrate: once a peptide is bound, the cap closes and seals the active site. As such, the protease
CipB from Bacillus subtilis has been erystallized in an open and closed state with the helix of the
protease cap moving by 10-15 A towards the active site once the peptide was bound™. In SaNSR.
helix oy (e SKETVRRDTLDS, 1) was identified as the protease cap helix, localized directly after
the M-terminal helical bundle. Out of all residues of this helix, only the side chain of Aspiw is
intruding into the tunnel, which neither forms an interaction to N-pep in the crystal structure nor in

the NSRy,i MD simulations. This suggests that the protease cap is not adopting a fully closed state,
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rather an intermediate state. MD simulations show a salt-bridge formation between Aspya and
Argy: of the protease cap domain for both N8Ry 2 models (Supplementary Fig. 8a). In those
cases where the salt-bridge formation is weak {(mean distance is = 10 A), a loss of the secondary
structures of helix oy is observed (Supplementary Fig. 8b). The AsppAla mutant of SaNSR is still
active although with a lower 1Cs; value of 328221 nM (residual activity of 46%; Fig. 3c,
Supplementary Table 1b). The ArgyrsAla mutant revealed an identical 1Cs; value of 33.642.3 nM
(residual activity of 48%). Taken together, this suggests that a proper secondary structure of helix
iy is required for SaNSE function, and that Asppp contributes to the stability of the secondary

structure.
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DISCUSSION

The present study reveals that the lanthionine ring E of nisin determines substrate specificity of the
nisin resistance protein (NSE) and contributes to the coordination of the nisin cleavage site at the
catalytic center, These results are based on the first structure of a nisin resistance protein from 5,
agalactiae COH1 (SaNSR) at 2.2 A resolution and subsequent integrative modeling and
mutagenesis studies. The SaNSR structure consists of an N-terminal helical bundle, a protease cap
domain, and a protease core domain (Fig. 1). The core domain harbors the highly conserved
TASSAEM motif, which contains the catalytically important Serss residue, in a hydrophobic tunnel
formed by all three domains. In this tunnel, an N-terminal peptide from another SaNSR protomer
(N-pep) in the asymmetric unit is bound predominantly by direct and water-mediated backbone
hydrogen bonds (Fig. 2). A very similar binding pattern is found for the C-terminal lanthionine
rings [J and E, and residues Serz., and Ilesy of nisin in our model of the SaMNSR/nisin complex (Fig,
Sa, b; Supplementary Fig. 7d). According to this model, lanthionine ring E binds at one end of the
hydrophobic tunnel (Fig. 5a. b) and ensures the exact coordination of the nisin cleavage site at the
highly conserved TASSAEM region (Fig. 5a. b).

%2 the active center of SaNSR consists

In contrast to some other C-terminal processing proteases
of a catalytic dyad formed by residues Seraz . which is part of the TASSAEM motif, and Hisgs as
determined by mutational analysis and also described for some other proteases 4 (Fig. 3c).
Mutational analysis and geometric parameters in the erystal structure and during MD simulations
exclude that the neighboring Sera:; participates in the catalvtic step. Residues Gluzie, Glyase, Tyraa
and Thrags. form hydrogen bonds with either Seryis or Hiseg during all-atom MD simulations of the
SaNSR/nisin complexes (Supplementary Fig. 6a, Fig 5b) and, thus. likely stabilize the catalytic
residues, as also indicated by alanine mutations of these residues that lead 1o a decrease in SaNSR
activity (Fig. 3c).

Since all our efforts to obtain crystals of SaMNSRE with bound nisin were unsuccessful, we generated
a model (Fig. 5a — ¢) of the SaMNSR/nisin complex by integrative modeling and subsequent site-
dirccted mutagenesis studies and activity measurements for validation. The modeling step was
guided by exploiting the knowledge on the location of N-pep in the SaNSR crystal structure as well
as on the substructures of nisin determining its molecular recognition. As to the latter, we focused
on the C-terminus of nisin (nising:.e) where NSR from L. lactis TS1640 has been shown to cleave
*_ As a result, nisin variants in which the bulky lanthionine rings D and E. or only E. were replaced
by a linear sequence (CCCCA, CCCAA) showed a large drop in the fold of resistance comparable
to those exhibited when the last 12 or 6 residues of nisin (nising.zz, nising.g) were missing (Fig. 3b).

These resulis demonstrated that ring E is essential for nisin recognition by SaNSR,
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Initial models of SaNSE/nisin complexes were generated in which the linear, C-terminal sequence
{sequence Lysyz - Lysy) were placed at the location of the backbone trace of N-pep and where rings
D and E showed a good complementarity with the SaNSR surface at the tunnel entrance. We
considered that no a priori knowledge on the direction of nisin with respect to the tunnel axis was
available by generating models with both possible directions. By subsequent all-atom MD
simulations, we could exclude one of the possibilities (NSRpiins) as in this case the distance
between Serzzs and the nisin cleavage site was too large as to allow for a nucleophilic attack of the
serine side chain (Fig. 4a). In contrast, for the other direction (NSEuin 1, NSBasin 2). such an attack
is very likely according to distances that are only slightly larger than the sum of van der Waals radii
of oxygen and carbon. This model of a SeNSR/nisin complex is further supporied by rather
immobile residues of the core region of nisin (rings D and E. Serye and lley). which is considered to
facilitate a nucleophilic attack. in contrast to the more mobile C-terminal residues 31-34 (Fig. 4b).
and by a residue-wise decomposition of the effective binding energy, which identified rings D and
E as well as lley, as major contributors to the binding affinity (Fig. 4c).

The model (Fig. 5a — ¢) reveals that SaNSR binding to rings D and E of nisin is dominated by
hydrophobic interactions (Fig. 5b. ¢). Within the protease core Asnjz. Metyr. and lejss form a
pocket that harbors both rings D and E (Fig. de, Fig. 5b). In agreement with this model. mutation of
these residues reduces the activity of SaNSR. Furthermore, water-mediated hydrogen bonds
between backbone atoms of rings D and E and side chains of Asnass and Thrsr, respectively, were
identified, mimicking interactions with N-pep. AsngssAla and ThragsAla mutations decreased the
residual activity of SaNSR (Fig. 3¢). Finally, along the tunnel, hydrogen bonds between backbone
atoms of Thrige and Glyyy of SaNSE with Serse and lley of nisin were found (Fig 5b. ¢
Supplementary Fig. 7b). which likely contribute towards the correct orientation of the nisin
cleavage site at the catalytic center and are again reminiscent of interactions observed for N-pep in
the crystal structure.,

M-pep and the C-terminus of nisin are not similar on the amino acid level. Together with the above
findings of similar interactions along the tunnel between backbone atoms of SaNSR and the two
peptides, respectively, suggest that the tunnel’s role in peptide binding is not to confer substrate
specificity but rather to “rope in” the peptide while establishing these interactions. In the case of
nisin, this “roping in” is stopped when the lanthionine ring E starts interacting with SaNSR, thereby
acting as a plug on the tunnel (Fig. 5¢). These interactions are highly relevant for the molecular
recognition of nisin and the substrate specificity of SaNSR, as shown by a decrease in the fold of
resistance for the nisin variants CCCCA and CCCAA (Fig. 3b) and a decrease in the activity of
SaMNSE mutants AsnysAla, MetyssAla, and lejqgAla (Fig. 3¢). In addition, rings D and E are highly

likely relevant for a proper placement of the nisin cleavage site with respect to the catalytic Ser.,
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as only with nisin a distance to this residue compatible with a nucleophilic attack and,
simultaneously. hydrogen bonds with Hiseg are found in the MD simulations. In contrast, during
MD simulations of NSRyai. no hydrogen bond formation between Serzs and Hisez was detected,
This may explain why N-pep binds o SaNSE but is not cleaved.

Previously, an “inhibiting role™ of lanthionine rings has been recognized in that they protect
lantibiotics from degradation by standard proteases *, likely because of their bulky 3D structure
which prevents a proper placement in the substrate binding regions of proteases evolved to cleave
lingar peptides. In turn, the findings in this study for the first time reveal a significant “fostering
role™ of the lanthionine rings D and E in nisin for the highly specific cleavage of this lantibiotic by
SaMSE. These findings and our structural model of the SaNSE/nisin complex open up a new
avenue in the understanding of lantibiotic resistance by human pathogens. They may also facilitate

the development of therapeutics to overcome nisin resistance.
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METHODS

Cloning, expression and purification of SaNSR
The nsr gene from Strepiococcus agaloctice COH1 was cloned into pET28b and purified as

previously described. For details see Supplementary Information.

Multiple angle light scattering

For HPLC-MALS analysis, a Bio SEC-5 HPLC column {Agilent Technologies Deutschland GmbH,
Biiblingen. Germany) with a pore size of 300 A was equilibrated with 25 mM MES pH 6.0, 150
mM NaCl for HPLC using a svstem from Agilent Technologies connected to a triple-angle light-
scattering detector (miniDAWN TREOS, Wvait Technology Europe GmbH, Dembach, Germany)
followed by a differential refractive index detector (OPTILab T-rEX, Wyatt Technology).
Twpically, 100 pl of purified SaNSR (2.0 mg/ml) was loaded onto the Bio SEC-5 HPLC column,
and the obtained data were analyzed with the ASTRA sofiware package (Wyatt Technology).

Crystallization, data coffection and structure determination of SaNSR

Crystals were obtained and optimized as described in the Supplementary Information. X-ray
diffraction data were collected at the 1D23¢h2 or ID29 beamlines of the European Synchrotron
Radiation Facility (ESRF), Grenoble, All the data sets were processed and scaled using XDS and
XSCALE software package ™. Data sets from native erystals were collected at a wavelength of
0.872 A at 100 K. For selenomethionine-substituted crystals, the ID29 beamline (ESRF
Synchratron, Grenoble) * was used for anomalous diffraction data collection. done at 100 K. The
structure was solved by single-wavelength anomalous dispersion (SAD) from a single
selenomethionine derivative crystal measured at 0.976 A, which diffracted up to 2.7 A. The Auto-
Rickshaw program ** was then used to phase the protein and build an initial model. which was
further manually build and refined using COOT * and phenix.refine from the Phenix package *'.
This model was then used to phase the native data set at a resolution of 2.2 A, Afier molecular
replacement, automatic model building was performed with the program ARP/WARP **, followed
by manual iterative cycles of model refinement using the program phenix.refine . Manual
adjustments between the refinement cycles were done with the program Coot * and Ramachandran
validation was done using MolProbity ¥ Almost all residues (96.3%) were in the preferred regions
of the Ramachandran plot, and the remaining 3.7% were in the additionally allowed regions, The
data collection and refinement statistics are listed in Table 1. The images of the models were

prepared using MacPyMOL ™.
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ICsq determination af nisin and ity varianis

Cells from the different expressing sirains were grown overnight in GM17 media supplemented
with 5 115;.[111‘l ervthromycin in the presence of 1 ngml'] nisin, The diluted cells (final ODgo of 0.1)
were incubated with a serial dilution of nisin or its varianis in a 96-well plate. The total volume in
each well was 200 ul, consisting of 50 ul nisin or its variants and 150 ul GM17 containing the
corresponding L. lactis strain, The plate was then incubated at 30°C and after 5 hours, the optical
density was measured at 600 nm via 96-well plate reader BMG. The 1Cs value was determined as

previously described ™',

Molecular dynamies simulations

In order to investigate nisin recognition by SaNSR we performed molecular dyvnamics (M)
simulations of an unbound SaNSRE monomer (NSR ), a SaNSE monomer bound to the M-terminal
part of SaNSR (residues 31 — 36; in the following named “Tail™) from an adjacent subunit (NSRyq)
in the crystal structure (see Fig. 1), and a SaNSR monomer bound to the C-terminal part (residues
22 — 34; Supplementary Fig. 2¢) of nisin (NSRyi). Initial coordinates for NSRp, and NSRyy;
were taken from the erystal structure described here. Since no structural information is available for
nisin bound to SaNSR. we generated models as starting structures for MD simulations by
structurally aligning the nisin part to the Tail using the program Moloc. The nisin cleavage site
between ring E and Serse was oriented towards the catalytically active Serszs in SaNSR 2 Rings D
and E were manually placed in three orientations within the binding site such that they showed
good complementarity with the SaNSR surface, resulting in three different models of SaNSRE/nisin
complexes (NSRuiin 1o NSRyisinz, and NSRyisin 3. Supplementary Fig. 4a).

For the MD simulations, structures of NSRapo. NSR g, and NSRyisin 1.3 were prepared, relaxed, and
thermalized as described in detail in the Supporting Information. Three independent production runs
of MDY simulations of 300 ns length in the canonical (NVT) ensemble at 300 K were then conducted
for each of the five systems, leading to a total simulation time of 5 x 3 x 500 ns = 7.5 ps; see
Supporting Information for details.

The trajectories were analyzed with respect to distances, root mean square fluctuations {RMSF) and
deviations (RMSD) as a measure for mobility and structural similarity, respectively, and hydrogen
bonds defined by a distance between the two donor and acceptor atoms < 3.2 A and an angle (donor
atom, H, acceptor atom) between 120° and 180° using cppiraj . Salt-bridge interaction are defined
by a distance < 4.0 A between the center of mass of both charged groups. The set of structural
models binding to SaMSR (see section “Structural model of nisin binding to SaNSR) was generated

by structurally aligning SaNSR and subsequent EMSD caleulations for the nisin peptide.
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Calculation of the effective binding energy

In order to identifv amino acids in SeNSE that contribute most to nisin binding, we computed the
residue-wise contribution to binding effective energies by the “single trajectory™ molecular
mechanics Poisson-Boltzman area (MM-PBSA) approach ***. To determine the per-residue
contribution, the decomposition scheme * as implemented in the mm_pbsa.pl script in Amber 14 ¥
was applied. The calculations were performed with the f99SB force field ™%, The polar part of the
solvation free energy was determined by applying the PBSA solver using a dielectric constant of |
{solute) and 80 (solvent) together with Parse radii ¥ The conformational ensemble consists of
10,000 snapshots and was extracted from the | — 200 ns interval of each of the NSRuii .2
trajectories. Prior to the MM-PBSA computations, counter ions and water molecules were stripped
from the snapshots. For the computations, we considered the SaNSR protein the receptor, whereas
the nisin C-terminus was considered the ligand. All residues in SaNSR and nisin were considered

for per-residue decomposition. Rings D) and E in nisin were treated as one residue.

PDB DEPOSITION:
The final model has been deposited in the PDB database under the accession code: 4Y68.
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Tahles

Table 1: Data collection, phasing and refinement statistics for SaNSR

Native SaNSR SeMet SaNSR

Data collection
Space group P22 P42
Cell dimensions

a, b.c(A) 58.8,137.2, 164.0 186.1, 186.1, 186.1

o, By (%) 90, 90, 90 90, 90, 90
Wavelength 0.87260 0.97625
Resolution (A) 100.0-2.21 (2.29-2.21) | 100.0-2.80 (2.9-2.8)
Rencrge 11.5 (63.8) 293 (110.5)
<1/ a(l)= 8.67 (1.79) 20.33(1.72)
Completeness (%) | 99.6 (99.3) 99.8 (98.7)
Redundancy 4,5(4.2) 75,6 (70.5)
Refinement

Resolution (A)

55.36-2.21 (2.28-2.21)

MNo. reflections

03208 (27954)

Runrrl. f Rli'n.-

0.19(0.27) 0.24 (0.31)

No. of aioms

588

Protein 5017
Ligand/ion 48
Water 523
B-factors (A”) 40.5
Protein 40.3
Ligand/ion 68,1
Water 41.2
R.m.x deviations
Bond lengths (A) | 0.008
Bond angles (*) | 1.09

*Values in parentheses are for highest-resolution shell.
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FIGURE CAPTIONS

Figure 1: Structural architecture of the SaNSR monomer.

{a) Schematic illustration of the domain organization of SaNSR indicating the domain borders and
catalytically important residues (Hisqs and Serzsq),

i{b) The overall structure of SaNSR monomer in a cartoon representation. The N-terminal helical
bundle is depicted in green where the light green region represents the N-pep. The protease cap and
core domains are highlighted in red and grey. respectively. The catalytically important residues and

the highly conserved “TASSAEM" region are depicted in blue.
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Figure 2: Surface representation of SaNSR.

{a) The surface representation of SaNSR in white, highlighting the tunnel localized in between the
protease cap and the core domain, The TASSAEM maotif is colored in blue,

ib) Surface representation of SaNSE with bound N-pep (colored in orange).

i) Stereo view on the active site architecture of SaNSR highlighting the N-pep that is bound within
the tunnel as ball and stick representation. The corresponding 2F,F, omit electron density map is
calculated at 2.2 A and contoured at 1.0 o. The direct interactions of N-pep (colored in orange) with
residues of the protease cap (depicted in red) and the water-mediated interactions with the residues

of the protease core (grey color) are shown,
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Figure 3: Influence of wild type SaNSR and its mutations against nisin and its variants.

{a) Growth inhibition experiment of SaNSRE with nisin. The activity of SaMNSE. is determined using
the L. lactis NZ9000 strain, where the plasmid encoding the SaMNSE wildtvpe and the mutations
were transformed, and the [Cs; against nisin was determined. As a control, the empty vector was
transformed and wsed in the 1Cs; study (termed NZ9000Erm). Black lines represent the NZ9000Erm
(filled A) and NZ9000-SaNSR (4) strains, respectively. The black dotted lines represent the
NZ9000-SaNSR-HisggAla (L) and NZ9000-SaNSR-SerasAla (0) strains. The data were fitted and
evaluated as described in *', The difference in the growth exhibited by the strains was used to
calculate the percentage of activity. Each experiment was performed at least in triplicates,

{b) Graphical representation of the fold of resistance exhibited by SaNSR with nisin and different
nisin variants (COCCA, COCAA, nisinga: and nisingzg). The NZQOOOErm and NZ9000SaNSE
strains were used to determine the activity of all the nisin variants. The error bars indicate the
standard error of at least three independent experiments,

{c) The activity of SaNSE and its mutations is determined using the L. lacris NZ9000 strain. A
normalization of the 1Cs; values were done by setting the values exhibited by the empty vector
(NZ9000Erm) and NZ90005SaNSE to 0% and 100%, respectively, The error bars indicate the

standard error of at least three independent experiments.
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Figure 4: Structural and energetic analysis of MD simulations of SaNSR/nisin model
complexes.

{a) Distance between the side chain oxygen of Seryy, and the carbonyl carbon of ring E at the nisin
cleavage site (black dotted line in the upper right panel) in N8Ry, 11,2, 3 during 300 ns of MD
simulations; lines were smoothed by cubic splines. Mean values and mean standard error (MSE; in
parentheses) are shown in the legend. The mean distance over all three MD simulations is shown in
the lower right panel (MSE < 0.1 A and not shown).

{b) Mean backbone RMSF (MSE indicated as error bars) for NSRyii, 11, 20 models over three
trajectories each of 500 ns length. Rings D and E. Serzs, and le;n compose the Nisinge.

{c) Mean effective binding energy per residue for NSRyisn g, 2y models. Error bars indicate MSE
over three trajectories,

{d) Superimposition of six close-to-average structures (based on the backbone RMSD) of nisin
iball-and-stick models each colored differently), extracted from three independent MD simulations
each of NSRyin and NSRyiin 2. within the tunnel of SaNSR (white surface representation). Sersg
of the catalytic dvad is colored in blue. For clarity, the N-terminal helical bundle and part of the cap
region of SaNSR have been omitted.

{e) Representative nisin model (orange and green ball-and-stick model) within the tunnel of SaNSR
{white cartoon representation with transparent surface). Residues Asnysa. Metyzs. and [le)7y that bind

to rings [ and E are colored in magenta.
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Figure 5: Nisin/SaNSR binding model.

a) Representative structure of nisin (residues 22-34; extracted from the NSRuiim model) bound to
the crystal structure of SaNSR (cartoon representation with transparent surface; each domain is
colored differently). Orange spheres with one-letier/three letter amino acid code indicate nisin
residues 1-21 not considered for modeling studies (abbreviations: abu = aminobutyric acid; dha =
dehydroalanine: dhb = dehydrobutyrine: ala-5-X = lanthionine derivatives).

b) Close up view of nisin binding to SaNSR residues important for nisin recognition (left), residues
with catalytic function (middle)., and residues with a regulatory function (right). Amino acids of
interest are depicted as ball-and-stick model; residues for which experimental data is reported in
this study are, additionally, shown in transparent surface representation.

¢} Schematic representation of the Nisin.,. bound to SaNSK residues (residue numbers according to
the crystal structure described here). Residues that compose the catalytic site are colored in blue,
residues that contribute to nisin binding in magenta, residues that have an indirect effect on hinding
in black-magenta. and residues with a supposedly regulatory function in SaNSR in red. For residues
with colored background. SaNSR activity information for alanine mutants is available (see Fig. 3c).
Residues marked with a star form the catalvtie dyad.

In panels a, b, and ¢, the nisin structure is depicted as orange ball-and-stick model.
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Material and Methods

Cloning, expression and purification of SaNSR

The primers were designed in such a way that the first 30 amino acids encoding for the
transmembrane helix were not present in the construct. This allowed soluble expression and
included an 8xhis-tag at the MN-terminus for purification purposes. SaNSRE was expressed and
purified via two-step purification protocol. A single transformed colony was inoculated into 20 ml
LB media containing 30 pg ml" kanamyein. The culture was grown for 14 h at 310 K with shaking
at 200 rev min”'. 2 L. LB media with 30 ug ml”' kanamycin was inoculated with the overnight
culture at an QD600 of 0.05 and grown at 310 K with shaking at 170 rev min™ till ODgq of 0.3 was
reached. The temperature was lowered to 291 K and the cells were further grown till ODg of 0.8
before induction with 1 mM IPTG. The cells were further grown for 15 h.

The cells were harvested by centrifugation at 8000 rev min"' for 20 min at 277 K. The harvested cell
pellet was stored at 253 K till further use. The stored cell pellet was thawed and resuspended in 10
ml of buffer A (50 mM Tris pH 8.0, 50 mM NaCl and 10% glycerol) and 10 mg of DNase
{ Deoxyribonuclease 1 from bovine pancreas, Sigma Aldrich) was added. The cells were lysed five
times using a cell disruptor (Constant Cell Disruption Svstems, United Kingdom) at 37709 psi
{1kbar = 14.50 psi). The lysate was centrifuged at 42000 rev min™' for 60 min using a Ti60 rotor to
remove unlysed cells and debris,

Histidine was added to the cleared lysate at a final concentration of 1 mM. The lysate was then
applied to a Ni*' loaded HiTrap HP Chelating column (GE Healthcare) pre-equilibrated with buffer
B (20 mM Tris pH 8.0, 250 mM NaCl and | mM Histidine) at a flow rate of 1 ml min"'. The
column was washed with six column volumes of buffer B. The protein was then eluted with
increasing concentrations of Histidine from 1 mM to 120 mM., in form of a linear gradient spanning
60 min with a flow rate of 2 ml min™'. The fractions containing the protein of interest were pooled
and concentrated up to 12 mg ml™ in an Amicon centrifugal filter concentrator with a 10 kDa cut-
off membrane (Millipore). The concenirated protein was then further purified by size exclusion
chromatography using Superose 12 GL 10/300 column (GE Healthcare), equilibrated with buffer C
(25 mM MES pH 6.0, 150 mM NaCl), The protein eluted as a single homogeneous peak and the
concerned fractions were pooled and concentrated to 8.6 mg ml™ as mentioned before. The purity of

the protein was analyzed with SDS-PAGE and colloidal coomassie stain.

To determine the oligomeric state of SaNSE protein in solution, we used conventional size-

exclusion chromatography (SEC) and high performance liquid chromatography coupled to multi
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angle light scattering detection (HPLC-MALS). SEC was performed as deseribed previously' and

the size-exclusion column was standardized with a gel filiration markers kit (Sigma).
Crystallization

Crystallization sereening was performed at 285 K using NT8 robot (Formulatrix) and sitting-drop
vapour diffusion method in Corning 3553 sitting drop plates. For initial screening different
commercial crystallization sereens were used {Nextal JCSG Core Suites 1, Classies Suite, PEGs
Suite, MPD Suite (Qiagen, Germany) and MIDAS (Molecular Dimensions, England)}. Nanodrops
consisting of 0.1 pl each of protein and reservoir solution were mixed and equilibrated over 30 pl
reservoir solution. The screening vielded some initial rod shaped crystals afier three days in the
condition 0.5 M lithium sulfate and 153% (w/v) PEG 8000 (Classic | suite, condition F3). The initial
crystals were optimized by varving the concentration of PEG (5, 10, 15, 20, 25 and 30% (w/v)) and
salt (0.4, 0.5, 0.6 and 0.7 M), using hanging and sitting-drop vapour diffusion methods at 297 K and
285 K. respectively. Each drop consisted of 1 pl of protein solution (concentration of 9 mg ml™)
mixed with 1 pl of reservoir solution, equilibrated over a reservoir volume of 300 pl. Crystals were
obtained after one day and grew to their maximum dimensions within 5 days. For preliminary

analysis of the crystals see '.

Expression, purification and erystallization of selenomethionine-substituted SaNSR

For selenomethionine substitution, £ coli BLE34 (DE3) cells were grown according to
manufacturer’s protocol in M9 minimal media (Molecular Dimensions) supplemented with 50 pg
ml”" of L-seleno-methionine. Expression and purification were identical to the native SaNSR ',
Selenomethionine derivatized SaNSE was crystallized in a similar manner as the native protein,

using the hanging drop vapor diffusion method with a protein concentration of 10 mg ml”.

Cloning of pNZ-SV-5aNSR and variants

The plasmid pNZ-SV-SaNSR (N-His) was cloned with the In-Fusion HD PCR Cloning Kit
{Clontech) as previously published *, Different mutations were introduced into the pNZ-SV-SaNSR
{N-His) using standard site-directed mutlagenesis protocol. The used primers are listed in

Supplementary Table 1a.

Expression of SaNSR and its variants in L. factis NZ9000
The plasmid encoding pNZ-SV-SaMNSR and its variants were transformed into the nisin sensitive L.

lacris strain NZ9000, As a control the empty vector was also transformed, termed NZ29000Erm. The

84



strains expressing NZ9000S5aMNSR and its mutations were grown in GM17 media supplemented
with 5 pg ml” erythromyein to an ODgop of 0.8. The expression was induced by the addition of nisin
(at a final concentration of 1 ngml™') and the cultures were further grown overnight. The cells were
then diluted to an ODgy of 0.1 in fresh GM17 media supplemented with Spg mI™" erythromycin,

These cells were then used for the assays described below,

Cloning, Overexpression and purification of nisin and its variants

Nisin was purified from commercially available powder as described *, The cloning, overexpression
and purification of precursor nisin variants were performed as deseribed previously ', excepting
that the elution buffer of the cationic exchange chromatography of the various precursor nisin
variants were changed to 50 mM HEPES-NaOH, pH 7.0, 1 M NaCl, and 10% glycerol. The
concentrations of nisin and its variants were determined by using RP-HPLC and in order to activate
the nisin variants, the leader peptide was cleaved off using the protease NisP as previously
described, thereby .

Molecular dynamics simulations

Structures of NSR . NSEpi. and NSRuiin 1.3 were prepared using LEaP" of the Amber 14 suite of
programs ?. First, missing hydrogen atoms were added by LEaP ® and histidine residues were
assigned the HIE state. Second, counter ions were added 1o neutralize each system. Finally, systems
were solvated using the TIP3P water model ®. The obtained systems comprised ~ 60.000 atoms.
Atomic partial charges for Dha33 (dehydroalanine) and rings D and E in nisin. which are treated as
one “residue” in the Amber scheme, were obtained following the RESP procedure’ using
Gaussian09 ', For the non-standard amino acid Dha33, force field parameters were adapted from

12,13

ref. "', All other parameters were taken from the Amber ff99SB force field ", Structural

relaxation, thermalization. and production runs of MD simulations were conducted with

" of Amber 14 ". Two steps of energy minimization were performed to relax the

pmemd.cuda
systems. First, harmonic restraints with a force constant of 25 kealmol'A™ were applied to all
protein atoms while all other atoms were free to move during 30 cycles of steepest descent (S1)) and
2000 eyeles of conjugate gradient (CG) minimization. Second, the foree constant of the harmonic
restraints was reduced to 5 kealmol" A, and 50 eveles of SD and 200 cycles of CG minimization
were performed. Subsequently, the systems were heated from 100 K to 299.9 K, 300 K, or 300.1 K
during canonical (NVT) MD simulations of 50 ps length to setup three independent MD production
simulations for NSR ape. WSRygi. and NSEyiin -2, respectively. Afierwards, the density was adjusted

to 1 g-em-3 during 30 ps of isobaric-isothermal (NPT) MD simulations, During heating and density
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adaptation, positional restraints of 5 keal-mol™- A were applied to all protein atoms. Finally, these
positional restraints were removed by gradually decreasing the force constant from 5 1o 0 keal-mol
" A% in six NVT-MD runs of 10 ps length each. For MD simulations, the particle mesh Ewald
(PME) method "7 was employed to treat long-range electrostatic interactions. For short-range
non-bonded interactions, we set a distance cutoff of 8 A. The SHAKE algorithm '* was applied to
all bonds involving hydrogens. allowing a 2 fs time step for integrating Newlon’s equations of
motion. Production MD simulations were performed in the NVT ensemble at 300 K for 300 ns.
Coordinates were saved every 20 ps and used for analyses. This led 1o a total simulation time of 5
Ix500ns=7.5 ps.
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Supplementary Table 1

(a) 1Cs values of nisin and its variants against the NZ9000Erm and NZ9000-SaNSR strains as
well as the ealeulated “Fold of resistance™.

NZYOMErm (nM) NZ90O00-SaNSR (nM)  Fold of resistance
Nisin 3.53+0.1 66.4+2.1 20.1
CCCCA 422407 57.8+3.3 1.7
CCCAA 184.940.7 250.5+16.6 1.4
Nising.zz 294.7+9.7 121.1%6.1 0.4
Nisimj._ag 277.1+14.0 103.5+5.3 0.4

The values reported are the average over minimum triplicates + SEM.

{b) 1Csy values of nisin against the NZ9OOOErm, NZ9000-SaNSR, and NZ9000-SaNSR variant
strains.

1Csq value (nM)  Activiry (%)

NZSOO0Erm 3.3=0.1 0

NZGD0D-SaNSR (wildtype) B6.4+2.1 100
MNZ9000-5SaNSR-HisgeAla 12.3£1.5 14.2
MZS000-SaNSR-SerasAla 12.6+0.7 14.6
MZ9000-SaMSR-5erzAla 30.2+£2.3 74.3
NZG000-SaNSR-GluzsAla 17.1£0.7 2.7
MZ9000-SaNSR-Asn 2Ala 33.5£2.9 4717
MZGODD-SaNSR-Met)7:Ala 30.3+£1.4 42.7
NZO000-SaNSR-TlepAla 24.1+22 329
NZ9000-5aNSR-Thrag:Ala 16.0+0.3 20.1
NZG000-SaNSR-AsnzesAla 22,111 297
MZS000-SaNSR-ThrzgsAla 48.5+0.6 7.6
NZ9000-SaNSR-AspieAla 32.8+2.1 46.7
NZIDO0-SaNSR-ArgyrsAla 33,6423 47.9

The values reported are the average over minimum triplicates = SEM.
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Supplementary Table 2: Primers used in this study.
Shown below are the primers used to create the point mutations within the expression plasmid pNZ-

SV-SaNSR-NHis * .

Primer Name Sequence (5°-3°)

HisggAla-for
HisggAla-rev
SerzsAla-for
SerzsAla-rev
SerzppAla-for
SerzyeAla-rev
GlugzeAla-for
GlusseAla-rev
AsmyrAla-for
AsnypAla-rev
MetyaAla-for
Met;r:Ala-rev
HezsAla-for
llejmsAla-rev
Th'rg.ﬁj A Iﬂ-ﬁ:l!'
ThrgsAla-rev
AsnggsAla-for
AsnageAla-rev
ThragrAla-for
ThryszAla-rev
AsprpAla-for
AspypAla-rev
ArgarsAla-for
| ArgarsAla-rev

CGGTATGGAGGAGGTAAAGCAAGTCAAATATTATCC
GOATAATATTTGACTTGCTTTACCTCCTCCATACCG
CTAATCATAAAACTOCTOGCGTCGGUAGAAATGAC
GTCATTTCTGCCOGACGCAGCAGTTTTATGATTAG
CTAATCATAAAACTGCTAGTGCAGCAGAAATGACTTTTTTATC
GATAAAAAAGTCATTTCTGCTGCACTAGCAGTTTTATGATTAG
CTGCTAGTTCGGCAGCAATGACTTTITTATC
GATAAAAAAGTCATTGCTGCCGAACTAGCAG
COAATAATACTGGCGGUGUAATOATCCCTATGATTG
CAATCATAGGGATCATTGCGCCGUCCAGTATTATICG
GAATAATACTGGCOGGCAATGCAATCCCTATGATTGGG
CCCAATCATAGGGATTGCATTGCCOGUCAGTATTATTC
CTGGCGGUAATATOGOGCACCTATGATTGGGGG
CCCCCAATCATAGGTGCCATATTGCCGCCAG
CAGCAGGATATACGGCAGTTAATGAAACTTTC
GAAAGTTTCATTAACTGCCGTATATCCTGCTG
GCAGOATATACGACTGTTGCAGAAACTTTCATGCTTTAC
GTAAAGCATGAAAGTTTCTGCAACAGTCGTATATCCTGC
GATATACGACTGTTAATOGAAGCATTCATGCTTTACGACG
COGTCOGTAAAGCATGAATGCTTCATTAACAGTCGTATATC
GAGACTGTACGAAGAGUCAACCCTAGATAGTCG
COACTATCTAGOGGTTGCTCTTCGTACAGTCTC
GCTTTACGACGGTGCTGCATTAGCTTTAACTACAG
CTGTAGTTAAAGCTAATGCAGCACCGTCGTAAAGT
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Supplementary Figure 1: Schematic representation of the structure of nisin and the different
variants used in this study.

Shown are structural representations of wildtype nisin and the variants CCCCA, CCCAA, nising.a;
and nisiny.zg. Highlighted in yellow are the dehydrated amino acids while the amino acids which are
dehydrated as well as cyvelized are shown in orange. The lanthionine rings are also shown in orange
and are numbered A-E.

Nisin
(wildtype)

CCCCA

CCCAA

Nisillhm

Nisill]_zz
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Supplementary Figure 2: Purification, oligomeric state and structure of SaNSR.

(a) 153% SDS8 gel showing purified SaNSR after the two-step purification involving IMAC and SEC.

Lane M represents PageRuler Unstained Protein Ladder: the remaining lanes are the purified
SaMNSR fractions at 35 kDa. The lower 30 kDa band also arises from SaMNSR, as verified by mass
spectrometry, and could likely be a degradation product. (b) Determination of the oligomeric state
of the purified SaMSR protein vsing HPLC-MALS, The x-axis represents the time in minutes; the
left and right y-axes depict the relative intensity and molecular mass, respectively. The blue line is
the differential refractive index signal; the blue dotted line indicates the caleulated molar mass. (c)
The structure of SaNSR in the asymmetric unit. The four copies of the monomer are colored in
green, cyan, pink and yellow for chains A, B, C and D, respectively,
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Sopplementary Figure 3: Alignment of the nisin resistance proteins.

Homolog sequences of nisin resistance protein were aligned using ClustalW2 ", Visualization of
the sequence alignment was performed by ESPript **. Secondary structure elements were calculated
based on the SaNSR structure. The TASSAEM motif is marked by a dotted blue line,
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Supplementary Figure 4: Mohility and structural deviations in MD simulations of NSR,, and
NSRy..

{a) Mean backbone RMSF of residues of the M-terminal helical bundle in NSR ;. models after
superimposition of the cap domain and the protease core for three trajectories (colored
differently) of 500 ns length each. (b) Backbone RMSD for N-pep in the NSRy,i model for
three independent MDD simulations. Mean values are shown in the legend. Mean standard
error < 0.1 A and not shown.
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Supplementary Figure 5: Models of SaNSR/nisin complexes used as starting structures for
and RMSD analysis of MDD simulations.

{a) View into the binding site of SaNSR with Asnjz, Met7:, and lle 74 colored in magenta, Serzsqin
blue, and Tyrzg in orange: for clarity, the N-terminal bundle and protease core domains of SaNSR
were omitted. The C-terminus of nisin (residues 22 - 34) is shown in ball and stick representation,
The right panels show a close-up view of all initial NSR/nisin complexes used as starting structures
for the MD simulations (red: NSRsgin: green: NS ¢ blue: N8R 1).

(b) All atom RMSD values, relative to the respective average structures, over 300 ns of MD
simulations for the C-terminus of nisin and for the Nising,. (composed of rings D and E, Sers, and
lles; see Figure 4b-d). RMSD values are shown for each of the three independent MD trajectories.

MSD APl mean maan

Model MBI s | NSINcor®
MNSRgn 1 (1) 2.T5 1.38
MSRnn + 12) 260 1.34
MBS Ragin s 13) 318 227
NS Ry 2 (1) 1,44 080
NS Ry 2 (2) 1.80 1.34
WSR2 (3) 2.16 1.28

* relative 1o avernge structure

*MSE < 001 A
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Supplementary Figure 6: Structural analyses of the TASSAEM region over the MD
trajectories.

{a) Close-up view of the catalytic site residues in blue and Gly; from the protease core in magenta
ball-and-stick representation. ldentified hydrogen bonds (1 — 7) are depicted as orange dotted lines.
The table shows minimum (min.) and maximum (max.) occupancies of hvdrogen bonds 1 to 7
across the six MD trajectories. Distance between the side chain oxygen in Serassand the carbonyl
carbon of ring E from the nisin cleavage site (b), and the side chain oxyvgen in Serayyand the d4-
nitrogen in Hissg (c) for both Nsruum i (top panel) and Nsryin 2 (bottom panel) models during the
three independent MD simulations. Mean values over each trajectory are shown in the legend.
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Supplementary Figure 7: Energetic and structural analyses of nisin binding over the MD
trajectories.

{a) Per-residue effective binding energies computed by the MM-PBSA approach for residues within
5 A of the C-terminus of nisin occupying the catalytic site of SaMSR for model N8Ry (red) and
NSRyiinz (green). The gray lines indicate a threshold of = 0.8 keal mol™. (b) Close-up view of the
binding site residues (magenta) in the crystal structure bound to nisin (orange). [dentified hyvdrogen
bonds (1 = 3) are depicted as orange dotted lines. (¢) Distance between the side chain carboxylate of
residue Gluzgs and the guanidino group of Argsy from the N-terminal helical bundle for both
NSEyising (top panel) and NSRyiseo (bottom panel) over the course of 500 ns MD simulations.
Mean values for each MD trajectory are shown in the legend. (d) Close-up view of the binding site
residues (magenta) and nisin (orange). Water-mediated interactions (1 — 2) are indicated by dark
blue dotted lines. In (b) and (d). the tables show minimum and maximum occupancies of hydrogen
bonds or water-mediated interactions. Hydrogen bonds and water-mediated interactions were
determined for each of the N8Ry, and NSRy 0 trajectories.
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Supplementary Figure 8: Structural analysis of helix a4 over the M trajectories.

(a) For models NSEuini. and NSRyins distances were measured between the side chain
carboxylate of Aspyp and the guanidino group of Argyrs. (b) Residue-wise o-helix probability for
residues that compose helix a4, Mean distances and mean a-helix probabilities over the independent
MDD trajectories are shown in the legend.
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e A number of Gram-positive bacteria produce a class of bacteriocins called

Keywords: respanse regulior: nisin: lantiliotic: Tlantibiotics”, These lantibiotics are ribosomally syathesized peptides that

resistanoe; Xray analysls. possess high antimicrobial activity against Gram-positive bacteria, including

clinically challenging pathogens, and are therefore potential alternatives 1o
Suppaorting information: this anticle has antibiotics. All lantibiotic producer strains and some Gram-positive non-
supportineg information 4t jeunnals.ivcr.ongl producer strains express protein systems to circumvent a suicidal effect or 1o

become resistant, respectively. Two-component systems consisting of a response
regulator and a histidine kinase upregulate the expression of these proteins. One
of the best-characterized lantibiotics is nisin, which is produced by Lacrococeus
lacsis and possesses bactericidal activity against various Gram-positive bacteria,
including some human pathogenic straing. Within many human pathogenic
bacierial sirains inherenily resistani io nisin, a response regulator, NsrR, has
been identified which regulates the expression of proteins involved in nisin
resistance. In the present study, an expression and purification protocol was
established for the MsrR protein (rom Swrepiococcns agalactine COHL. The
protein was  successfully  ervstallized wsing the vapour-diffusion methaod,
resulting in crystals that diffracted X-rays to 1.4 A resolution.

1. Introduction

The increasing incidence of antibiotic resistance has led (o an
urgent need for alternative therapeutic options. A potential
class of alternatives are small ribosomally synthesized anti-
microbial peptides called lantibiotics. which are produced by
various Gram-positive bacteria. Lantibiotics bind to lipid 11,
an essential cell-membrane precursor, forming a complex
that inhibits cell-wall synthesis and forms pores within the
membrane (Breukink & de Krugjff, 2006; Hsu er al., 2004).
Lantibiotics have a wide antibactenial efficacy and their ther-
apeuwtic potential has already been recognized (Haneock &
Sahl, 2066; Boakes & Wadman, 2(H8).

The best-charactenzed lantibiotic 15 misin, which s
produced by some Laclococcns laciis stramns and has a wide
bactericidal activity  spectrum  against human pathogenic
strains including Clostridinen difficife and methicillin-resistant
Siaphyvlococcus  aurens (MRSA) (Bartoloni er al, 2004;
Severing o ol 1995 Cotter er al, 2005). Nisin has also been
used in the food industry as a food preservative (Delves-
Broughton et al, 199).

All misin producer steains naturally express an immunily
swstem to avoid a suicidal effect. However, there are also some
nisin-nonproducing  strains, including  various  pathogenic
bacteria such as Streprococcus agalactioe and 8. eurens. which
015 Inernational Union of Crpstalligraphey are naturally resistant to nisin (Harris er al, 1992). There is a
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Table 1
M:l.u:rm'rmh:culc-pnn,lu.cli:m anformation,

Source organism

[MMNA source

Forward primer

Reverse primer

Expression vector

Expression host

Complete amino-acid sequence
of the constmuct produced

£ agmlacrioer

5 apmlacias

COAGCOCATATOTCACAAGAGCALIG

COARTCRCATCCTCTAGTAARTARCCARCTOD

pET-24a

E. cali BL21 (DEZX)

HESQEQGE LY IVEDDNT INS LLEDHLSASYHVSEV -
SHFRDVEQEI IAFQPDLILADITLPYFEGF -
TAELEKFLTIPI IFISSEHDEMDEVHALMGG=
BOF ISKPFSLAVLDAMLTATLRRSOOFIGOEL-
TFRGFTLTRECLLSSQIHEVILSFTENKILSI-
LLMHPEQVVEXESLLEX LWENDSF IDQNTLEV=
EMTALAKEIVRIGFDY IHTVRGVGYLLODERS =
EEVDLAARLEHHHHEH

whaole gene operon associated with the mechanism of nisin
resistance, which was recently found in various species of
Gram-positive  human-pathogenic  bacteria. The operon
consists of four genes which encode the nisin-resistance
protein NSKE, a two-component system (TCS5) and an ABC
transporter (Khosa er al., 2003).

The TCS comprises a sensor histidine kinase (MsrK) loca-
lized in the membrane and a response regulator (NsrR ), NsrK
i= autophosphorylated upon external signal (in this case, nisin)
and the phosphate is then transferred 1o an asparate residue
of the response regulator NsrR. This phosphorvlation acti-
vates the regulator, therchy triggering transcription of the
genes (Stock er al, 20000 Khosa er ol 2013),

Warious two-component sysiems have been ideniified which
are involved in lantibiotic resistance (Draper er afl, 2013;
Kawada-Matsuo, Oogai ef al, 2013). The BraR3, GraRS and
VraSE TCSs of 5. awrens are associated with resistance against
bacitracin, nisin and nukacin ISK-1 {Kawada-Matsuo, Yoshida
ef al., 20013). The LiaKS and CprRK TCSs were also shown 1o
be involved in resistance against antimicrobial peptides in
Listeria monocyiogenes and Closiridivmm difficile, respeciively
(Bergholz et af., 2003; Swirez er al, NN3). The presence of
these numerous TCS members emphasizes their importance
in lantibiotic resistance. Thus, the structure of the response
regulator involved would help o expand our restricted
knowledge regarding the underlying mechanism of lantibiotic
resistance involving response regulators,

In this study, we present the overexpression, purification
and crystallization of the response regulator from S agalac-
fige, MstR.

2. Materials and methods
2.1. Macromolecule production

2,11, Cloning and expression. The GBSCOHI1_0395 gepne
(accession Mo, HGY394536.1) from 8, agalectise COHL was
amplified by PCR using chromosomal DNA as template and
the prmer pair NsrR-lor (GOAGGGUATATGTCACAA-
GAGCAAGG) and NsrE-rev (GOAATCGGATOCTGTAG-
TAAATACCCAACTCC). The PCR fragment was digested
with Ndel and BamHI and higated into pET-24a_ with a His,
tag intreduced at the C-terminus. The resulting plasmid pET-

research communications

24a-MNsrR (Table 1) was verified by sequencing and subse-
quently transformed into Escherichia cofi BL21 (DE3) cells
for expression. A simgle transformed colony was inoculated
into 20ml LB medium containing 30 pg ml™" kanamycin.
The culture was grown for 14 h at 310 K with shaking at
200 rev min ' 4 1 LB medium with 30 pg ml™" kanamyein was
inoculated with the overnight culture at an ODgy, of 105 and
grown at 310 K with shaking at 170g until an 0D, of 0.3 was
reached. The temperature was lowered 1o 291 K and the cells
were further grown to an ODgy of 0.8 before induction with
I mM IFTCG The cells were grown for a further 13 h, The cells
were harvested by centrifugation at 80 rev min ™" for 20 min
al 277 K. The harvested cell pellet was stored at 253 K until
further use,

2.1.2. Purification. In the purification of NsrR. all steps
were performed at 277 K. The stored cell pellet was thawed
and resuspended in 10 ml buffer A [30 mM Tris pH &0, 500mM
NaCl, 2mM PMSE 10%(v/v) glveerol] and 10 mg DNase
(deoxyribonuclease | from bovine pancreas; Sigma-Aldrich)
was added, The cells were lysed five times using a cell
disruptor  (Constant Cell - Disruption Systems, UK) at
160 MPa. The lysate was centrifuged at 42 000 rev min ' for
60 min wsing a Ti-60 rotor to remove unlysed cells and debris,

Imidazole was added to the cleared lysate to a final
concentration of 200 mM. The lysate was then applied onto an
Ni**-loaded HiTrap HP Chelating column {GE Healihcare)
pre-equilibrated with buffer B (20 mM Tris pH 20, 250 my
MaCl, 20mM imidazole) at a flow rate of | ml min~'. The
column was washed with six column volumes of buffer B.
The protein was then eluted with increasing concentrations of
imidazole from 20 o 4K mM in form of a linear gradient
spanning 6l min with a flow rate of 2 ml min~". The fractions
containing the protein of interest were pooled and concen-
trated 1o Smgml™" in an Amicon centrifugal filier concen-
trator with a 10 kDa cutoffl membrane {Millipore). The
concentrated protein was then [urther punfied by size-
exclusion chromatography using a Superdex 2000 GL 10/3040
column (GE Healtheare) equilibrated with buffer © (25 mM
Tris pH 9k, 50 mM NaCl 2 mM PMSF). The protein eluted as
a simgle homogeneous peak and the fractions containing the
protein were pooled and concentrated to 11 mgml™ as
mentioned before. The purity of the protein was analyeed with
15% SDS-PAGE and colloidal Coomassie stain (Dyvballa &
Metzger, 200%). The purified protein was directly used for
crystallization.  Macromolecule-production  information s
siimmarized i Table 1.

2.2, Crystallization

Crvstallization screening was performed at 285 K using an
NTE robot (Formulatrix) and the sitting-drop vapour-diffusion
method in Corming 3353 sitting-drop  plates. For imitial
screening, various commercial crvstallization screens were
used [MeXtal JCSG Core Suites 1, Classics Suite, PEGs Suite
and MPL Suite ((iagen, Germany) and MIDAS {Molecular
Dimensions, England)]. Manodrops consisting of (L1 pl each
of protein solution and reservoir solution were mixed and
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Tahle 2
Crystallization,

Method Vapour diffusion

Plate type Sitting-drop vapour diffusion

Temperaiure (K} RS

Protein concentration {mg mil N 11

Budfer composition of protein 23 mM Tris pH 9.0, 50 mM NaCl, 2 mM
sulution PFMEF

Composition of reservoir sodution  PEG 150021, 23, 25, 28 or 30%{wv]]

and bafer pH 6.0, 7.0, 80 or 90
Violume and ratws af drop 1 i1 gl
Volume of reservour {jl) S0

equilibrated against 50 pl reservoir solution. The screening
yvielded initial rectangular plate-shaped crystals after 2 d in the
comdition (.1 M SPG buffer (succinic acid:sodium dihvdrogen
phosphate:glveine in a molar ratio of 2:7:7) pH 8.0, 25% (w/v)
PEG 1500 (PACT suite condition AS). The initial crystals were
optimized by varying the concentration of PEG [21, 23, 25, 28
and 30%{w/v)] and the pH of the buffer (A0, 7.0, 8.0 and 9.40)
using the sitting-drop vapour-diffusion method at 285 K.
Crystals of similar quality appeared throughout the conditions,
Each drop consisted of 1 pl protein solution {at a concentra-
tion of 11 mg ml " mixed with 1 pl reservoir solution and was
equilibrated against a reservoir volume of 500 pl. Crystals
were oained after 1 d and grew to maximum dimensions of

400 -

300 4

U absorption at 280 nm {(mALU}

100 +
iz
n. 'I b A
o 10 20 30
Elution volume (mi)
1]

M 1 * 3 4 % & T § % 1o
- -
Hlne
" -

Do T o e — 17 KD

-

15

()

Figure 1

Purification of MsrR. {#) Chromatogram representing the purification of
NsrR by size-exclusion chromatography. The y axis represents the UV
absorpiion of the protein s 280 nm, while the ¥ axs represents the
elution volume., The red lines indicale the fractions collected. (&) 15%
SD5-PAGE showing the purified NsrR fractions Lane M contains
molecular-mass marker (labelled in kDa): lanes 1-10 contain the
corresponding purified NsrR fractions from the size-exclusion chromato-
gram displayed in {a).

Tahle &
Data collection and pnmmirtg

Waluees in parentheses are for the outer shell,

[nifraction soumos ID30A-3, ESRF
Wavelength (A) L9677
Tempernture (K} [1]

Dretector Filatus3 2M
Crystal-to-detector distance (mm) 14566

Rotation range per mage (°) i1

Togal rodation range (°) 130

Exposure time per image (5) [T e

Space group P22 or PR 22,
a, b, c (A) 563, 64, 568
o, M v () B, ), )
Mosaicity (7) 7

ML= 1.4 {1.45=1.40)
183274 (18114)
ARTO6 (3801 )

Resolution range I'.-ib
Total No. of reflections
Mo, of unbque reflections

Completeness (%) T (GRA)
MMuliiplicity 4.7 (4.8)
(Ha(d) 13.2(0L.7)
o— Y] : 6.3 (91.6)
Owverall B factor Trom "Pr'll»_:m ot EJ'A.:':l 246
Matthews cocfficient Vy (A "Da 'y 1.75

Solvent content (%) 26

P R = ¥ INGRRN NN = 1)1 57 IRk = (ORRIL Y i T Fkel)

B = 40 x 20 pm within 3 d. Crvstallization information is
summarized in Tahle 2.

2.3, Data collection and processing

Drops containing the optimized crystals were overlaid with
2 pl mineral oil before the crysials were harvested and flash-
cooled in liguid nitrogen, X-ray diffraction data were collected
at 10} K from a single crystal on the [D30A-3 beamline of the
European Synchrotron Radiation Faality (ESRF), Grenoble,
France (Theveneau ¢ al., 2013). The data-collection strategy
was calculated with EDNA (Incardona er af., 2008) using four
diffraction images at 0, 90, 180 and 270" with an oscillation

Figure 2
Crystals of MsrR. Rectangular plate-shaped crystals obtained wusing the
sitting-drop vapour-diffusion method an 285 K

1324
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width of 1* each. The subsequently collected data were
processed and scaled using XDS and XSCALE (Kabsch,
2000a k). Data-collection  and  processing  statistics  are
summarized in Table 3.

3. Results and discussion

MsrE was successfully cloned and overexpressed in E. cali
BL21 (DE3) cells. The protein was purified via a two-step
purification protoecol. Nickel-affinity chromatography  was
performed first, followed by size-exclusion chromatography
(Fig. la). The vicld of the protein was around 2 mg per litre of
cell culture. Protein homogeneity and purity were assessed by
SDS-PAGE (Fig. 1b). The molecular mass of the purified
MsrR protein was comparable to the theoretically calculated
maolecular weight of 27.7 kDa (Gasteiger e al, 2005).

Initial crystals of NsrR appeared after 2d in PACT suite
condition A5 |01 M SPG buffer pH 8.0, 23%(w/v) PEG 1500]
using a sitting-drop setup. Optimizations were performed by
varying the PEG concentration and the pH of the buffer.
Rectangular plate-shaped crystals were obiained with 21-
0% (wiv) PEG 1500, 0.1 M SPG buffer pH 80 after 1d
(Fig. 2}, with maximum dimensions of 80 = 40 x 20 pm.

The rectangular plate-shaped crystals diffracted 1o 14 A
resolution using synchrotron X-rays {Fig. 3). The total data-
collection time was 26 5. The crystals belonged to space group
P22 (or its enantiomorph £2,2,2,). with unit-cell para-
meters a = 56,3, b= 604, c = 568 A, o = = y = W (Table 2).
Currently, it is not possible to differentiate between space
groups £2,2,2 or P2,2,2,, as the systematic absences are not

L4 A

Figure 3

X-ray diffraction patlern of NerB. Daffraction image of rectangular plate-
shaped erystals of NsrR with an oscillation width of 107, Four images at
different angles were used to caleulate the data-collection strategy using
EDNA (Incardona e el 2000). The edge of the detector represents 1.4 A,

conclusive, The calculated Matthews coeflicient resulted in a
Vyy of 1.75 A’ Da™' and a solvent content of 29.6% for one
monomer in the asymmetric unit (Matthews, 1968, Kantard-
jieff & Rupp, 2003). Mass-spectrometric analysis revealed 15
peptides covering 49% of the whole NsrR protein. Solving the
structure by molecular replacement has so far [ailed, since all
structures deposited in the PDB share a sequence identity at
the amino-acid level of less than 34% (the Bae R structure has
33% identity: PDB entry 4b0¥; Choudhury & Beis. 2013),
which therefore might not be sufficient, Reprocessing in space
group Pl and subsequent molecular replacement also did not
yield a satisfying solution. Hence, experimental phase deter-
mination is needed and we are currently attempting heavy-
atom treatment using the optimized crysials.

MsrR represents a model for various two-component
syslems involved in lantbiotic resistance. The structure of
MNsrR would help us to further understand the mechanisny of
regulation behind lantibiotic resistance, thereby helping in its
prevention.
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Abstract

Lantibiotics are antimicrobial peptides produced by Gram-positive bacteria. Interestingly, several
clinically relevant and human pathogenic strains are inherently resistant towards lantibiotics, The
expression of the genes responsible for lantibiotic resistance is regulated by a specific two-
component system consisting of a histidine kinase and a response regulator. Here, we focused on a
response regulator involved in lantibiotic resistance, NsrR from Sireprococens agalactice, and
determined the crystal structures of its N-terminal receiver domain and its C-terminal DNA-binding
effector domain. The C-terminal domain exhibits a fold that classifies NsrR as a member of the
OmpR/PhoB subfamily of regulators, Amino acids involved in phosphorylation, dimerization, and
DN A-binding were identified and demonstrated to be conserved in lantibiotic resistance regulators.
Finally, a model of the full-length NsrR in the active and inactive state provides insights into

protein dimerization and DNA-binding.
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Introduction

The dramatic rise in antibiotic resistance has posed a major threat to the treatment of infectious
diseases. This has led to the search for novel antibiotics that can be used as pharmaceuticals against
human pathogenic bacteria. One of the potential antibiotic alternatives are lantibiotics (1).
Lantibiotics are small antimicrobial peptides (30-50 amino acids in length), which are produced by
several Gram-positive bacterial strains. They are post-translationally modified and contain specific
lanthionine/methyl-lanthionine rings, which are crucial for their high antimicrobial activity (2).
Lantibiotics are for example highly effective against various Gram-positive, human pathogenic
bacteria including Streprococcus prewmoniae and several methicillin-resistant Sraphyvlococcus
anrens (MRSA) strains (3). The high potency of lantibiotics for medical usage has already been
noticed, and several lantibiotics are already included in clinical trials (4, 5). Their high potency is
highlighted by the fact that, although being extensively used in food indusiry, resistance has not
been described so far (6). Nisin is the most prominent member of the lantibiotic family and is able
to inhibit cell growth, penetrates the membranes of various Gram-positive bacteria, and is
characterized by five specific {methyl-Manthionine rings, which are crucial for stability and activity
in the nanomolar range (7, 8).

Recently, gene clusters were identified in certain clinically relevant human pathogenic strains such
as Strepiococens agalactioe, 8. awrens, and others that confer inherent resistance against specific
lantibiotics such as nisin (9-11). Within these resistance operons, genes encoding for a membrane-
associated protease and an ABC transporter were identified. Expression of these proteins provides
resistance against lantibiotics, Two genes, which by sequence similarity encode a two-component
signaling syvstem (TCS) consisting of a sensor histidine kinase (HK) and a response regulator (RR),
apparently mediate the expression of the resistance proteins (12): HK senses the external lantibiotic
and, uwpon receiving the stimuli, auto-phosphorvlates at a conserved histidine residue within the

cyvtosol; this high-energetic phosphoryl group is then transferred to the associated RRE inducing a
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conformational change there, which activates the RR to evoke the cellular response. Bacteria have
the ability to sense and survive various environmental stimuli through adaptive responses, which
are regulated by TCSs (13). These processes include drug resistance, quorum-sensing, phosphate
uptake, sporulation, and osmoregulation (14), The absence of TCSs within mammals makes them
unique targets for novel antimicrobial drugs (15).

The expression of the lantibiotic-resistance genes via TCS is generally regulated by microorganism-
specific lantibiotics, which act via external stimuli. Some examples of TCS are: BraRS in S, aureus
which is induced by bacitracin, nisin and nukacin-15K-1 resistance (16), BeeRS in Bacillus spp. that
is induced by actagardine and mersacidin resistance (17). LerRS in Strepiococcus mutans induced
by nukacin-ISK-1 and lacticin 481 (10) and LisRK of Listeria monecyogenes induced by nisin
resistance (18). Furthermore, multiple lantibiotics can induce the TCS CprRK from Closiridinm
difficile, leading to the expression of the genes localized on the epr operon, resulting in resistance
against several lantibiotics of which nisin, gallidermin, subtilin, and mutacin 1140 are some
examples.

The recently discovered nsr gene cluster of the human pathogen 8 agalactiae encodes for the
resistance protein NSR and the ABC transporter NsrFP, both conferring resistance against nisin (9),
Homologous operons have been identified in various human pathogenic strains such as
Staphylococcus epidermis and Streptococcns ictaluri based on the high sequence identity of NSR
and NsrFP. In this gene cluster, the TCS NsrRK is responsible for the expression of the nsr and
nsrf P genes (9). The similarity of the TCS within all the described nisin resistance operons
suggests an expression specifically induced by nisin (9). Thus, NstRK might be a useful target to

combat inherently pathogenic lantibiotic-resistant strains,

Generally, RRs consist of two distinct structural domains, a receiver domain (RID) and an effector
domain (ED), that are separated from each other by a flexible linker. RDs contain a highly
conserved aspartate residue, which acts as a phosphory] acceptor that becomes phosphorylated by

the kinase domain of the histidine kinase upon reception of an external signal. The ED is thereby
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activated and binds to the designated promoters, thus initiating transcription of the target genes.

The RRs are classified into different subfamilies depending on the three-dimensional structure of
their EDs (14, 19). The OmpR/PhoB subfamily is the largest subgroup of RRs and comprises
approximately 40% of all response regulators in bacteria. All their members are characterized by a
winged helix-turn-helix (wHTH) motif (20). Although numerous structures of the single domains
are known, only a few structures of full-length OmpR/PhoB-type RRs have been determined:
RegX3 (PDB code: 200QR) (21), MirA (PDB code: 2GWR) (22), PrrA (PDB code: 1Y56) (23) and
PhoP (PDB code: 3R0J) (24) from Myeobacterium tuberculosis; DB (PDB code: 1P2F) (25) and
DerD (PDB code: 1KGS) (26) from Thermotoga maritima: and KdpE from Escherichia coli (PDB
code: 4KNY) (27). The various structures of RRs reveal that in addition to being in either “inactive™
or “active” state, the RRs can also exist in two distinet conformations: “open”™ and “closed™. MitrA

and PrrA exhibit a very compact, closed struciure with the DNA-binding sequence, called

exist in an open conformation, here the recognition helix is fully exposed (25, 26), suggesting that
RRs are flexible in solution and can adopt multiple conformations.

Here, we describe the erystal structures of the N-terminal RD and the C-terminal ED of the
lantibiotic resistance-associated RR NsrR from S agalacrige. NsrR is part of the nisin resistance
operon (9). The expression of the genes of this operon is induced by a TCS consisting of the HEK
MsrK and the RR NsrR. Based on the erystal structures of both the domains, modeling was

emploved to shed light on the putative DNA-bound state of full-length NsrR.
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Materials and Methods

Cloning, expression and purification NsrR

MsrR was constructed, expressed, and purified as described previously (28). In brief, the nsrf gene
{accession no. HG939456.1) from S agalaciioe COH1 was ligated into the expression vector
pET24a allowing expression in £ coli with a Hisg-tag introduced at the C-terminus. The resulting
plasmid pET24a-NsrR was transformed into E coli BL21 (DE3) for expression. A single
transformed colony was inoculated into 20 ml LB media containing 30 pg/ml kanamycin. The
culture was grown for 14 h at 310 K with shaking at 200 rpm. 4 | LB media with 30 pg/ml
kanamycin were inoculated with the overnight culture at an ODgyo of 0,05 and grown at 310 K with
shaking at 170 rpm until an ODgyg of 0.3 was reached. Subsequently, temperature was lowered to
291 K. and cells were further grown until an ODg of 0.8 was reached before inducing the
expression by addition of 1 mM PTG, Cells were further grown for 15 h and harvested by
centrifugation at 8000 rpm for 20 min at 277 K. The harvested cell pellet was re-suspended in 10 ml
of buffer 4 (50 mM Tris pH 8.0, 50 mM NaCl, 2 mM PMSF and 10% (v/v) glyeerol) and 10 mg of
DNase (Deoxyribonuclease 1 from bovine pancreas, Sigma Aldrich) was added. Cells were lysed
using a cell disruptor (Constant Cell Disruption Systems, United Kingdom) at 2.6 = 10° kPa. The
lysate was centrifuged at 42000 rpm for 60 min using a Ti60 rotor to remove non-lysed cells and
cell debris.

20 mM imidazole was added to the cleared lysate prior to applying it onto a Ni°* loaded Hi-Trap
HP Chelating column (GE Healtheare) pre-equilibrated with buffer B (20 mM Tris pH 8.0, 250 mM
NaCl and 20 mM imidazole, 2 mM PMSF). The column was washed with six column volumes of
buffer B. Protein was eluted with a linear gradient of imidazole from 20 mM to 400 mM in buffer B.
The fractions containing NsrR were pooled and concentrated up to 8 mg/ml in an Amicon
centrifugal filter concentrator with a 10 kDa cut-oft membrane (Millipore). The concentrated

protein was further purified by size exclusion chromatography using a Superdex 200 GL 10/300
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column (GE Healtheare), equilibrated with buffer ' (25 mM Tris pH 9.0, 50 mM NaCl, 2 mM
PMSF). The eluted protein fractions were pooled and concentrated to 11 mg/ml as described above,
The purity of the protein was analvzed with 13% SDS-PAGE using colloidal Coomassic blue

staining (29).

Crystallization of NsrR

Crystals were obtained by using 1 pl of protein solution (concentration of 6.0 mg/ml) mixed with 1
wl of reservoir solution using the hanging-drop vapor diffusion method at 285 K. The reservoir
solution contained PEG 20000 (11, 13, 15, 17 and 21% (w/v)) and 0.1 M MES pH (6.0, 6.5, 7.0 and
7.5). Crystals were obtained after three weeks and grew to their maximum dimensions within one
month. Two different crystal forms, rectangular plate-shaped erystals and thin plates, were observed
in the same drop. Both erystals forms were transferred into a buffer containing the reservoir
solution plus 30% (v/v) ethylene glveol for 5 min prior to flash cooling using liquid nitrogen. For
phasing, 20 mM tetra-chloro platinate [V (Hampton Research) was added to the crystallization
drop, and the rectangular plate-shaped crystals were soaked for 30 min. The crystals with no
obvious optical damage were harvested and flash-cooled in liquid nitrogen following the procedure

above.

Data collection

Initially crysials were screened for quality at beamline P13 (DESY, EMBL Hamburg). All X-ray
diffraction data were collected at beamline 1D23¢h] of the European Synchrotron Radiation Facility
(ESRF), Grenoble (30), All data sets were processed and scaled using XDS and XSCALE software
package (31). Data sets from both native crystal forms were collected at 100 K. A single-
wavelength anomalous dispersion (SAD) dataset from a single heavy-atom derivatized crystal
(rectangular plate-shaped crystal) was collected at 1.0714 A at 100 K. Diffraction data up to 1.7 A

was used for heavy atom localization and subsequent phasing.
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Structure determination of NsrR

The structure of the thin plate-shaped crystals was solved by molecular replacement using the
structure of the receiver domain of PhoB (PDB entry: 1B00) (32) as a model to phase the native
data set at 1.8 A resolution. The model generated was refined manually in COOT followed by
iterative eyeles of refinement using the program phenix.refine (33). Manval adjustments between
the refinement cyveles were performed with the program COOT (34) and Ramachandran validation
was done using MolProbity (35).

The SAD dataset of the rectangular plate-shaped crystal was used for phasing via the Auto-
Rickshaw server (36). The initial model was further built and refined manually using COOT (34)
and phenix.refine from the Phenix package (33) with iterative cyeles of refinement. This model was
used to phase the native data set of the rectangular plate-shaped erystals at a resolution of 1.6 A,
Data collection and refinement statistics are listed in Table 1 and all images of the models were

prepared using PyMOL (37).

Accession numbers
Coordinates and structure factors have been deposited in the PDB with aceession numbers SDCL

(NsrR-RD) and SDCM (NsrR-ED).
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Results and Discussion

MsrR was expressed and purified as described (28) with a yield of 2 mg per liter of cell culture. The
purified NsrR protein has a theoretical molecular mass of 27.7 kDa and was =98% pure as assessed
by SDS-PAGE (Fig. la. indicated by *). Surprisingly, over time NsrR degraded into two distinet
fragments as visible on SDS-PAGE analysis using the same purified protein sample after one week
(Fig. 1b, indicated by ** and ***, respectively). Both bands were subjected to mass spectrometry
analysis. The analysis revealed that the larger fragment (**) represents the N-terminal receiver
domain (residues 1-119; referred to as NsrR-RD) whereas the smaller fragment (***) contained the
C-terminal DNA-binding effector domain of NsrR (residues 129-243 including 21 amino acids
derived from the expression tag: referred to as NsrR-ED) (Fig. 1b). Residues 120-128 form the
linker connecting the RD and ED. Such a cleavage of the full-length RR into two specific domains
is not unusual and has been previously reported for other RRs as well (38). Mass spectrometry
analysis did not reveal the presence of any specific protease in the purified NsrR sample.
Furthermore, addition of a protease inhibitor, such as PMSF (Phenylmethylsulfony] fluoride) and
AEBRSF (4-(2-Aminoethy]l) benzenesulfony]l fluoride hydrochloride), even at high concentrations,
did not inhibit proteolysis (data not shown).

Since formation of the ervstals took around one month, it is not surprising that this cleavage also
occurred in the crystallization drop. NsrR was crystallized vielding two crystal forms, which were
distinguishable by visual inspection. Initially, we tried to solve the structure of NsrR by molecular
replacement, which was not successful. Therefore, we tried heavy atom phasing using a platinum
compound, This succeeded for the rectangular plate-shaped crystals, After the structure was solved,
it became evident that these erystals contained two monomers of the ED of NsrR in the asymmetric
unit.

We also tried to solve the structure of the thin plate-shaped crystals with this template, but the

resulting model generated was not sufficient. Therefore, we thought that these crysials contained the
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M-terminal domain of NsrR and successfully phased this dataset using molecular replacement with
the N-terminal domain of PhoB (PDB code: 1B00; as a template. This approach revealed that this
crystal form indeed contained two monomers of the RD of NsrR in the asymmetric unit. Since both
crystals forms were obtained in the same drop it is not surprising that, when dissolving several
crystals and performing subsequent mass-spectrometry to identify the protein in the crystals, it
vielded peptide fragments throughout the NsrR sequence (28).

In summary, the two crystal forms contained one of the two domains, respectively, such that both
domains were successfully crystallized. We determined the crystal structures of NsrR-RD and
MsrR-ED separately. However, a part of the linker region (residues 120-128; 120RRSQQFIQ0Q 24;
underlined are the amino acid residues not visible in either domain) could not be traced in the

electron density.

Owverall structure of the N-terminal NsrR receiver domain (NsrR-RID)

The structure of the NsrR-RD was determined at a resolution of 1.8 A (Table 1). The Ry and Ry
values after refinement were 0.17 and 0.22, respectively, Ramachandran validation revealed that all
residues ( 100%, 236 amino acids) were in the preferred or allowed regions (34). Data collection and
refinement statistics are listed in Table 1.

The asymmetric unit contains two copies of NsrR-RD. Although the entire N-terminal receiver
domain is composed of residues Metl-Leul 19, only residues Asnd to Argl21 of chain A (including
residues Argl20 and Argl2] of the linker) and Glnd 1o Ser122 of chain B (including residues
Argl20 until Ser122 of the linker) could be traced in the electron density of NsrR-RD. For Asn83,
Aspi6, and Glu87 of chain A, poor electron density was observed for the side chains and, thus,
these side chains were deleted during refinement and are not present in the final structure. Since the
two monomers of NsrtR-RD were virtually identical (rmsd of 0.6 A over 116 Ca atoms for the two

monomers), Therefore, the overall structure is described for monomer A only.
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MerR-RD structurally adopts a off doublyv-wound fold previously observed in OmpR/PhoB type
regulators. Five p-strands (f1-p3) are arranged in a parallel fashion constituting the central core of
the structure, which is surrounded by two a-helices (o] and u3) on one and three helices (02, o3,
a4) on the other side (Fig. 2). The NsrR-RD structure shows a [l-wl-p2-a2-f3-a3-f4-a4-[5-u3

topology as also observed for other RRs (25, 26).

Comparison with structures of other receiver domains

MsrR belongs to the OmpR/PhoB family of RRs. The receiver domain of MsrR was superimposed
with other structurally characterized receiver domains from the OmpR/PhoB family, such as DirB
(25), KdpE (27), MtrA (22}, and the crystal structure of only the receiver domain of PhoB (39). The
rmsd of the overlays and the corresponding PDB codes used are highlighted in Table 2.
Superimposition of the structures revealed that helix ad is slightly rotated outward in NsrR-RD
(Fig. 2). In receiver domains of response regulators, helix o4 has been shown to be a crucial part of
the dimerization interface (40, 41). Furthermore, helix a4 in NsrR is shorter than in other RRs, The
first helical turn is unwound and adopts an unstructured region (see Fig. 2). This outward rotation
and unwinding of helix a4 has not been observed in other RRs and is likely due to the circumstance
that NsrR-RD is erystallized as an isolated monomer, due to helix a4 is not part of an interface.
Inspection of the erystal contacts revealed no major interactions in this region that could have
influenced the orientation of helix a4,

Based on the Dali server (42), the NsrR-RD domain is structurally closely related 1o Kdpl (PDB
code: 4KNY) from E. coli, displaying a sequence identity of 28% (43). This structural homology is
also reflected by the low rmsd of 1.9 A over 117 Ca atoms after superimposition of the receiver

domains of MsrR and KdpE (Table 2) (27).

Active site residues and dimerization
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All RRs contain a highly conserved aspartate residue in the active site (Fig. 3; shown in red).
Phosphorylation of this aspartate residue induces a conformational change leading to the activation
of the effector domain that binds DNA and regulates the transcription of target genes. This site of
phosphorylation is conserved throughout the family of response regulators, including the lantibiotic
resistance-associated RRs such as BraR from L. monocyrogenes (16), BeeR from Bacillus subtilis
(17), CprR from O difficile (44, 45), GraR from S awreus (46, 47), LerR from S, mutans (10),
LisR (18), and VirR from L. monocytogenes (48) (Fig. 3).

The putative phosphorylation site of NsrR is Asp33, which is localized at the end of strand 3 (Fig.
3. shown in red; Fig. 4) and lies within an acidic environment composed of the side chains of Glul2
and Aspl3 (Fig. 3, highlighted in pink). This pocket is similar to the acidic active site observed
within most structures of RRs such as PhoB from £ coli (32), PhoP from M iwberculosis (24), and
DivK from Caulobacter crescentus (49). In NsrR, Glul 2, Aspl3, and Asp55 are in close proximity
of a highly conserved Lys104 residue (highlighted in green in Fig. 3).

A divalent metal ion is usually bound in this acidic environment and is essential for phosphorylation
and de-phosphorylation of RRs (50, 51). In some RRs like CheY. Mg is observed in the structure,
bound near the phosphorylation site (32, 32, 53). In the KdpE regulator from E. colf that is involved
in osmoregulation. a divalent calcium ion is present. However, the structure of NsrR-RD did not
contain any divalent ion. Instead. a water molecule is present, which interacts with Glul2 of the
acidic pocket, Lys104, and another water molecule in the vicinity,

Within the p4-od loop and in p3 of the RD of RRs, specific amino acids are crucial for signal
transduction from the RD to the ED via conformational changes that are a consequence of
phosphorylation of the RD, These amino acids are Ser/Thr and Phe/Tyr located at the end of 4 and
before [i5. respectively, and designated as “signature switch residues”. As seen in the alignment
{Fig. 3, highlighted in blue), these signature residues (Ser/Thr and Phe/Tyr) are highly conserved in
the lantibiotic resistance-associated RRs. The orientation of the side chains of these residues

determines whether the RD is in an active or inactive state (14, 54). In the inactive state, the
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phenylalanine or tyrosine residue faces away from the active site, and the corresponding serine or
threonine residue adopts an outward-facing conformation as well (54-36) (Fig. 4a). In contrast, the
switch residues face towards the active site in the active state conformation (Fig. 4b).

By sequence alignment with other lantibiotic resistance-associated RRs, these “signature switch
residues” are identified as Ser82 and PhelOl in NsrR (see above). Although some RRs such as
KdpE. BraR, BeeR., GraR, and VirR contain a serine residue as the first switch residue, the others
possess a threonine instead. Furthermore, the second switch residue is mostly a tyrosine, with NsrR,
BraR, and BceeR being the only exceptions containing a phenvlalanine at that position. A
comparison of the NsrR-RD structure with the available structures of PhoB (Fig. 4) in the active
(PDB code: 1ZES) and inactive (PDB code: 1B00) states demonstrates that Serf2 (NsrR-RD) is
oriented away from the active site Asp55, and that PhelO1l is also in an outward conformation
suggesting an inactive state of the NsrR-RD (Fig. 4a).

As mentioned above, RRs contain a phosphorylation-activated switch and normally exist in
equilibrium between the active and inactive conformations. Phosphorylation shifis the equilibrium
towards the active conformation (57) and induces the formation of rotationally symmetric dimers on
the a4-f3-u5 interface of RDs (40). It has been suggested that dimerization is crucial for DNA-
binding of RRs of the OmpR/PhoB subfamily.

The RD domain of NsrR was crystallized with two separate monomers in the asymmetric unit.
Therefore, we performed a DALI search (42) and focused on RD domains that were structurally
determined as functional dimers. In this context, the dimer of full-length KdpE from £ coli (£-
score 18.8, rmsd 1.9 A over 117 Ca atoms) (PDB code: 4KNY) (27) and the structure of the
functional dimer of the RD of KdpE from E coli (PDB code: 1ZH2) (58) represent the most
structurally related structures.

We aligned NsrR-RD on both monomers of the RD of KdpE. Since helix ad of NsrR-RD is
orientated slightly different when compared with other structures of RDs (Fig. 2), helix a4 and the

M-terminal loop of one monomer were clashing with the second monomer (Fig. S1a). Therefore,
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helix a4 and the N-terminal loop were shifted to the position of KdpE by primarily modifyving
backbone torsion angles in the region immediately C-terminal to helix o4. Afierwards, helix o4 and
the adjacent loops were energy minimized with the MAB force field (39) as implemented in the
program Moloc; all other atoms of NsrR-RD were kept fixed. The result is highlighted in Fig. S1b,
The energy minimized structure of NsrR-RD was then superimposed on the dimeric structure of
KdpE (58).

The putative functional dimer of NsrR-RD is depicted in Fig. 5. The dimeric interface is formed by
ud-p3-ul of RD (Fig. 5a), as previously observed in other RRs (25, 41, 58). In KdpE. a network of
salt bridges and other electrostatic interactions stabilize the interface within a single monomer as
well as between the monomers, Majority of these interactions involve residues that are highly
conserved within the OmpR/PhoB subfamily of RRs. In addition, the dimeric interface of KdpE is
characterized by hydrophobic patch formed by residues IeB8 (ad), Leu9l (ad), Alall0 (a5), and
Vall 14 (u5). Structurally, a similar set of residues is also found in NsrR: Leu94 (ad), Vall 10 (a5)
and Alall3 {a3), respectively (depicted as spheres in Fig. 3b), which are conserved (o some extent
on sequence level (highlighted in vellow; Fig. 3).

Conserved intermolecular electrostatic interactions further stabilize the monomer-monomer
interaction of KdpE and are formed between Asp97 (B5) and Argll1 {a5), Asp%6 (ud—fi5 loop) and
Argl 18 (a3). and Asp92 (od) and Argl13 (05). Some of these interactions can also be identified in
the dimeric model of NsrR-RD. Here, Aspl00 (f5) and Lvs] 14 (3) form an interaction within one
monomer. and an intermolecular interaction can be observed between Asn93 (a4) of one monomer
with Thrl 16 {5) of the other monomer (Fig. 3, shown in cyvan). Asp99 (ed—5 loop: Fig. 3, shown
in cyan) points toward the side chain of Argl21. This interaction is also observed in KdpE (Asp96
(ad4—P5 loop) and Argll8 (a5)). In KdpE, Arglll is additionally stabilized by another intra-
molecular salt bridge with Glul07 {w5). Interestingly, in NsrR-RD this amino acid coresponds to
Vall10 (highlighted in vellow in Fig. 3). As observed in this alignment, the above-mentioned

arginine residue (Argl11 in KdpE) is either an arginine or a lysine residue (Lysl 14 in NsrR) in all
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RRs used in the alignment (Fig. 3, shown in cvan). Interestingly, whenever an arginine is present at
this position (Arglll in KdpE), a glutamate (Glul07 in KdpE) is present as well, presumably
stabilizing the arginine side chain. However, when a lysine is present at this position, the glutamate

is exchanged to a hydrophobic residue contributing to the hydrophobic patch deseribed above.

Owverall Structure of C-terminal DNA-binding effector domain of NsrR

The structure of NsrR-ED from S agalactioe was determined using experimental phases from a
single-wavelength anomalous dispersion dataset from the rectangular plate-shaped crysial
derivatized with platinum at a resolution of 1.6 A in space group £2,2,2. The Ryon and Ry values
after refinement were 0.18 and 0.22, respectively. Ramachandran validation was done using
MolProbity (35). Almost all residues (99.48%, 193 amino acids) were in the preferred or allowed
regions, while (L52% (1 amino acid) were localized in the disallowed region. The latter is Glul28
(last residue of the linker region) of chain B that is involved in crystal contacts and, therefore, likely
adopts an unfavorable conformation. The structure contained a few ethylene glyeol molecules
introduced by the eryvo-protecting procedure. The data collection and refinement statistics are listed
in Table 1.

The C-terminal effector DNA-binding domain of NsrR is about 13 kDa in size and consists of
residues 129-243 (including 21 amino acid residues of the expression tag). Monomer A contains
residue 129-224 and monomer B contain residues 128-225. For Aspl47 of chain A and Glul74 of
chain B, poor electron density was observed for the side chains and, thus, these side chains were
removed during refinement. The asymmetric unit contains two copies of NsrR-ED related by two-
fold rotational symmetry, An overlay revealed that both monomers display high similarity in their
overall structure with an rmsd of 0.5 A over 95 Cu atoms. We therefore describe for the overall
structure only monomer A.

The ED domain of NsrR consists of six [-strands and three a-helices in a f6-[7-[8-f9-cb-07T-u8-

FLO-A11 topology (the secondary structure elemenis are counted in continuation of those of the
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RID). The effector domain starts with a 4-stranded antiparallel p-sheet, followed by three a-helices
and eventually ends in a C-terminal B-hairpin (Fig. 6). The two [i-sheets sandwich the three o-
helices.

The characteristic feature of the OmpR/PhoB subfamily of RRs is a winged helix-turn-helix
{(wHTH) fold that is adopted by the a7-loop-u8 segment in full-length and single effector domain
structures of RRs of this subfamily. The structure of NsrR-ED also contains such a wHTH motif
built up by helices a7 and of (Fig. 6). The second helix of the wHTH maotif is important for DNA-
binding and, therefore, is termed “recognition helix™ (20 (shown in cyvan in Fig. 6). Furthermore, a
helix within the HTH motif, named “positioning helix™, is important for proper orientation and
positioning of the loop between these two helices and is referred to as “transactivation loop™ (also
called a-loop: Fig. 6) (20, 60). In the structure of NsrR-ED, helix o8 is identified as the recognition
helix, a7 as the positioning helix, and the loop region between helices a7-u8 as transactivation loop
as observed in other RRs (Fig. 6). The 16-residue long, solvent-exposed recognition helix a8 of
MsrR-ED contains four positively charged residues that can potentially interact with DNA. These
are Argl98, Arg200, Lys201, and Lys202. When comparing the sequence of NsrR with PhoB,
KdpE, and MitrA, the alignment (Fig. 3, colored in blue) emphasizes the variations at these
positions, except for Arg200, which is conserved throughout the lantibiotic resistance RRs.
Additionally, Lys202 is also highly conserved throughout the family of RRs except PhoB, clearly

reflecting differences in the sequences of DNA to be bound.

Comparison with structures of other effector domains

We performed a DALI search {(42) to identify structurally related proteins to NsrR-ED. Here the
structure of the effector domain of PhoB from £ coli (PDB code: 1GXQ) (£-score of 13.7) (39) is
structurally the most closely related. Similar to the PhoB effector domain, a 9-residues long loop
{amino acid 182-189) is also present in the structure of NsrR-ED that connects helices a7 and o8,

The rmsd between the three helices of the effector domain (including the two helices forming the
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wHTH motif) of PhoB (39) and NsrR-ED is 1.6 A over 47 C o atoms, clearly indicating that NsrR

belongs to the OmpR/PhoB family of RRs.

Therefore, we superimposed the Ca traces of the effector domain of NsrR (NsrR-ED) with other
previously determined effector domains from the OmpR/PhoB family such as DerB (25), MtrA (22)
and of only the effector domain structure of PhoB (39) from £ cofi. Overall, the structures are very
similar with rmsd’s ranging from 1.7 to 2.6 A (Table 2). The highest variations (Fig. 6) are visible
in in the loop regions a7-u8, which corresponds to the transactivation loop, Interestingly, this region
also shows low sequence conservation (Fig. 3). In many RRs this transactivation loop along with
the recognition helix a8, form inter-domain contacts in the inactive state and are only exposed upon
activation of the RRs via a conformational change where the N- and C-terminal domains move

away from each other (23).

Linker region

The linkers that connect the RDs and EDs in response regulators are highly variable with respect to
both length and sequence. The exact boundaries of these linkers are difficult to predict from
sequence alignments in the absence of structural information of the distinct RR. Linker lengths in
OmpR/PhoB proteins of unknown structure have been estimated by comparing the number of
residues between conserved landmark residues in the regulatory and effector domains to those from
structurally characterized family members. Such analysis has indicated that linker lengths vary from
5 1o 20 residues (20). Similar to the OmpR/PhoB family, the lantibiotic resistance-associated family
of response regulators also displays diverse linker regions, which are recognized in sequence
alignments by the introduction of gaps (Fig. 3). Interestingly, two arginine residues {Argl120 and
Argl21 in NsrR; Fig. 3, shown in purple) at the end of the RDs seem to be strictly conserved
throughout the family of response regulators in both the OmpR/PhoB and lantibiotic resistance-
associated RRs, indicating a conserved similarity. As seen in the structures of MirA and KdpE (22,

58). this arginine residue residing at the end of a3 participates in the active state dimer interface of
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the RD through a salt bridge interaction (41) with an aspartate residue. This aspartate residue is
identified in NsrR as Asp99 (see above). Arginine 121 of NsrR points towards this Asp%9 residue
however, the distance for a salt bridge interaction is too large,

Although we aimed at crystallizing full-length NsrR, this endeavor failed due to proteolytic
cleavage within the linker region during the time period of crystallization. Nonetheless, the
structures of NsrR-RD and NsrR-ED together provide the required struetural knowledge to predict
the linker region that joins the receiver and effector domains. The linker region of NsrR consists of
approximately nine residues (Fig. 3). comprising 2RRSQQFIQ0 2 (underlined residues are
neither present in the structure of RD nor in ED of NsrR) and contains two positively charged

amino acids.

DNA-binding mode of NsrR using a full-length model

Since the structures of both domains of Nsrl were determined, we used this structural information
together with the available crystal structures of related proieins to create a model of the full-length
MNsrR in its active and inactive state.

To achieve this, we first carefully analvzed the outcome of the Dali search for each domain and
identified structurally highly similar proteins (based on Z-scores and rmsd values) and choose the
full-length structures previously reported. This resulted in a list of possible templates for modeling
the full-length structure of Nsrl (Table 2). In solution, RRs exist in equilibrium between the active
and inactive state, which is shified towards the active state upon phosphorylation of the ED. This
results in oligomernization of the RR and a higher affinity towards DNA,

Based on the above-mentioned criteria, the structure of MtrA from M rwberculosiz, crvstallized in
an inactive and non-phosphorylated state (22). seemed best suited for modeling purposes.
Furthermore, the linker between the two domains of MirA contains nine amino acids and is of

similar length as the linker of NsrR. We aligned the NsrR-RD and -ED to the corresponding MirA
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domains and evaluated the structure. This mimics the closed inactive conformation of NsrR (Fig,
Ta; the missing linker is represented as dotted line).

In MirA, the two domains interact via the ad-p5-05 interface of the receiver domain and the end of
a7, a7-a8 loop and af of the effector domain, Both interfaces have been shown to form functionally
important contact areas in the active state within members of the OmpR/PhoB subfamily. In our
madel of full-length NsrR, a similar orientation between the domains is observed, contributing to
the inter-domain interactions. The inactive conformation of MtrA is supported by the orientation of
the side chain of Tyr102, which points away from the active Asp56 residue, while the side chain of
Tyr102 interacts with Aspl90 of the RD of MtrA, thereby stabilizing its closed conformation. In the
model of NsrR, similar amino acids are present, Phel01 (switch residue) and Aspl88 (Fig. 3,
represented by orange boxes) forming a likewise similar network of interaction.

Mext, we were interested in the active conformation of the NsrR protein adopting an active “open™
conformation in the dimeric state. We compared and aligned the NsrR-RD and ED on the dimeric
structure of KdpE that was solved in the DNA-bound state (27, 61) (Fig. 7b). The N-terminal RDs
of NsrR form a dimeric interface consisting of a4-5-a35 of both the monomers (sce above). This is
a common hallmark of REs belonging to the OmpR/PhoB subfamily (see above) (41, 38).

The linker region of KdpE is of similar length as of NsrR. which suggests that the distance in the
DNA-bound state between the RD and ED of NsrR will be similar to that in the KdpE active dimer.
We superimposed the ED of NsrR with the DNA-binding domain of KdpE resulting in a reasonahly
well-aligned structure (rmsd of 2.6A over 86 Ca atoms: Table 2). The major differences are the
orientation and size of f6-f7-f8-p9 helices, while the remaining part of the ED fits nicely with
some small variations in the loops connecting the helices,

We also observed that this orientation creates a major positively charged groove-like surface, which
is mainly formed by four positively-charged residues of the “recognition helix”, This positively-

charged groove would allow the binding of DNA as shown in Fig. 7c,
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Conclusion

In numerous pathogenic bacteria such as 8 agalactioe, S, aureus, and C. difficile that apparently do
not produce a lantibiotic, a gene cluster is present to provide resistance against lantibiotics such as
nisin, nukacin ISK-1. lacticin 481 gallidermin, actagardine, or mersacidin (9, 12, 44). The
regulation of the expression of these genes is mediated by two-component systems. The structure of
the response regulator NsrR from S agalactioe presented in this study is the first structural

information available for the subgroup of lantibiotic resistance-associated RRs.
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Figure Legends:

Fig. 1: SDS PAGE analysis of purified NsrR directly and one week after purification.

{a) Freshly purified NsrR protein, and (b) MsrR protein afier one week.

Lanes: M represents the PAGE Ruler Unstained Ladder; 1: NsrR after a two-step purification; 2:
MsrR one week after purification. * corresponds to full-length NsrR protein at 27 kDa, while ** and
##+ correspond to the NsrR-RD and NsrR-ED domain at around 13 kDa, respectively.

(a)
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Fig. 2: Structure of NsrR-RID.
Cartoon representation of the helices {ul — a5) and [f-sheets (f1 - p5). Structural areas with the

highest variations to the receiver domains of DrrB (pink, 1P2F), MtrA (grey, 26WR), and PhoB
{blue, 1B00) are marked in separate boxes,
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Fig. 3: Sequence alignment of NsrR protein with other response regulators.

A sequence alignment of NsrR with RRs belonging to the OmpR/PhoB subfamily (marked in grev)
and ERs involved in lantibiotic resistance (black) is shown.

The active site aspartate residue (highlighted in red). the residues forming the acidic pocket
surrounding it (highlighted in pink), the switch residues (highlighted in blue), the conserved lysine
residue (highlighted in green). the highly conserved residues of the linker region (colored in
purple), the residues involved in dimer interface of receiver domain (highlighted in yellow),
residues involved in interdomain interactions (shown in orange boxes and in cyan) and the residues
involved in interaction with DNA (colored in blue) are shown. The linker region of the known
structures is underlined within the sequence.
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CprR SKERIYESVYGFDGESDISTITEHIENIRSKLEQY=-=DIYTIETVWGIGYKWV======= 219
GraR SREDTIITALWDDEAF HNTLTVHVNRLREELSEISMDSAIETEV-GEGYMAHE-————~ 224
LerR SEDQLYDYLYTYEE ARATAEHIKNIRAKFRTI-—-GLEPIETVHCIGYEWK-c-eem 219
LisR TREVLLNEVWGYETE NVVDVYVRYLENEIDHP-DEESY IQTVRGTGYVMRT - =====~ 226
VirR SREDEIMRALWEDESF HTLTVHVVRIREELAEIGLSEFIKTEE-GQGYMIE-====== 225
.

L] ] 2 t H H £ - . Ww

136



Fig. 5: Functional dimer orientation of the RDs of NsrR.

Dimeric structure of the RD of NsrR aligned to the structure of KdpE (PDB code 1ZH2, not
shown).

{a) The two monomers of NsrR as functional dimers are represented in a cartoon representation
displayed in cyan and yellow colors,

(b) Zoom-in of the dimeric interface mediated by ad4-f5-u5. The monomer-monomer interactions
are facilitated by hydrophobic residues (displaved as spheres), inter- and intra-domain interactions
{displayed as sticks), The layout is adopted from (40),

(a)
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Fig. 6: Structure of the C-terminal effector domain of NsrR.
Cartoon representation of the C-terminal effector domain of NsrR (green; recognition helix in

cyan). The structural areas with the highest variations compared to the effector domains of DirB

{pink, 1P2F), MtrA (grey, 2GWR), and PhoB (blue, 1GXQ) are marked.
The wransactivation loop of MirA is missing in the structure, therefore, the two termini are

connected by a dashed line.

aB-g10 loop

a7 -ald loop
{transactivation loop)

MsrR
PhoB

138



Fig. 7: Model of full-length NsrR in its inactive state and active state

The BRI domain of NsrR is highlighted in vellow and the ED domain in green with the “recognition
helix™ colored in cyan.

{a) Inactive state conformation: Both domains of NsrR were aligned to the structure of MirA (not
shown), which adopts a closed inactive conformation, to obtain a model of full-length NsrR,
PhelOl and Aspl87 stabilize this closed conformation. The missing linker is represented by a
dotted line,

(b) Active state conformation: A model of full-length NsrR in active conformation based on the
alignment of both the domains of NsrR to the structure of DNA bound structure of KdpE (PDB
code: 4KNY), adopting an active open conformation,

{¢) A surface representation is shown highlighting the positively-charged groove of ED of NsrR
where the DNA binds,
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Tables:

Table 1: Data collection, phasing, and refinement statistics for the receiver and effector domains of

MNsrR.
MsrR-RI} (native) MsrR-ED {native) MsrR-ED (SAD dataset)

Data collection
Space group P22;2 P222 P22
Cell dimensions

a bociA) 7.0 1071 394 0.3 604 568 50,3 606 30,7

w, iy i”) Q0.0 900 900 Q0.0 9000 900 Q0.0 90.0 90.0
Wavelength 1.0GHE 09677 L0714
Resolution (A) 39,48 - 1.80 (1.86 - 1.80) 56.85 < 160 (1.65 - 1od) 10000 = 1,701 1.75 « 1.70)
LI 34(33.3) 4.8 (30.5) 6.8 (97.00
1 /ail) 020500 182 {4.6) HNei{LTY
Completeness (%) UEK (9E.8) 995 99Ty YRR (90.2)
Redundaney 4804.8) 48049 1.7 (6.5)

Structure Refinement

Resolution (A)

Mo, of reflections

PFovcrt ™/ Riree”

No. of aroms
Macromalecules
Ligand/ion
Water

B-factors (47
Macromaolecules
Ligand'ion
Solvent

Rom.s. deviations
Rond lengths (A)
Bond angles (%)

Ramachandran plor (%)

Favored

39,48 - 180 (186 - 1.80)
109201 (10602}

017 (021 0.22{0.27)
2019

1884

Ll

LI

0.

1.12

99.0

56,85 - 160 {165 - 1.60)
124810 ( 12438)

008 (021022 (0.27)
1838

1573

39

307

(019

97.0
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Allowed 1.0 248

Chutliers 0.0 0.52

Walues in parentheses are for the highest resolution shell.

" Roene is  defined as R, = 3|1,(kt)=(1(hkD)) /EEJ,{.&M} and ® Ry as
T [ 13 ]
R.r = Emrlﬁ"""l - |F::1||II.'||/{EMI||F:JJI.|
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Tahble 2: The structures of the RD and ED domains of NsrR aligned to other response

regulators,

The rmsd values of the superimpositions of the structures of NsrR-RD and NsrR-ED with the

available structures of members of the OmpR/PhoB subfamily are highlighted. *Seq 1D (%)

corresponds to the full-length protein sequence.

. . Number of residies . .
3 o 3 \ 7 lhes Sed. -
Frofein rog L-F00re RMSIY Ay fioial number of residires) Seqg. 10 %) | Reference
Receiver domain
KdpE AKNY 18.8 1.9 17(222) 28 (27h
Yyel 27WM 18,3 1.7 115 120) 35 (38
¥yl 3Fap 18.1 1.7 114 (1200} 35 (62)
DivK IMET 15.1 1.9 16 i123) 27 (49
KdpE 1ZH2 18.0 1.9 115 (120 28 (38}
PhoR 1 M) 17.0 1.9 131122) 30 (32)
EfMector domain
Pholt 1GX0 13.7 1.7 Q2 (105) ki) (39
e [ 5
Phal 2PMU 134 17 87 (93) 30 (6:3)
PhoR 2733 13.3 1.8 92 (104) in (6l
PhoB (I A Bound) | 1GXP 13.3 20 Q21010 30 (39
Sack 41X A 13.0 kN | 94 102) 29 Mot available
RstA AMHI 1.8 1.9 BS (101) 79 (L]
KdpE AKNY 1.5 2.6 86 (212) 28 27y
Full-length Response Regulators
P code | Neterminal rosd (A) | Cvermingl rmsd ¢4) IINA benponed Riference

Drld 1P2r 21 13 M (25)
Drrld 1KGS 21 1.9 Mo (26
KdpE AKNY 1.9 26 Yes (27)
MirA 2GWR 2 0 Mo (22)
P 1%'56 20 2.2 Mo (235
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Supplementary Information:

Fig. 81: The structure of the RD of NsrR is aligned with the corresponding domain of KdpE.
Structural comparison of the RIY domain of NsrR with the receiver domain of KdpE (colored in
silver) is shown,

{a) Comparison of helices a4 clearly indicates its slightly outward orientation in NsrR (shown in
vellow).

{b) Alignment after energy minimization of the Ca atoms of helix a4 of NsrR (shown in brown).

144



3.6 Chapter VI — NsrP Loop

In Preparation

Own work:  50%
Cloning
Establishing and Optimization of Expression and Purification Strategies
Crystal Screening and Optimization
Functional Studies (MicroScale Thermophoresis)

Writing the Manuscript

Molecular characterization of the extracellular domain from NsrFP of S.

agalactiae

Sakshi Khosa, Tim Kroll, Jens Reiners and Sander H.J. Smits
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Molecular characterization of the extracellular
domain from NsrFP of S. agalactiae

Sakshi Khosa, Tim Kroll, Jens Reiners, Sander H.J. Smits*
Institute of Biochemistry, Heinrick-FHeine-University, #0225 Duesseldorf, Germany
*Corresponding author:

Institute of Biochemistry, Heinrich-Heine-University Duesseldorf, Universitaetstrasse 1.40225. Duesseldorf.
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Abstract - Lantibiotics are posttranslationally modified,
(methyl-}lanthionine-containing  peptides  which are
produced by Gram-positive bacteria. However, some
bacteria develop/ have the presence of innate resistance
svstems that act against the activity of lantibiotics.
Mostly two-component signaling systems and ABC
transporters  jointly  contribute towards resistance.
However, in & agafactiae, nisin resistance is conferred
by a five-component operon  system. The operon
comprises of a nisin resistance protein (NSR), a TCS
(MsrRK) and a BeeAB-type ABC transporter (NsrFP).
The exact mechanism of NsrFP is poorly understood.
Interestingly MNsrFP harbors a  large extracellular
domain termed “NsrP-loop™.

The present study focused on elucidating the function of
this loop by expressing purifving and biochemically
characterizing the single domain. It was established that
MNsrP loop is involved in nisin resistance via binding to
nisin - which was further confirmed through agar
diffusion assav. Furthermore, the dissociation constant
for NsrP loop/nisin complex was determined using
microscale thermophoresis and it was observed that
MsrP loop binds to nisin with a moderate affinity. A
model was predicted for NsrP loop and a complex of
MsrP loop/misin was also generated to gain stroctural
insight into the putative complex formation. These data
together represent the first example of in witre studies of
the extracellular domain of HeeAHB-type resistance-
associated transporters.

Key Words — ABC transporter, extracellular  domain,
lantibiotic, nisin, resistance

INTRODUCTION

Lantibiotics are ribosomally synthesized peptides of
approximately 19-38 amine acids, which are produced by
numerous Gram-positive bacteria. They are characterized by
the extensive post-translational modifications they undergo
o be in their biologically active form and the presence of
unusual amino acids (Vos ef al, 1995, Sahl er ail, 1995,
Sahl & Bierbaum, 1998, Guder ef «f, 2000). Lantibiotics
are the most promising candidates as antibiotics alternatives
due to their capability to inhibit various multidrug-resistant

pathogenic  bacteria  like staphylococci,  enterococei,
streptococci and clostridia (Dischinger ef af, Z014). Some
lantibiotics are also effective against gram-negative bacteria
like Neisseria and Helicobacter (Mota-Meira e af, 2000).
Their mode of action involves multiple targets, which might
help in overcoming the pre-existing mechanisms of
antibiotic resistance. Lantibiotics are of great use in the food
industry, The pharmaceutical potential of lantibiotics has
also been extensively studied and some are already in the
preclinical and clinical phases of development (Yang &f af..
2014),

One of the most studied and best characterized
lantibiotic is nisin (Jung & Sahl, 1991) which is produced
by some Lactococcus lociis and 5 wberis strains. It has a
broad antimicrobial spectrum against a wide range of Gram-
positive bacteria and has a dual mode of action, Nisin uses
lipid Il a precursor molecule of cell wall synthesis as a
docking molecule and inhibits  cell wall synthesis
(Wiedemann er @l 2001) and forms pores (Hasper ef af.,
2004y leading to cell death, Nisin has been widely used in
the food industry as a food preservative and an additive in
dairy products {Delves-Brougthon, 19907, Nisin is also
effective in the treatment of atopic dermatitis (Valenta ef af.,
1996), stomach ulcers (Dubois, 1995), colon infections
(Kim er af, 2003), respiratory tract infections (De
Kowaadsteniet & al, 2009) and staphvlococcal mastitis
{Ferndndez ef al., 2008).

However, some bacteria bypass the lantibiotics by
expressing various protein systems that can detect and
respond to the presence of lantibiotics (Draper er af,, 2015).
These broad range resistance systems can either be less
specific such as changes in bacterial cell wall and membrane
(Draper ef all, 2015, de Freire Bastos ef ol 20135, Nawrocki
ef ai., 2014) or specific involving proteolytic degradation of
the lantibiotic (Sun ef al., 2009,

Another mechanism involving lantibiotic resistance is by
(ATP)-binding cassette (ABC) transporters, which are
putatively involved in lantibiotic removal from the
membrane (Draper ef al, 2015, Gebhard, 2012, Revilla

Guarinos ef al., 20014). Yarious resistance-associated ABC
transporters have been identified such as BeceAB in 8
subrilis (Rietkitter er of, 2008, Ohki er af, 2003), BraAB
(Kawada-Matsuo er af,, 2003), VraDE (Yoshida ef af, 2011,
Kawada-Matsuo er of, 2013) in 8 awreuws (Hiron ef al,
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20011, PsdAB in B subvilis (Staron ef al, 2001), MbrAB
(Tsuda er al, 2002) and BeeAB in 5 matans (Ouyang ef af.,
2000), SPO8I12-5P0813 (Becker ef al, 2009} and SP0Y]2-
SPO913 (Majchreyvkiewice ef al, 2000) in 8 preumornioe
and NsrFP in various bacterial strains of corymebacrerium,
EREFOCOTCRS, .ffiﬂ'.'l‘l"-l’.l‘.'ifﬁf.". .'F[J'TE'FHJL'EJI'.TH.\Z ﬂﬂf!'
staphviococcus genera (Khosa er af, 2013). Since BeeAB
was the first one to be characterized, these transporters are
known as BeeAB-type transporters,

Although these transporters are known to identify a

broad range of substrates, however, they can often
differentiate  between  structurally  similar  substrates
(Gebhard, 20012), For example, PsdABR of B subsifis can
transport  actagarding but not  the structurally  similar
mersacidin (Staron ef al., 20011).
These transporters are usually encoded next to a TCS where
the histidine kinase contains two-transmembrane helices
without any extracellular sensory domain, also known as the
‘intramembrane-sensing’ histidine kinases (Dintner ef af.,
2011, Mascher, 2006). In B subiilis, BeeAR is encoded next
to TCS BeeRS (Falord er al, 2002, Hiron ef af, 2011},
VreaFG in 8 eurens acts wogether with TCS GraRS (Falord
ef al,, 2012, Falord ef af., 2001), NsrFP in &, agalactioe in
encoded next to TCS NsrBK (Khosa e al, 2013). Thus, in
addition to conferring resistance, these transporters assist in
signalling as confirmed from experimental evidence from
various homologous systems (RietkGtter ef af,, 2008, Falord
el al., 2002, Hiron ef al, 2001, Staron et af, 2011, Ouyang
el af,, 20100, Furthermore, these transporters are known to
have co-evolved with the associated TCS (Dintner ef af.,
20017,
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Fig. I: Schematic representation of Nsrl* loap.

The amine ackd sequence of Narl® is shown, 221 residwes comprising Narf
loop are highlighted in bluee while the rest residues are colored in grey. The
figure is the output of TOMO2 server (Johns & Speth, 2010).

The most distinet feature of these resisiance-associated
ABC transporters is the presence of a large external domain
(ECD) of approximately 200-250 amino acids in between
helices VI and VI of the permease (Ohki er af, 2003,
Rietkdtter ef af., 2008, Khosa ef al., 2013) (Fig 1). They are
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localized on the outside of the cell, ECDs (or loops) have
been identified in the permease domains of bacitracin
resistance-associated ABC transporier BeeAB in Bacillus
species (Rietktitter er of, 2008); bacitracin and nisin
resistance-associated VraDE in 5 aweews (Hiron er af.,
2001), nisin resistance-associated NsrFP in 8 agalactioe
(Khosa ef al., 2013),

These loops are found to be crucial for function and are
the resistant determinants as they recogmize the extracellular
lantibiotic and upon ATP-dependent transport, subsequently
induce the TCS-dependent signal transduction (RietkGtter ef
al., 2008, Hiron e¢f al, 2011). Furthermore, substrate
binding usually occurs vig these ECDs,

In 5 agaloctioe, nisin resistance occurs due to the
presence of a five-component resistance system comprising
of NSR (nisin resistance protein; a serine protease), an ABC
transporter (MarF Py and @ TCS (MsrRE) ( Khosa ef af., 2013)
(Fig. 2). The most distinguishing feature of this operon is
the presence of NSR which proteolyvtically degrades nisin
(Sun ef af., 2009) and is known to confer 20-fold resistance
(Khosa er ., 2003), Interestingly, the histidine kinase Nsrkl
belongs to the IM-SK subfamily (Schultz er af, 1998) and
the permease NsrP harbours a large extracellular domain
(named MsrP loop) of 221 amine acids (2501 kDa)p in
between helices VI and VI (Khosa e af, 20013) (Fig. 1).
However, there are no studies vet determining the possible
substrates of NsrP® loop,

Fig. 2: Schematic representation the misin resistamce system of S

The nisin resistance pratein (Msr) is shown in shade of pink. The two-
component system regulatory protems: Msel (light green) and Mark (dark
green) and the ABC transporter proteins; Msrf (sky bluey MsrlP* {blue) ane
also shown with the extracellular domain (loop) highlighied in dark blue.
Adapied from Khosa ef all (2013)

In this study. we sought to determine the exact role of
NsrP-loop in conferring resistance in S5, agalactioe. We

demonstrated and further confirmed that NseP-loop interacts
with nisin. Additionally, structural model of NsrP-loop/nisin
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complex was also predicted. Based on these observations,
we conclude that the Nsr ABC transporter is the replica of
the BeeAB-type ABC transporter system and are required
for nisin sensing and detoxification in addition to the nisin
resistance protein (MSR) in the nisin resistant strains.

MATERIALS AND METHODS

Cloning and Expression

The nsrf-loap from Streprococcus agalactioe COHL was
amplified using the chromosomal DNA into pET28b and
His,-tag was introduced at the N-terminus. The resulting
plasmid (Table 1) was verified by sequencing and
transformed mto £, coli BL21 (DE3) for expression. A
single transformed colony was inoculated inte 200 ml LB
media containing 30 pg ml” kanamyein. The culture was
grown for 14 h at 310 K with shaking at 200 rev min”. 2 L
LB media with 30 ug ml" kanamyein was inoculated with
the overnight culture &t an Ol of 0.05 and grown at 310
K with shaking at 170 rev min’' il ODwy of 0.3 was
reached. The temperature was lowered to 291 K and the
cells were further grown till ODyy of 0.8 before induction
with 1mM IPTG. The cells were further grown for 15 h.
The cells were harvested by centrifugation at 8000 rev min’
for 20 min at 277 K. The harvested cell pellet was stored at
253 K till further use,

Talde 1: Frimers used for this study and the sequence of the expressed
eonsiruet

Source .

arganism Strepitococes agalacioe COHI

Forward COGUAGUCATATGTCAAATACACAAAATOTTGITAC

primer CGGACTATTTC

Reverse GTGGTOCTCGAGTTACATTTGATAACCTTCTTTTAGA

primer AAACTCTGTTTAGTGCTAATATTTE
MGSSHHHHHHSSGLVPRGEHMSNTON
VYVTOGLFPESVAELSIDNSKGDAKNIFEEK

Complete |ILKKLGEKESSKEAITYNOQTMISMPYVI(SS

amino aeld [ELNITSKNVEHVDITETGFMY LITOMNDF
sequence |RRLGHOQLPRKLEDNOQVAYFYORKGDSRL

of Nsri* KEINLLGNKFDYVYENLKEAYVYPETTNT
loop YHMPGLITFANNEKQIDNIRKAYLPYTENI

MTFPETFRKAYLDLNSQEINSISKENDIIEY
DOGKYNVONISTEKOSFLKEGY QM

Purification

All steps were performed at 277 K. The stored cell pellet
was thawed and resuspended in 10 ml of buffer A (50 mAf
TRIS pH 8.0, 50 mM NaCl and 10% glycerol), 10 mg ml”
of ENase and 10 mg of DMase (Deoxyribonuclease | from
bovine pancreas, Sigma Aldrich) was added. The cells were
lvsed five times using a cell disruptor (Constant Cell
Disruption Systems, United Kingdom) at 37709 psi (1kbar =
14.50 psi). The lysate was centrifuged at 42000 rev min™' for
60 min uwsing a Tibl rotor to remove unlysed cells and
debris. Imidazole was added to the cleared lvsate at a final
concentration of 1 mAf, The lysate was then applied to a Nit’
loaded HiTrap HP Chelating column {GE Healthcare) pre-
equilibrated with buffer & (20 mM Tris pH 8.0, 250 mA\f
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MaCl and 20 mM Imidazole) at a flow rate of 1 ml min™.
The column was washed with six column volumes of buffer
B. The column was further washed using buffer C (20 mAM
Tris pH 3.0, 250 mM NaCl and 96 mM Imidazole). The
protein was then eluted with buffer 2 (25 mA sodium
citrate pH 4, 250 mM NaCl) with a fow rate of 2 ml min’
and instantly mixed with buffer £ (1.5 M Tris pH &, 250
mid sodium chloride) in a 1:1 ratio. The fractions containing
the protein of interest were pooled and concentrated up to 5
mg ml™ in an Amicon centrifugal filter concentrator with a
10 kDa cut-off membrane (Millipore). The concentrated
protein - was then further purified by size exclusion
chromatography using Superdex 75 GL 107300 column (GE
Healtheare), equilibrated with buffer F (25 mM Tris pH 7.0,
500 mM NaCl)., The protein eluted as a single homogeneous
peak and the concerned fractions were pooled and
concentrated to 5 mg ml”' as mentioned before, The purity
of the protein was analyzed with SDS-PAGE and colloidal
coomassie stain (Dyballa & Metzger, 2009).

Nisin preparation

Commercially available nisin powder (Sigma Aldrich) was
dissolved in 50 mM lactic acid at a concentration of 40 mg
ml”" and filtered through a 0.2 um filter. The buffer was
exchanged to buffer F (see above) using PD-10 mini column
(GE Healthcare) and the concentration of nisin was
determined by using RP-HPLC (Abts er al, 2001),

Ni-NTA binding analyses

100 pul of Mi-NTA agarose resin (Qiagen, Germany) was
prepared according to manufacturer’s protocol. 100 pl of
purified NsrP loop at & concentration of 30 pAf was loaded
onto the resin pre-equilibrated with buffer & (section 3.2).
The resin was washed two times with buffer 8. 100 pl of
purified nisin {concentration of 40926 pAf) was added to
the resin and allowed to incubate for 1 hr at 4°C using a
roller. The resin was washed again three times with buffer &
and the complex was eluted using buffer F (20 mA Tris pH
8.0, 250 mM NaCl and 400 mM Imidazole), Control
reactions under the same conditions with only nisin and
only purified NsrP loop was also performed. The eluted
samples were analyzed for complex formation using SDS-
PAGE (Dyballa & Metzger, 2009) and HPLC for detection
of nisin in the elution samples.

Agar diffusion assay

The presence of complex formation was also  further
confirmed by detecting nisin by the solid agar medium test
(Lieral, 20060, A GMI1T7 agar plate was seeded with the
test strain Lo lactis NZ9000 by inoculating liquid GM17
agar at 50°C with an overnight culture at a final O.D. of
0.05. After agar solidification, sterilized antimicrobial assay
dizes (6mm diameter) were placed onto the medium and
seeded with 20 pl of the samples from pull-down assays.
The GMIT agar plates were incubated at 30°C for 15 hr.
The presence of nisin in the fractions was correlated with
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the inhibition zone obtained. Here the size of the inhibition
zone correlates with the concentration of nisin present.

Microscale Thermophoresis binding analyses

MsrP* loop was fluorescently labeled with an amine-reactive
blue dyve (NT-495) following the manufacturer's protocol
(ManoTemper, Germany) using labeling buffer (0.1M
potassium phosphate, 500 mM sodium chloride). Labeled
protein was mixed with serial dilutions of unlabeled nisin in
buffer containing 25 mM Tris pH 7.0, 500 mM NaCl. After
incubation for Lhr at room temperature, the mixed samples
were loaded into premium-coated capillaries and measured
on a ManoTemper Monalith NT.115 (200 LED, 20% MST
power). The data were analyzed using NanoTemper analvsis
software (version 2.0.1334).

Crvsrallization

Crystallization screening was performed at 285 K using
MNTH robot (Formulatrix)y and sitting-drop vapour diffusion
method in Coming 3553 sitting drop plates using the
purified protein at a concentration of 7.5 mg m!™. For initial
sereening different commercial crystallization screens were
used (Mextal JCSG Core Suites |, Classics Suite, PEGs
Suite, MPD  Suite (Qiagen, Germany) and MIDAS
(Molecular Dimensions, England)). Nanodrops consisting of
0.1 pl each of protein and reservoir solution were mixed and
equilibrated over 30 pl reservoir solution. The screening
vielded some initial diamond-shaped crystals in condition
0.2 M Sodium fluoride, 0.1 M Bis-Tris propane pH 8.5,
20% w'v PEG 3350 (PACT suite, condition H1) after |
month.

Prediction of the siruciure of Nsr* loop

A model of NsrP loop was generated by comparative
madeling using the in-house workflow TopModel (D,
Mulnaes and H. Gohlke, unpublished results), which is
based on the Modeler program (Sali & Blundell, 1993). A
maodel of NsrP* loop/nisin complex was generated using the
onling ZDOCK server (Pierce er al,, 2014),

RESULTS
Cloning, Expression and Purification of NsrP loap

MsrP loop was successfully cloned and overexpressed in a
soluble form in E. cofi BL21 (DE3) cells. The protein was
purified via two-step purification protocol. A nickel affinity
chromatography was performed first, followed by a size
exclusion chromatography (Fig. 3A).

MsrP loop protein eluted in a single peak from the size
exclusion column. The vield of the protein was around 2 mg
L of cell culture. Protein homogeneity and purity was
assessed by SDS-PAGE (Fig. 3B). The molecular mass of
the purified protein was comparable to the theoretically
calculated molecular weight, of 27.2 kDa {Gasteiger ef af.,
2005),
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Fig. 3: Purification of ¥srl® loop.

A) Chromatogram representing the purification of NsrP loop by size
exclusion chromatography using Superdex 75 10300 GL column,

By 15% SDS-PAGE showing the purified NsrP loop fractions, Lane 1
represents PageRuler Unstained Profein Ladder and lanes 2-10 dsplay the
purificd MNerP loop fractions at 2Tk Da.

Binding of nisin to immobilized NsrP? loop

Previous  studies have indicated towards a  probable
interaction between the extracytoplasmic loop of the ABC
transporter and the corresponding lantibiotic (Gebhard e af.,
2004, Staron ef al.. 2011, Falerd er al, 2012, Draper ef af.,
2015). However, no studies for NsrFP were conducted yet.

An interaction between NWsrP loop and nisin was
established by a simple Ni-NTA based experiment. Misin
bound to the His-tagged NsrP loop immobilized on Ni-NTA
resin. At high imidazole concentrations, this complex of
MsrP loop and nisin eluted as seen from a SDS-PAGE
analvsis (Fig. 4A).
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Fig. 4: Interaction between nisin and NsrlP® loop

A) and B) 15% SD5-PAGE gel representing the fractions from the pull-
down assays, Lane M represents the Page Ruler unstamed ladder, Lane FT:
Flow-through of the resin afier addition of MsrP loop (in comrol: nisin,
only the buffer was added), Lame W,: wash fraction, Lane Wy Flow-
through of the resin afier addition nisin (in control: NsrP loop, only the
bulTer was added), Lane Wi wash fractwmn, Lane E; elution fracisn

Ch [Detecton of nsin in the elution fraction, Mism (red) amd the eluted
fraction | Mue) from Mael loop + nisin pull-down assay were analyoed by
RP-HPLC. Elation times of both the samples are identical and all the
experiments were performed at least in triplicate.
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The MsrP loop/nisin complex separated under reducing
conditions of SDS-PAGE where NsrP loop corresponds to
27 kDa band while the lower band is nisin. Furthermore, in
the nisin contral, most of the nisin didn’t bind to the resin,
while only a small amount of nisin was detected in the
elution fraction (Fig. 4B). Additionally, the eluted fractions
were also run on HPLC that confirmed the presence of nisin
in the eluted fractions (Fig. 4C).

Agar diffusion assay for guantiffcation of nisin

The agar diffusion test is a common method to examine the
antimicrobial activity of nisin (Beach, 1952, Rogers &
Montville, 1991). Low nanomolar concentrations of nisin
are enough to permeabilize the bacterial membranes,
inhibiting their growth (Abts e @, 200 1) As nisin diffuses
through the agar to inhibit the growth of nisin-sensitive
microorganism, there is formation of an inhibition zone
whose size 15 directly related to the concentration of nisin,
The greater the nisin concentration, the greater is the
inhibition zone diameter {Linton, 1958).

A 3]

Fig. 5 Agar dilfusion assay for detection of nisin

(A) Samples from the pull down assay with MsrP loop and nisin, (B)
Control samples from the pull down assay with only nisim, (C) Control
samples from the pull down assay with onby purified MNsrlP loop

Lames 1: boading of protein (not in case of B), lanes I wash 1, lanes 3
wash 2, lames 4 addition of nisin with incubation (not in C). lanes 5:
incubation wash |, lanes &: incubation wash 2, lanes 7: incubation wash 3,
lnnes &: elution, lane 9A and 98: control nisin stock, lone %C: control MsrP
loap stock,

The presence of nisin in the fractions from section 4.4
was readily detected using this simple and sensitive method.
An inhibition zone was formed with the elution fraction of
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the MsrP loop/nisin complex. clearly indicating the presence
of nisin (Fig. 3A) A small inhibition zone can also be seen
from the nisin molecules that don’t bind to the resin. Fig. 5B
shows the inhibition zones formed from the control run with
only nisin. However, in contrast, here is formation of a
bigger inhibition zone in the wash fraction and only a small
inhibition zone in the elution fraction confirming that most
of the nisin molecules don't bind to the resin. Additionally.,
the contral NsrP loop did not show any inhibitory effect on
the nisin sensitive L. lactis NA000 strain.

Determinaiion of the affiniv between NarP loop and nisin

We emploved microscale thermophoresis (MST) to further
determine the dissociation constant of the interaction
between NsrP loop and nisin, MST measures the intrinsic
property of biomolecules to align along a laser-induced
temperature gradient of only a few degrees Celsius. This
property  (thermophoresis) depends specifically upon the
size, shape and charge of molecules and thus, hinding
affinities can be calculated by measuring the changes in
thermophoresis of a specific protein (molecule) as a
function of increased ligand concentration (in this case,
nisin).

Misin (concentrations ranging from 500 o 1525 uM)
was titrated against 435 nM of NT-495 labeled MsrP loop.
After one hour of incubation time, the samples were loaded
into glass capillaries and a thermophoretic analysis was
performed on the Monolith NT1 1S wsing 20% LED-power.
A normalized fluorescence Foee (Fraction bound) was
plotted for different concentrations of nisin (Fig. 6). An
apparent Ky value of 160013 pM was caleulated for this
interaction.

Fractaos B [
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Fig. &z Microscale thermophoresis analysis of hinding of Nsrl* loop 1o
nisin.

Flsogescence binding curve acquired by titrating non-labeled nisin inio
Iabeled MsrP loop. A 121 dilution series was applied. with the highest nisin
conceniration being S0 pil, whereas the concentmtion of labeled MNsrP
boap was kept constand a1 455 nhd, The fitted MST data vielded apparent K,
value of 160013 pbd.

Crvstallization of NseP foop
Imitial diamond- shaped crystal of MsrP loop appeared after

I month under the PACT H1 condition (0.2M Sodium
fluoride, 0.1M Bis-Tris propane pH 8.5, 20% w/v PEG
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33500 in a sitting drop setup with maximum dimensions §0
« 80 = 15 pm’ (Fig. 7).

Fig. 72 Crystal of MarP loop.
The initial diamond-chaped
crysinl ohiained from sitting
drop-vapour diffusion method
at 285 K

Madel af NsrP loap

The difficultics obtained in optimizing the crystals for
diffraction purposes, led to the use of TopModel (D.
Mulnaes and H. Gohlke, unpublished results) to predict the
structure of NsrP loop. The obtained model showed that
MsrP* loop is composed of two main components; N- and C-
terminal regions and a mixed aff region, which are arranged
in a sickle-shaped orientation (Fig. 8A).

To gain further structural insight into the putative
complex of NsrP loop/nisin, a model was generated using
ZDOCK server (Pierce er al., 2014) (Fig. 3B). The model
revealed revealed the probable orientation of the nisin
molecule in the NsrP loop structure. According to the
predicted model, the C-terminus of nisin is responsible for
interacting with MNsrP loop. Furthermore, the last two
lanthionine rings of nisin {rings D and E) are laving in the
centre of the structure (Fig. 8B).

DHsCUSSI0N

Lantibiotics are produced by Gram-positive bacteria and
possess  antimicrobial activity against wvarious  bacteria
including MRSA strains. However, various bacteria are
inherently resistant against lantibiotics. ATP-driven ABC
transporters play a major role in effluxing the lantibiotic,
thereby conferring resistance (Gebhard, 2012). In contrast to
the three-component ABC transporters (three genes which
encode  for one nuclestide-binding  domain  and  two
transmembrane domains) present in lantibiotic producing
strains, these resistance-associated ABC transporters are
composed of  only  two-components  (BeeAB-tyvpe
transporters;  one  gene  each for NBD  and TMD,
respectively) and are characterized by the presence of a
large extracellular domain. The only exception known so far
is CprABC from O «fifficife, that is composed of three
components (McBride & Sonenshein, 2001). Although,
various BeeAB-tvpe transporters have been identified in
various homologous systems (Falord er af., 2002, Mechl et
al., 2007, Kallenberg e al, 2013) with conserved sequence
motifs, the extracellular domain 15 the least conserved
domain among these resistance-associated ABC transporters
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(Fig. 51). Despite the variation, these domains are known to
be specific for their own ABC transporters (Coumes-Florens
ef al, 20011). A hybrid of the permease BeceB from £
subrifis and the extracellular domain from another related
Bee-AR type transporter did not restore bacitracin resistance
in the BeeAB transporter (Coumes-Florens er af, 2001).
Furthermore, these transporters are usually found in
conjunction with an adjoining TCS. Since in various
lantibiotic resistant systems, the histidine kinases of the
associated TCSs lack the sensory domain, these loops
function as an additional co-sensor for the regulation of the
transcription of the associated genes (Coumes-Florens ef al.,
2001, Rietkdtter ¢ af., 2008) which includes hinding to the
antimicrobial peptide or lantibiotic and somehow passes on
the signal to the TCSs for upregulation and sensing,

Misin

Fig. 8 Structural model of NerP loop

A) Caroon representation of the predicted model of MNsrP loop using
Tophdodel based comparative modeling.

B) The MsrP loop/nisin complex model as generated using XX server. MarP
loeap is represented in light blue color while nisin molecule is in omnge.
The {methyl} lanthonme rings of nisin are shivwn m green, while the las
twa rings are labeled [-E
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The present study investizgated the role of NsrP loop in
nisin resistance in S5 ggafoctioe. We  heterologously
expressed and purified the extracellular domain NsrP loop
(Fig. 3) of the ABC transporter NsrFP. We were thus able to
characterize in detail the molecular properties of NsrP loop
and obtain an insight into the structure.

Previous studies in homologous systems (Kallenberg e
al., 2003) and similarity of Nsrk to IMSK kinases (lacking
sensory domains) have indicated towards a probable binding
event between these domains and the cognate lantibiotic, in
this case nisin. Subsequently, an interaction event between
NsrP loop and nisin could be established (Fig. 4,5) based on
the results of the pull-down assavs which were further
supported by an agar diffusion assay (Fig. 5) and confirmed
via HPLC (Fig. 4C). It was observed that most nisin
malecules do nat bind to the Ni-NTA resin and are eluted
directly after the first washing step. However, a small
fraction of nisin molecules still binds the column and can be
eluted from the resin as seen from a smaller inhibition zone
formed in the diffusion test (Fig. 5B). In contrast, when
MarP loop is immobilized on the resin, only a small fraction
of nisin moleculzs dont bind the resin (Fig. 3A), while
majority of the nisin molecules are still bound to the resin
and can be eluted successfully with higher imidazole
concentrations,

Furthermore, NsrP loop displays a weak affinity for
nisin as indicated from the obtained wvalue for the
equilibrium dissociation constant kK, for NsrP loop and
nisin interaction in the micromolar range (around 1.60+0,13
uM) (Fig. 6). This rather low affinity of MsrP loop for nisin
is unexpected since nanomolar concentrations of nisin are
already emough 1o affect cell growth, Thus, it NsrP loop
provides resistance against nisin through binding, it should
have a higher affinity towards nisin.

One important factor affecting this measurement could
be the purity of nisin. Since, powdered nisin was used for
determining the K, it could very well be that this high
valug is a result of the possible impurities present in the
nisin sample. Thereby, it is worthwhile to repeat the
measurement using purified nisin to rule out the effect of
any possible impurities on the assay.

However, this high value of dissociation constant is
supported by a similar weak affinity for nisin (K, of 0.6-2
uhd) displayed by the nisin immunity protein Misl of
lantibiotic producing strains (Hacker er al, 2015, Takala er
al., 2004} which also functions primarily by specifically
binding to nisin (Stein et af., 2003, Takala er al, 2004).
Thus, this weak affinity could probably hint towards
possible additional roles for the loop, other than just binding
misin. Im B subrilis, the BeeB-loop is required for bacitracin
induced expression of hoe AB genes and for proper folding
of Bee AB (Coumes-Florens er af., 200 1),

After predicting the substrate for NsrP loop, the next
question was to have insight into the structure of NsrP loop
and consequently, into the NsrP loop/nisin complex,

Although, diamond-shaped crvstals (Fig. 7) were
obtained for NsrP loop, further optimizations are still

In preparation

required for future experiments. Meanwhile, a model was
predicted using TopModel server to visualize the putative
struciure of MsrP loop. The tip regions of permeases are
usually characterized by presence of a o-helix and a fi-
hairpin (Xu ef al., 2009) as seen in the tip of the periplasmic
regions of macrolide antibiotic-specific transporter MacB
(Xu et al, 2009) and multidrug exporter AcrB (Sennhauser
ef al, 2007) of £ cofi. In MarP loop, the tip region is formed
by a3 and p3-f6 for NsrP loop (Fig, 8A).

Using the model of NsrP loop and the structure of nisin,
a model of NsrP loop/misin model was predicted via
ZDOCK server (Pierce er al, 2014) (Fig. 8B). While the N-
terminus of nisin 5 available freely in the predicted
complex, the C-terminal region of nisin is embedded in the
central core of the protein. Furthermore, the center of NsrP
loop has sufficient space to accommodate the C-terminally
located last two rings of nisin, This hints towards the
substrate specificity of NsrP loop where the C-terminus of
nisin might be important for the hinding of NsrP loop with
nisin. The fact that the first two rings of nisin are important
for binding to lipid 11 while the last two rings are
responsible for pore formation (Hsu e al, 2004,
Wiedemann er of, 2001, Hasper ef af, 2004), further
supports this finding. Thus, as nisin starts binding lipid 11
via the N-terminus, NsrP loop binds the nisin molecule
through its C-<terminus and probably passes onto Nsrk.
However, these finding needs to be confirmed through
additional studies involving mutagenesis of nisin.

Interestingly,  these  resistance-associated  ABC
transporters are not specific against a single lantibiotic, but
are known to identify multiple substrates. The expression of
CprABC from O difficife is induced by nisin, gallidermin,
subtiling mutacin 1140, actagardine and cinnamycin (Sudrez
ef al. 2013). However, further studies are required io
confirm whether NsrP loop is only specific for nisin or has
the ability to identify a broad range of substrates.

In conclusion, the data obtained here, along with those
available in the literature, suggest the involvement of a
common mechanism of action for these BeeAB-tvpe extra
cellular domains (loop). Although, the wnsr system is
structurally different from the others (due to the presence of
an additional serine protease), these ABC transporters
unifying require the extracellular domain structurally as well
as functionally. Furthermore, an insight was gained into the
substrate specificity revealing the importance of the C-
terminus of nisin. However, better knowledge and further
studies are required that might provide interesting clues
towards possible ways of overcoming resistance.
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4. Discussion

In this thesis, an operon responsible for conferring nisin resistance in Streptococcus
agalactiae was discovered. Furthermore, the corresponding proteins were studied on a
molecular level elucidating the involved mechanism of resistance through structural

characterization.

4.1 Nisin resistance

Of all the lantibiotics known so far, nisin remains the most extensively studied lantibiotic
[35, 59]. Nisin has been commercially used in the food industry for a long time [225] and
displays antimicrobial activity against various Gram-positive bacteria including human
pathogenic strains such as S. epidermis and S. aureus [226].

However, some bacteria like L. monocytogenes [146, 178] are inherently resistant to nisin
[121]. Interestingly, a unique nisin degrading mechanism has been identified that involves
the presence of a nisin resistance protein (NSR) [198]. NSR is present in lantibiotic non-
producing strains [206, 198] and proteolytically degrades nisin by cleaving the six amino
acids from the carboxyl tail of nisin [198]. The resulting nisin fragment (nisin'?®) displays
100-fold lower bactericidal activity and reduced affinity for cell membrane [198].

By genomic data and comparative sequence analysis, nsr gene was identified in various
bacterial strains of corynebacterium, leuconostoc, enterococcus, staphylococcus and
streptococcus genera (chapter I). Furthermore, nsr gene is localized on a specific operon
within the genome, termed here as nsr operon encoding six different proteins (Figure 13).
The nsr operon resembles the immunity operon of the nisin producing strains [64] as it
consists of a membrane associated nsr, and an ABC transporter, termed here as nsrF'P (NsrF
is named after /anF found in the producer strains and P stands for the permease).
Furthermore, a two-component system is also present, consisting of the response regulator
and the histidine kinase (designated as nsrR and nsrK, respectively). Additionally, the nsr
operons identified could be categorized in four different groups based on the orientation and
the order of the genes (chapter I).

Although a few similar resistance operons against lantibiotics are known such as cprABCK-
R in C. difficile provides resistance against lantibiotics such as nisin, gallidermin, subtilin
[182]. A multicomponent operon /ialHGFSR in Bacillus spp. confers resistance towards

bacitracin, ramoplanin, vancomycin and nisin [177, 175]. lctGEFlcrXRS and nsrXRS form
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two distinct gene systems in S. mutans which confer resistance against nisin, nukacin ISK-1
and lacticin 481 [163]. However, other than determination of the genes involved in
resistance, there is nothing known about these proteins on a molecular level. Furthermore,
the molecular and structural characterizations of these proteins involved in lantibiotic

resistance are still missing.
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Figure 13: The nisin resistance system. The nisin resistance protein (NSR) is shown in shade of
pink. The two-component system regulatory proteins: NsrR (dark green) and NsrK (light
green) and the ABC transporter proteins: NsrF (sky blue) NsrP (blue) are also shown with
the extracellular domain (loop) highlighted in dark blue. Adapted from chapter I and
created with Chem BioDraw 13.0

Thereby, to compare the results obtained within this thesis, the well characterized nisin
immunity system from the nisin producing strains serves as a model. Additionally, the
distinct proteins involved in immunity and regulation of nisin in lantibiotic producer strains
are extensively studied and various studies involving these proteins are available including

functional and structural information.

4.2 Differentiating innate immunity of producers and intrinsic resistance

of non-producers

The focus within this section is on the innate immunity present in the producer strains
towards lantibiotics, specifically nisin and the intrinsic resistance of the non-producers
against nisin through a comparison of the known biochemical and structural data in the
literature published and the data obtained within this thesis.

Lantibiotics have a broad spectrum of activity including various Gram-positive bacteria,
where low nanomolar concentrations of lantibiotics are already enough to permeabilize the

bacterial membrane. Thus, the lantibiotic producer strains have an inbuilt self-protection
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mechanism (immunity) to prevent cell death caused due to the action of its cognate
lantibiotic [93]. This immunity system consists of a membrane—associated lipoprotein
(usually referred to as Lanl), and/or an ABC transporter (termed as LanFEG and comprising
of three subunits) [91]. Although, some lantibiotic immunity systems such as Pep5, epicidin,
epilancin and lactocin S only require Lanl for immunity, other lantibiotics with a dual mode
of action involving pore formation and lipid II binding such as nisin, subtilin, epidermin,
gallidermin and lacticin 3147 require additionally the presence of LanFEG also [227, 59,
64]. Some examples are Nisl and NisFEG of the nisin system, Spal and SpaFEG confer
immunity towards subtilin, Pepl constitutes the immunity system of Pep5 producing strains
[228].

On the contrary, an intrinsic resistance mechanism is present in some lantibiotic non-
producer strains including human pathogenic strains to combat the effect of the lantibiotic
present in the environment. This resistance is mediated by the expression of several genes
localized on a specific operon, which resembles the genetic architecture of the lantibiotic
immunity genes found in producing strains. However, it lacks the structural gene and the
genes for modification and transportation of the lantibiotic outside the cell. Furthermore, the
upregulation of these genes is mediated by a specific two-component system similar to the
one found in lantibiotic producing strains [93, 184]. Some examples for such lantibiotic-
resistance operons are graXSR-vraFG in S. aureus conferring resistance against nisin A and
nukacin ISK-1; the cpr operon in C. difficile conferring resistance against multiple
lantibiotics such as nisin, gallidermin, subtilin, and mutacin 1140; lctGEF/crXRS in S.
mutans conferring resistance against nisin, nukacin ISK-1 and lacticin 481 [163]. The
resistance system comprises of an ABC transporter (usually comprising of two subunits)
and/or a resistance protein (in case of nisin — proteolytically cleaves nisin).

The most extensively studied lantibiotic till date is nisin, which is produced by some strains
of L. lactis and S. uberis strains [4, 78, 229]. Active nisin consists of 34 amino acids and
contains five (methyl-)lanthionine rings where the first three rings (ring A-C) are separated
from the last two intertwined rings (ring D-E) by a flexible hinge region [230]. Rings A and
B are able to bind lipid II, a essential component in Gram-positive bacteria for cell wall
synthesis which thereby is inhibited [231], whereas the hinge region and ring D and E, are
able to flip into the membrane and create pores [85, 232, 89], which lead to an efflux of

nutrients and small compounds out of the cell, subsequently leading to cell death [233].
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Figure 14: The nisin immunity and resistant system. Both the systems comprise of a lipoprotein
(colored in red), an ABC transporter (depicted in blue) and a two-component system
(shown in green). Six genes comprise the immunity system while there are five genes in
the resistant system. Functionally similar genes are colour coded identically with the
exception of Nisl and NSR.

The nisin producer L. lactis strains protect themselves from the suicidal activity of nisin by
expressing two protein comprising the immunity system: the lipoprotein Nisl and the ABC
transporter NisFEG [94] (Figure 14).

On the contrary, in non-nisin producer strains such as S. agalactiae, a similar operon confers
resistance against nisin [184]. This operon is characterized by the presence of a nisin
resistance protein (NSR) and an ABC transporter NsrFP which are auto-regulated by a two-
component system comprising of NsrR and NsrK (chapter 1) (Figure 14).

4.3 The first line of defense: Nisl and NSR

The following section compares the immunity protein of the nisin producing strains with its
counterpart resistance protein in the nisin resistant strains, which forms the first line of
defense against the killing mechanism of the lantibiotics.

Since low amounts of lantibiotics are already enough to permeabilize the cell membrane and
kill the bacteria, the producer strain regulates the expression of its immunity genes to
combat this self-suicidal action. One of the primarily components of this self-immunity is

the so-called Lanl family of proteins. Although, some lantibiotic immunity systems such as
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Pep5, epicidin, epilancin and lactocin S only require Lanl for immunity, other lantibiotics
with a dual mode of action involving pore formation and lipid II binding such as nisin,
subtilin, epidermin, gallidermin and lacticin 3147 require additionally the presence of

LanFEG also [227, 59, 64].

4.3.1 The nisin immunity protein NisI

In nisin producing strains, the immunity protein Nisl is 27.8 kDa comprising of 245 amino
acid residues [94, 234]. It carries a 19 residues long lipoprotein signal peptide, and a site for
lipid modification (Cys1 in mature Nisl) [91, 234]. Nisl is secreted through the cytoplasmic
membrane where cleavage of the signal peptide occurs, and the mature Nisl (226 amino acid
residues and 25.8 kDa in size) is anchored to the outside of the cytoplasmic membrane by its
N-terminal lipid [224]. However, approximately one-third of Nisl escapes this modification
machinery and is released into the extracellular environment in a lipid-free form that forms
an additional mechanism of immunity [102, 235].

The main function of Nisl is to provide immunity by directly interacting with nisin to
prevent its attachment to the membrane, inhibiting pore formation [103, 236], thereby
protecting the nisin-producing bacteria. Important here is the fact that Nisl is not involved
any modification or degradation of nisin [93, 101, 224, 237, 103, 102, 238].

When expressed in the nisin sensitive L. lactis strain NZ900, which does not carry the
immunity genes nis/ and nisFEG within its genome, Nisl confers 8-10 fold immunity. This
was measured by comparing the ICsy values against nisin with and without expressing Nisl
[238].

Various studies have indicated the importance of the C-terminus of Nisl, especially the last
22 amino acids, in binding to nisin and inhibition of nisin mediated pore formation [239,
238]. A deletion of the last 5 residues decreases the immunity conferred by Nisl to
approximately 78% [239]. Furthermore, a longer deletion of the last 22 residues, reduces the
capability of Nisl to inhibit the activity of nisin by a factor of one-third [238].

Recently, in addition to the binding capability of Nisl, a second mechanism of conferring
immunity by Nisl was also identified. Upon addition of nisin to L. lactis cells, expressing
solely Nisl, the cells cluster and form large chains of up to 30 cells [238]. This clustering
appears to reduce the possibility of nisin to reach lipid II. This effect has been called a

“shielding mechanism” and is reversible [238]. This way when the concentration of nisin
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increases to a certain threshold (in the reported study around 60-70 nM), which coincides
with the measured ICso values, the cells are immune to nisin [238]. Interestingly, this
phenomenon does not occur with the Nisl variant lacking the C-terminal 22 amino acids,
leading to the assumption that the observed cell clustering is initiated by the C-terminus
[238]. This suggests that the inhibition observed when nisin was added to Nisl expressing L.
lactis cells is not due to cell death rather the cell clustering prevents the cells from further
growing.

Similarly, the pore formation is also observed when adding low amounts of nisin (10 nM) to
nisin sensitive L. lactis strains as measured by Sytox Assay [238]. However, when
expressing Nisl even upto concentration of 1000 nM, this pore formation is not observed,
clearly suggesting that the cell clustering is also a way of shielding L. lactis membrane and
prevent nisin mediated pore formation [238]. Furthermore, pore formation was observed
with the C-terminus deletion mutant of Nisl reiterating the importance of the C-terminus of
Nisl (last 21 amino acid fragment) in interaction with nisin and provides specificity to Nisl-
nisin interaction [239].

The substrate specificity of Nisl lies in the N-terminus of nisin, presumably the first two
rings. In vivo growth experiments have showed that variations at the C-terminus of nisin had
no major effect on the L. lactis sensitive strain as the ICs values still remain the same [240].
Since the first two rings of nisin (N-terminal region) are crucial for its initial binding to lipid
IT [85] which eventually leads to pore formation, it could be that Nisl shares the same
specificity.

Since Nisl conferred immunity is a result of its binding to nisin, it is surprising that nisin
binds to Nisl with a weak affinity as determined by its Kp in low micromolar range
(approximately 0.6-2 uM) [235, 236]. However, this high value might be the result of the in
vitro measurement being performed without the membrane environment.

Although Nisl doesn’t show any sequence homology with other Lanl immunity proteins
[241], the cellular function of Nisl is similar to the subtilin immunity protein Spal in B.
subtilis, involving binding to subtilin, thereby protecting the producer membrane [242].
Interestingly, despite the high sequence homology of 60% between nisin and subtilin, no
cross immunity has been observed so far [223] indicating towards the specificity of the

immunity protein towards its respective lantibiotic.
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4.3.2 Nisin Resistance Protein NSR

The counter part of Nisl in the nisin resistance system is, the nisin resistance protein termed
NSR. NSR of S. agalactiae contains 320 amino acids and has a theoretical molecular weight
of 36.2 kDa [206]. NSR has a N-terminus hydrophobic region encoding a transmembrane
sequence of 21 residues [206] and is localized in the membrane.

NSR is proteolytic degrading nisin [198]. This nisin degradation mechanism is quite unique
since the lanthionine rings cause steric hindrance, inhibiting the protease cleavage [85]. NSR
cleaves of the last six amino acids of nisin, yielding two fragments of nisin and the major
product is called nisin'?*. This nisin variant displays 100-fold less bactericidal activity and
has less affinity for the bacterial membrane [198]. So by reducing the effectiveness of nisin,
the non-producing strains become more resistant. When expressed in a nisin sensitive L.
lactis strain, NSR confers 18-20 fold resistance (chapter I) as determined by the ICsj assay.
Furthermore, for the nisin variants CCCCA and CCCAA (last or the last two C-terminally
located rings are missing), the resistance mediated by NSR in nisin sensitive L. /lactis strain
dropped to mere 1.4-1.7 fold (chapter III). Additionally, removing the last six or twelve
amino acids of nisin (nisin;s and nisin;.y, respectively) completely abolished the
resistance, clearly indicating the importance of the last ring as well as the C-terminal tail of
nisin for recognition by NSR (chapter III).

Although, nisin shares a high sequence similarity of around 63% with subtilin; and various
lantibiotics such as subtilin, subtilomycin which also harbour five lanthionine rings in their
structures [243]. However, the specificity of NSR towards other lantibiotics is still unknown

and is possible that NSR exhibits broader substrate specificity.

4.3.3 Structural comparison of NSR and Nisl

Recently, the structure of Nisl (in two domains) from L. lactis was solved using NMR
spectroscopy (PDB codes: 2N32 and 2N2E) [236]. Nisl is a two-domain predominantly f-
sheet protein (Figure 15).

The N-terminal part (1-111 residues) is connected to the C-terminal domain (120-226) via a
flexible linker (112-119) (Figure 15). Interestingly, both the domains of Nisl adopt a similar
fold which has been previously been observed in the structure of Spal the immunity protein

of the lantibiotic subtilin from Bacillus subtilis [236]. However, in contrast to two domains
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Nisl, Spal is a single domain protein. A seven-stranded antiparallel twisted f3-sheet forms
the core of the N- and C- terminal domain of Nisl with the strand order B1-B2-B3-B8-B7-
B6b-f4a. An extended B -hairpin is formed by strands f4b and P6a and is stabilized by
hydrophobic packing interactions with residues from 1 and 2. In addition, the B-hairpin is

flanked by a short 39 helix. However, Nisl lacks the N-terminus unstructured region, which

is present in Spal and supposedly allows interaction with the host membrane [242, 236].

(b)

MN-term

Figure 15: Cartoon representation of the structures of Nisl and NSR. The structures of (a) Nisl
(PDB codes: 2N32 and 2N2E) [236] and (b) NSR (chapter III) are shown with the
secondary elements colour coded as red for helices, yellow for sheets and green for the
loops. The figure was prepared with Pymol.
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Although, an interaction of Nisl with the membrane was previously postulated, NMR
experiments were performed to confirm the same. These revealed that only the N-terminal
domain has affinity towards membrane environment, possibly localized at the membrane
while the C-terminal domain does not bind to lipids. Instead, the C-terminal domain
specifically binds nisin [236]. This further supports the previous observation about the
importance of the C-terminal 22 amino acids for the functioning of Nisl in vivo [239, 238].

Although structurally similar (Figure 16), both the domains of Nisl differ in their surface
properties (Figure 17). While the surface of the N-terminal domain is highly positively
charged and interacts with membranes, the C-terminal domain has highly negatively charged

surface with hydrophobic patches and is able to bind nisin (Figure 17). Thereby modulating

the membrane affinity of the N-terminal domain by shielding its membrane binding surface

[236].

(b)
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Figure 16: Surface representation of the structures of Nisl and NSR. The different domains of
(a) Nisl (PDB codes: 2N32 and 2N2E) [236] and (b) NSR (chapter III) are colored
differently.

On the contrary, the crystal structure of nisin resistance protein from S. agalactiae (SaNSR;
without the signal peptide) presented within this thesis (chapter III) was solved using X-ray
crystallography and comprises of an equal ratio of a-helices and f-strands (eleven each)
(chapter III) (Figure 15) and is composed of three domains (Figure 16). An N-terminal
helical bundle, the protease cap and core domains, together form a hydrophobic tunnel of
~10 A width (Figure 16-17). Although the overall fold of NSR does not resemble any
specific protein of which the structure is resolved, however the domains alone have some
homologous structures. An interaction of NSR with the membrane has not been observed
yet. The hydrophobic negatively charged tunnel (Figure 16) is responsible for binding to
nisin by ‘roping in’ the peptide.

MN-term

(b)

Tunnel

Figure 17: Electrostatic surface potential of the structures of NisI and NSR. The electrostatic
surface potential of (a) Nisl (PDB codes: 2N32 and 2N2E) [236] and (b) NSR (chapter
III) structures is shown. Negatively charged surface areas are colored in red, positively
charged areas colored in blue and white areas correspond to hydrophobic surfaces. The
figure was prepared with Pymol.
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The structure of NSR highlights the importance of the highly conserved TASSAEM region
that harbours the catalytically active serine (chapter III). Additionally, the residues forming
the hydrophobic interactions for proper orientation of rings D and E of nisin are embedded
in the protease core domain that is situated in the middle of NSR protein (chapter III).
Although the structure of NSR lacks its substrate nisin, instead a peptide named ‘N-pep’ was
bound in the active site. This information was further used for modeling and molecular
dynamic simulations where the N-pep molecule was replaced by the nisin molecule which
showed that nisin is stably bound in the tunnel created by the distinct domains of NSR
(chapter I1I).

Table 1: Summary of the comparison between Nisl from nisin producing strains and NSR
from nisin resistant strains.

Nisl NSR

Sequence length (amino acids) 245 320

27.8 kDa (full-length) /
25.8 kDa (processed)

Molecular weight 36.2 kDa

o Membrane attached /
Localization Membrane spanning

lipid-free

N-terminal signal N-terminal transmembrane helix /

Sequence motif

peptide conserved TASSEAM region
Modification Cys linked lipid -
Function Nisin Binding Nisin cleavage at Ser 29

Observed mechanism

Reversible cell

clustering

Lowering activity of nisin

Substrate specificity

N-terminus of nisin

(rings A and B)

C-terminus (rings D and E plus

C-terminal located six amino

acids)
Conferred Immunity/ Resistance
(sensitive L. lactis strain NZ9000 8-10-fold 20-fold
4-6 nM)
Important residues Tyr152, Asp155 His98, Ser236
Binding site C-terminus (last 21 TASSEAM region

amino acids)

Binding affinity

1M

Not determined
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Structure determined NMR X-ray crystallography

Structure B-sheet (two domains) Three domains

NMR / Mutational Molecular dynamic simulations/
Binding site determined
studies Mutational studies

NSR provides resistance against nisin by proteolytically cleaving the peptide bond between
MeLan28 and Ser29 of nisin, resulting in two fragments that display less antimicrobial
activity and low affinity for membrane [198]. The model of SaNSR/nisin complex certainly
demonstrates the significance of C-terminally located last lanthionine ring of nisin for
substrate specificity (chapter III). Additionally, mutagenesis analyses support the fact that
NSR recognizes the last ring of nisin as it functions as a plug onto the tunnel, properly

placing the nisin cleavage site (chapter III).

4.4 Second line of defence: NisFEG and NsrFP

In addition to the membrane anchored immunity/ resistance protein, both the nisin immunity
and resistance systems have the presence of an ABC transporter, NisFEG and NsrFP,
respectively (Figure 18). They are build up of an soluble ATP binding domain NisF and
NsrF which need to dimerize to hydrolyse ATP which consequently is the energy needed by
the ABC transporter. The transmembrane domains are NisE and NisG for the immunity

system and NsrP of the resistance system.

4.4.1 NisFEG of nisin producers

In the nisin immunity system of nisin producing strains, the cytoplasmic NisF is composed
of 225 amino acids and is 24.6 kDa in size. It has ATP-binding sites within the N-terminal
end of the protein [94]. Additionally, NisE and NisG are predominantly hydrophobic
proteins that together form the integral membrane part of the ABC transporter and are
composed of six transmembrane helices each [94]. NisE comprises of 242 amino acids and
is 27.6 kDa whereas NisG is 24.1 kDa in size with 214 amino acids. Using sequence
similarity searches likely NisFEG exhibits a 2:1:1 stoichiometry to form a functional

lantibiotic immunity LanABC transporter [94] (Figure 18). Various gene knockout studies
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have shown that out of all the three genes encoding the ABC transporter, deletion of nisE
gene has the most detrimental effect on the nisin production and immunity [94].

The primarily function of NisFEG in providing immunity to the producer strains is to efflux
nisin molecules from the membrane before they can form pores [103, 244]. A similar
function has been identified for the subtilin immunity ABC transporter SpaFEG which
expulses subtilin molecules from the cytoplasmic membrane into the extracellular medium

[223].

Nisin Immunity : Nisin Resistance

NsrF

: NsrF
= P,

ATP ADP

nsrF [ ASEED

Figure 18: Schematic representation of the ABC transporters involved in nisin immunity and
resistance. The ABC transporter involved in nisin immunity (colored in brown and
orange) represents a stoichiometry of NisF,:NisE:NisG while the resistance associated
ABC transporter (shown in blue) exists in a NsrF,:NsrP ratio.

When expressed in the nisin sensitive L. lactis strain NZ9000, which does not carry the
immunity genes nis/ and nisFEG within its genome, NisFEG confers seven-eight fold of
immunity when expressed alone. [244].

The substrate specificity of NisFEG has been extensively studied. It has been shown that
NisFEG recognizes the last C-terminally located lanthionine ring and the last six amino
acids of nisin as a reduction of 50% in the immunity provided by NisFEG was seen upon

deletion of either of them [244].
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4.4.2 NsrFP of nisin non-producers

In contrast, the nucleotide-binding domain of the nisin resistance system is NsrF, which is
28.3 kDa in size and comprises of 250 amino acids residues [245]. Although NisF and NsrF
both belong to the P-loop NTPase superfamily and have the presence of the signature motifs
of ABC transporters [246], they are just 28% identical [247].

The lantibiotic resistance ABC transporters usually comprise of a single membrane subunit
and in comparison to the lantibiotic immunity system, the transmembrane domains NisE and
NisG are apparently fused as one into NsrP. Furthermore, NsrP is composed of 612 amino
acids and is 69.4 kDa with ten transmembrane helices [248]. It forms the complete
transmembrane domain of the ABC transporter NsrFP of the nisin resistance system, leading
to a 2:1 stoichiometry for NsrFP (chapter I and VI) (Figure 18). Additionally, NisEG and
NsrP share an identity of 21% [247]. The only known exception of a three-component
lantibiotic resistance transporter is CprABC in C. difficile [182]. A noteworthy point worth
mentioning is that unlike NsrFP, CprABC is not specific for a particular lantibiotic and
instead recognizes various lantibiotics including nisin, subtilin and cinnamycin [169].
Although a part of NsrFP recognizes nisin (chapter VI), whether it also recognizes various
substrates is yet to be determined.

Contrarily, to the immunity ABC transporters that efflux out the lantibiotic, a binding
function to the lantibiotic is postulated for lantibiotic resistance ABC transporter systems
[121] as also confirmed in chapter VI where a part of the resistance NsrFP transporter binds
to nisin. However, the knockout studies and substrate specificity is yet to be determined for

NsrFP.

4.4.3 The cytoplasmic loop

The most remarkable difference between the ABC transporters involved in immunity of
lantibiotic producing strains and the resistance-associated transporters in non-nisin
producing strains is the presence of a large extracellular loop approximately 200-250 amino

acids in between helices VII and VIII of the permease (Figure 19) (chapter VI) [174, 181,
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184]. This feature is not present in lantibiotic immunity-providing ABC transporters and is a
characteristic for the two-component ABC transporters involved in lantibiotic resistance
[121] such as BceAB in B. subtilis [186], BraAB [167] and NsrFP in S. agalactiae (chapter |
and VI).
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Figure 19: Schematic representation of NsrP loop. The amino acid sequence of NsrP is shown.
221 residues comprising NsrP loop are highlighted in blue while the rest residues are
colored in grey. The figure is the output of TOPO2 server [249]. Taken from chapter VI.

Although the loop is the least conserved domain among resistance associated ABC
transporters, these loops are known to be specific for their own ABC transporters [250]. A
hybrid of the permease BceB from B. subtilis and the extracellular domain from another
related Bce-AB type transporter did not restore bacitracin resistance in the BceAB
transporter [250].

Since the histidine kinases of the associated TCSs lack the sensory domain, these loops
function as an additional co-sensor for the regulation of the transcription of the associated
genes [186, 250] which includes binding to the AMP/lantibiotic and somehow passing on

the signal to the TCSs for upregulation and sensing.
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Chapter VI focussed on the possible interaction between NsrP loop and nisin and it was seen
that “NsrP loop” indeed interacts with nisin. NsrP loop is 221 amino acids (25.1 kDa) and is
present in between helices VII and VIII (Chapters I and VI) (Figure 19).

Furthermore, NsrP loop exhibits a weak affinity for nisin as indicated from the obtained
value for the equilibrium dissociation constant Kp for NsrP loop: nisin interaction in the
micromolar range (around 1 puM). This rather low affinity of NsrP loop for nisin is
unexpected since nanomolar concentrations of nisin are already enough to affect cell
growth. Thus, if NsrP loop provides resistance against nisin through binding, it should have
a higher affinity towards nisin. However, this high value is further supported by the weak
affinity for nisin displayed by nisin immunity protein Nisl of nisin producing strains [235,
236] which also functions primarily by specific binding to nisin [103, 235]. It could be
possible that this high value is a result of the absence of the membrane environment in in

vitro experiments.

Table 2: Summary of the differences between the ABC transporters from the nisin
producing strains and the nisin resistant strains.

NisFEG NsrFP

Sequence length (amino
225+ 242 +214 250 + 612

acids)

Molecular weight 24.6 kDa + 27.6 kDa + 24.1 kDa 28.3 kDa + 69.4 kDa

Localization

Membrane spanning

Membrane spanning

Genes encoding ABC

Three Two
transporters
Extracytoplasmic loop Absent Present
Transmembrane helices 6+6 10
Stoichiometry 2:1:1 2:1
Function Expelling nisin Not known

Observed mechanism

Preventing pore formation

Binds nisin and additional

function not determined yet

Structure

Not determined

Not determined

Substrate specificity

C-terminus (last ring and the

last 6 amino acids of nisin)

Not determined

Conferred Immunity/

6-8-fold

Not determined

169



Resistance (sensitive L.

lactis strain NZ9000)

Structure determined Not determined Not determined

In addition to binding to the substrate, various additional roles have been identified for these
extracellular domains. In B. subtilis, the “BceB-loop” is required for bacitracin induced
expression of bceAB genes and for proper folding of BceAB [250]. Further extensive

studies of NsrP loop are required to elucidate these additional functions.

4.5 Cooperativity amongst the immunity and resistance proteins?

It is well known that both the nisin immunity proteins act cooperatively [237, 103] as full
immunity up to ~ 750 nM nisin (1000 IU/ml) against nisin is only achieved when both nis/
and nisFEG are expressed [224]. Gene knockout studies have shown that Nisl and NisFEG
alone provide only 4-20% of the full immunity [237, 103]. Furthermore, NisIFEG together
confers a 100-fold immunity against nisin in the nisin sensitive L. lactis strain [240].
Similarly, in the subtilin immunity system, Spal and SpaFEG cooperatively provide
immunity to B. subtilis against the produced subtilin [223].

Additionally, Nisl is known to be more effective in providing immunity than NisFEG, thus,
playing a larger role than NisFEG [94].

Previous studies have shown that the immunity system is specific for its cognate lantibiotic
and no cross- immunity has been observed [103]. Although, nisin and subtilin share high
sequence homology [223], no cross- immunity has been observed.

However, it is still unknown whether in the resistance system, NSR and NsrFP act
cooperatively or provide a higher resistance against nisin when both are expressed.
Additionally, the exact contribution of NSR and NsrFP in providing resistance is still

unidentified.

4.6 Regulation of immunity and resistance

The transcription of the immunity genes in the lantibiotic producing strains is activated via

the two-component system comprising of a receptor histidine kinase and a transcriptional
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response regulator. Similarly, the two-component system present in the lantibiotic non-
producing strains is also responsible for the upregulation of the corresponding genes in the
operon.

Similar to lantibiotic systems [158, 251], the RR and HK genes of the resistance systems are

genetically linked and cotranscribed, leading to increased protein production [121].

4.6.1 NisK and NsrK

In nisin producing strains, external nisin acts as a signal, which is taken up by the histidine
kinase NisK, inducing an autophosphorylation of its conserved histidine residue. NisK
comprises of 447 amino acid residues and contains all the standard features: N-terminal
sensory domain with cytoplasmic signalling modules and the transmitter domain comprising
of HisKA and HATPase c for kinase activity [217] (Figure 20). NisK belongs to the EnvZ
(belonging to the TCS EnvZ-OmpR) subfamily of histidine kinases. Although the first ring
A of nisin is important for auto inducing activity of NisK [252], the first three rings of nisin

are required for activating NisK itself [253].

NisK, Spak
(Lantibiotic producers)

NsriK
(Lantibiotic resistant)

Figure 20: Domain organization of the histidine kinases present in lantibiotic producing and
resistant strains. The figure is based on the graphical output of the SMART web server
Schultz, Milpetz [217]. Scale bar represents the number of amino acids and a grey line
represents the proteins. The conserved domains are labelled in cyan.

On the other hand, NsrK belongs to the class of intramembrane-sensing histidine kinases

(IM-HKs) which are characterized by an N-terminal sensing domain consisting of two
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deduced transmembrane helices and the absence of signalling modules in the cytoplasmic
part [173] as depicted from the smaller size (312 amino acids) (Figure 20). Some other
notable members of this family of kinases are BceS, YvcQ and LiaS from resistance systems
[162, 177, 175]. Although the exact functioning of NsrK has not been elucidated, it is
suggested that these kinases detect their stimuli from within or at the membrane interface
(Mascher, 2006; Mascher et al., 2006), with the aid of an ABC transporter that is usually

cotranscribed and contains a sensory domain [181].

Table 3: Summary of the differences between the histidine kinases NisK and NsrK from
the immunity and resistant systems, respectively.

NisK NsrK
Sequence length (amino
a gth( 447 312
acids)
Molecular weight 51.3 kDa 36.5 kDa

Localization

Membrane spanning

Membrane spanning

Histidine Kinase Family

EnvZ-like histidine kinases

Intramembrane-sensing histidine

kinases (IM-HKs)

Cytoplasmic signalling

modules

Present

Absent

Sequence motif

HisKA and HATPase ¢

HisKA and HATPase ¢

Function

Nisin-mediated signal

transduction

Not determined

Observed mechanism

Quorum sensing

Not determined

Substrate specificity

Ring A of nisin

Not determined

Activation of kinase

Rings A-C of nisin

Not determined

Structure determined

Not determined

4.6.1 NisR versus NsrR

Not determined

NisR (from nisin producing system) is composed of 229 amino acid residues and is 26.7
kDa in size (Figure 20). Upon phosphorylation NisR binds to various promoters such as
nisA and nisF of the nisin operon, thereby activating the transcription of the structural,

modification and immunity genes of the nisin operon [104, 105]. Although, the NisR-NisK
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induced NICE (nisin controlled gene expression) system has been used for a long time
[254], detailed studies of NisR on a structural level are still missing.

On the contrary, NsrR (nisin resistant system of non-producers) is 25.4 kDa and comprises
of 222 amino acid residues (Figure 21). The structure of NsrR was solved using X-ray
crystallography (chapter V) and reveals that it is a DNA-binding response regulator
possessing all the characteristic structural features of the OmpR subfamily that are
characterized with a typical helix-turn-helix motif (chapter V).

Additionally, dimerization of NsrR occurs through 04-B5-a5 interface and putative residues
involved in DNA-binding could be identified (chapter V). However, the distinct promoters

for the nsr operon are yet to be identified.
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Figure 21: Sequence alignment of NsrR and NisR. A sequence alignment of NsrR with NisR is
shown. The active site aspartate residue (highlighted in red), the residues forming the
acidic pocket surrounding it (highlighted in pink), the switch residues (highlighted in
blue), the conserved lysine residue (highlighted in green), the highly conserved residue of
the linker region (colored in purple), the residues involved in dimer interface of receiver
domain (highlighted in yellow), residues involved in interdomain interactions (shown in
orange boxes and in cyan) and the residues involved in interaction with DNA (colored in
blue) are shown. The linker region of NsrR is underlined within the sequence. Based on
Figure 3 of chapter IV and [247].

Although both the response regulators NisR and NsrR are quite dissimilar with a sequence
identity of 33% (Figure 21), both belong to the OmpR/PhoB subfamily of response
regulators [255, 256]. Additionally, the residues forming the dimer interface as well as the
interdomain interactions are different indicating towards distinct mode of interactions

(Figure 21).
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Table 4: Summary of the differences between the response regulators NisR and NsrR from
the immunity and resistant systems.

NisR NsrR

Sequence length
1 s 229 222

(amino acids)
Molecular weight 26.7 kDa 25.4 kDa
Localization Cytosol Cytosol
Response Regulator

OmpR/PhoB OmpR/PhoB
Family

Active aspartate and switch

Sequence motif Not determined

residues

Activation of the transcription of
Function Not determined
genes of nisin operon

Observed mechanism Binding to nisA and nisF promoter Not determined
) AspS5, Ser82, Phel01,
Important residues Not determined
Lys104, Asp188
Binding site Not determined Effector domain
Structure determined Not determined X-ray crystallography

Binding site
_ Not determined Structural comparison
determined

4.7 Model for the mechanism of nisin resistance in S. agalactiae

This section summarizes the results obtained in the preceding chapters. Considering
lantibiotic immunity system as a paradigm, a model is proposed for nisin resistance in S.

agalactiae as represented in Figure 22.

1. The active nisin comes in contact with the membrane of the resistant strains such as S.
agalactiae.

2. The initial resistance process involves the binding of nisin to the serine protease NSR. In
detail, NSR harbours a hydrophobic tunnel that ‘ropes in’ the nisin peptide through

hydrophobic interactions. These interactions are highly relevant for the molecular
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recognition of nisin and the substrate specificity of SaNSR. Furthermore, upon interaction of
the C-terminally located lanthionine ring E with NSR, this ‘roping in’ is stopped, thereby
acting as plug.

3. Binding of the lanthionine ring E at one end of the hydrophobic tunnel of NSR ensures
the exact coordination of the nisin cleavage site at the highly conserved TASSAEM region.
This leads to the cleavage of nisin at MeLan position 28 and Ser29, yielding two fragments

3% The nisin'® has 100-fold less antimicrobial activity and

of nisin (nisin'** and nisin
displays less affinity for the membrane, thereby providing resistant to S. agalactiae against
nisin.

4. Simultaneously, upon increasing concentrations of nisin in the environment, the ABC
transporter NsrFP is activated through ATP hydrolysis. The NsrP loop recognises and binds
nisin and induces a signal transfer to the two-component system.

5. Upon receiving signal from the loop, the histidine kinase NsrK is phosphorylated at a
conserved histidine residue. And the high energetic potential of this phosphoryl group is
transferred to the response regulator NsrR.

6. Subsequently, the receiver domain of NsrR is phosphorylated at the active aspartate
residue, which leads to various conformational changes including the formation of dimer
using 04-B5-a5 as an interface.

7. Additionally, this activation signal reaches the effector domain of NsrR through the linker
region. The effector domain is also dimerized and thereby binds DNA through various
conserved residues, initiating the transcription of the genes of the nsr operon.

8. Thus, the genes express more proteins making the process of resistance more efficient, so

that the S. agalactiae is able to degrade/expel nisin out of the environment. When the nisin

molecules are absent, the resistance system diverts back to its initial position.
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