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Abstract

Acidocin B (AcdB), a bacteriocin from Lactobacillus acidophilus M46 that was
initially reported to be a linear peptide, was purified and shown to be circular based on
MALDI-TOF MS and MS/MS sequencing. MS analysis further revealed that AcdB is
comprised of 58 amino acid residues, instead of 59 residues as initially reported. The
NMR solution structure of AcdB in sodium dodecyl sulfate micelles was solved, revealing
that AcdB consists of four a-helices that are folded to form a globular bundle with a
central pore. This is the first reported three-dimensional structure (3D) for a subgroup 11
circular bacteriocin. Comparison of the structure of AcdB to that of carnocyclin A, a
subgroup I circular bacteriocin, highlighted the differences between the two subgroups. At
least seven putative subgroup II circular bacteriocins were identified using BLAST, and
sequence analysis revealed a highly conserved asparagine residue at the leader peptide
cleavage sites, suggesting that an asparagine endopeptidase might be involved in their
biosynthesis. Lastly, the biosynthetic gene cluster of AcdB was sequenced and
characterized.

Lacticin Q (LngQ) and aureocin A53 (AucA) are leaderless bacteriocins (class Ilc)
from Lactococcus lactis QU 5 and Staphylococcus aureus AS53, respectively. Their 3D
NMR solution structures were determined, revealing that both peptides are composed of
four a-helices that assume a saposin-like fold with a highly cationic surface and a
hydrophobic core. The observed structural motif is remarkably similar to the overall fold
of the two-component leaderless bacteriocins, enterocin 7A and 7B. Homology modeling
showed that the aforementioned motif may be shared among broad-spectrum leaderless

bacteriocins despite the variations in their sequence identities and lengths. The structures
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of LnqQ and AucA were also demonstrated to exhibit certain similarities to those of the
circular bacteriocins. Activity assays showed that the two peptides, LnqQ and AucA,
combined do not act synergistically and have different antimicrobial spectra and potency,
suggesting that sequence disparities play a vital role in their modes of action.

Carnobacteriocin X (CbnX) was originally reported as a single-peptide bacteriocin
(class I1d). However, sequence analysis and synergy assays revealed that CbnX belongs to
a two-peptide bacteriocin (class IIb), with CbnY as its partner. CbnXY is the first two-
peptide bacteriocin reported in carnobacteria. CbnX and CbnY are inactive individually,
but elicit synergistic activity against closely related strains when combined. The NMR
solution structures of CbnX and CbnY were elucidated and shown to strongly resemble
the structures of other class IIb bacteriocins (i.e. LcnG, PInEF, PInJK). CbnX consists of
an extended, amphipathic a-helix and a flexible C-terminus. CbnY has two a-helices (one
hydrophobic, one amphipathic) connected by a short loop, and a cationic C-terminus.
Binding studies showed that CbnX and CbnY do not interact directly, suggesting that a
membrane-bound receptor may be required to mediate the formation of the CbnXY
complex.

Pneumococcin is a two-component lantibiotic, comprised of PneAl and PneA2,
from Streptococcus pneumoniae R6. Its biosynthetic machinery encodes a putative flavin-
dependent reductase, named PnelJg, which is likely involved in the formation of D-Ala and
D-Abu. The activity of Pnelg was investigated through the heterologous expression of
pneumococcin biosynthetic proteins in Escherichia coli. Coexpression of the precursor
peptides (PneAl and PneA2) and the lantibiotic synthetase (PneM) with and without

Pnelg produced a mixture of partially modified substrates that could not be separated by
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RP-HPLC. To potentially address this issue, truncated precursor peptides were designed
and cloned. The truncated peptides, however, could not be successfully expressed in E.
coli. Hence, chemical synthesis of substrate analogues is currently being pursued. Other
approaches to obtain the precursor peptides are presented herein. The Pnels enzyme was
expressed and purified as a SUMO fusion protein, wherein the SUMO tag could be readily
cleaved. The substrate analogues and the Pnelg enzyme will consequently be used for in

vitro Pnelp activity assays and future crystallization trials.
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Chapter 1

BACTERIOCINS - a diverse group of antimicrobial peptides

1.1. Introduction

1.1.1. Definition and general overview

Bacteriocins are ribosomally synthesized antimicrobial peptides produced by
bacteria that serve as an integral part of the producer strain’s defense mechanism against
competing bacteria.' It was suggested that nearly all bacteria are capable of producing at
least one bacteriocin.”* Moreover, strains that produce several types of bacteriocins are
not uncommon. The bacteriocin biosynthetic machineries normally consist of a common
set of genes, which are present in clusters either in the bacteria’s chromosomal DNA or
plasmid DNA. These gene clusters include the genetic determinants for the bacteriocin
structural and immunity genes, and often also include genes for maturation, transport, and
regulation.

The first bacteriocin, named colicin V, was reported in 1925. It was isolated from
Escherichia coli V and was demonstrated to be antagonistic against other E. coli strains.’
Similar to colicin V, bacteriocins were initially described to be active only against closely
related organisms, but as more broad-spectrum bacteriocins were discovered, it became
apparent that this description is no longer valid. While the first bacteriocin was isolated
from a Gram-negative species, the majority of the reported bacteriocins to date are

produced by Gram-positive bacteria. The open-access bacteriocin database,



BACTIBASE?, includes 230 bacteriocins as of this writing; 90% of which originate from
Gram-positive bacteria. Among the different genera of Gram-positive bacteria, most of the
discovered bacteriocins are derived from lactic acid bacteria (LAB). As can be inferred
from their name, LAB are strains that produce lactic acid during carbohydrate
fermentation. They are found in a variety of processed food such as meat and dairy
products, in spoiled beer, fermented wine, decomposing plants, and different biological
organs such as the mouth, gastrointestinal tract, and urogenital tract of humans and
animals.” LAB consist of the species under the genera Aerococcus, Bifidobacterium,
Carnobacterium, Enterococcus, Lactobacillus, Lactococcus, Leuconostoc, Oenococcus,
Pediococcus, Sporolactobacillus, Streptococcus, Tetragenococcus, Vagococcus, and
Weissella.*’ Next to LAB, the Bacillus genus is regarded as the second most important
source of bacteriocins.'® Bacillus strains are receiving additional attention because they
are also rich sources of other bioactive compounds such as lipopeptides and
polyketides.'™ The Staphylococcus genus is another non-LAB genus that offers much
potential in bacteriocin production. In particular, bacteriocins from S. aureus and S.
epidermidis were reported to be effective agents against methicillin-resistant S. aureus

(MRSA) and human infection-associated coagulase-negative staphylococci.'*



1.1.2. Applications of bacteriocins

1.1.2.1. Biopreservation

Several bacteriocin-producing LAB are used as probiotics and as starter cultures in
cheese and other dairy products."*'>'® The use of LAB bacteriocins in food preservation
is particularly appealing due to the Generally Regarded As Safe (GRAS) and Qualified
Presumption of Safety (QPS) status of most LAB.” In addition to their potency against
several foodborne pathogens, many bacteriocins are pH- and heat-stable, rendering them
compatible to various food processing treatments.

The most widely used bacteriocin commercially is nisin from Lactococcus lactis.
Nisin was approved for food applications by the World Health Organization in 1969, and
by the US Food and Drug Agency in 1988."'®!" 1t is currently being used in food and
livestock industries in over 80 countries worldwide."®2° Nisin is marketed by various
companies as a natural preservative against Gram-positive bacteria, and is recommended
for all types of food applications and meat products. It is commercialized under a number
of brand names such as Nisaplin® (Danisco, DuPont Nutrition & Health, Copenhagen,
Denmark; Gillco Products Inc., San Marcos, CA, USA), Novasin™ (Gillco Products Inc.),
Chrisin® (Chr. Hansen, Hgrsholm, Denmark), NisinA® and NisinZ® (Handary, Brussels,
Belgium). Another bacteriocin that is commercially used for biopreservation is pediocin
PA-1 from Pediococcus acidilactici. It was previously marketed by Quest International
(Naarden, Netherlands) and Kerry BioScience (Carrigaline, County Cork, Ireland) under
the brand name ALTA™ 2431.2"* Currently, Chr. Hansen supplies it under the brand

name Bactoferm™ F-LC as a starter culture for pediocin and bavaricin production. It is



intended to inhibit the growth of Listeria monocytogenes.” Several studies have shown the
potential of many other bacteriocins in food protection applications. A few examples
include the effective use of enterocin AS-48 in preventing the growth of unwanted
bacteria in cider, fruit juices, and vegetable juices; and the use of enterocin CCM4231 and
enterocin EJ97 in the preservation of soy milk and zucchini purée, respectively.”* 2

However, thus far, only nisin and pediocin PA-1 have reached the commercial market as

purified bacteriocins.

1.1.2.2. Medical and agricultural applications

Although bacteriocins are primarily used for preservation of food products, there is
also great interest in their applications in the agricultural sector, both in livestock and plant
industries, as well as in human therapeutics. Bacteriocins have not only been shown to
inhibit animal pathogens such as the Shiga toxin-producing E. coli (STEC),
enterotoxigenic E. coli (ETEC), MRSA, and vancomycin-resistant enterococci (VRE), but
also plant pathogens such as agrobacteria and brenneria.””*® In human health therapeutics,
several reports have highlighted the use of bacteriocins in addressing hospital-acquired
infections, respiratory tract infections, tuberculosis, skin diseases, skin infections, and
vaginosis.'>® With the increasing global threat posed by the development of antimicrobial
resistance, bacteriocins are being considered as one of the promising alternatives to
conventional antibiotics. Apart from the abovementioned antimicrobial applications, the
potential of bacteriocins as intestinal protectors, antiviral agents, contraceptives, and in

cancer therapy has also been explored.'>?



Several bacteriocins, mostly belonging to a class of bacteriocins called lantibiotics,
are considered for therapeutic applications. However, only nisin is currently used
commercially. One of its commercial therapeutic applications is as the active ingredient in
the Wipe Out” dairy wipes (Immucell, Portland, ME, USA), an FDA-approved udder
disinfectant for the treatment of bovine mastitis, which is an intramammary infection
caused by S. aureus, Streptococcus uberis, and Streptococcus dysgalactiae.” In the
clinical setting, a number of lantibiotics are currently undergoing clinical trials including
the semi-synthetic derivatives of actagardine (NVB302 and NVB333), mutacin 1140,
bioengineered microbisporicin (NAI-107), and duramycin (Moli1901).*® NVB302 has
completed phase I clinical trials as a control agent for Clostridium difficile, while NVB333
is at the preclinical phase. Mutacin 1140 and NAI-107 are both at the late preclinical
stages as anti-infective agents against multi-drug resistant Gram-positive bacteria.

Molil901 has completed phase II clinical trials against cystic fibrosis.”'

1.1.3. Classification of bacteriocins

1.1.3.1. Gram-negative bacteria

Bacteriocins from Gram-negative bacteria can be classified based on molecular
size into three groups namely microcins, colicins, and tailocins. Microcins are small
peptides of ~10 kDa molecular weight (MW); colicins range from 20 to 80 kDa; while the
tailocins are multi-subunit, bacteriophage tail-like, large bacteriocins.’**> Microcins and
colicins are mainly obtained from E. coli, with a few examples from other Gram-negative

species.”* On the other hand, the first tailocin was isolated in 2002 from Pseudomonas sp.,



and several other tailocins have been consequently discovered from the y-proteobacteria

33,35-39 1, -
It 1s

genera. to be noted that the Gram-positive C. difficile was also reported to

produce a tailocin.*

1.1.3.2. Gram-positive bacteria

The classification scheme for bacteriocins from Gram-positive bacteria is more
complex, and has been a subject of debate and revisions. Bacteriocins, in general, exhibit
extensive diversity in size, structure, biochemical properties, inhibition spectrum, and
mode of action. Bacteriocin classification schemes continuously evolve especially with the
advent of genome mining and refinement of research tools that drive the discovery of new
bacteriocin classes. For Gram-positive bacteria, several classification schemes have been
proposed since the release of the first recommended grouping in 1993.*' Table 1.1
presents the most recent classification of bacteriocins derived from Gram-positive
bacteria. It is an updated version of the scheme proposed in 2016 by Alvarez-Sieiro et.
al.’, wherein bacteriocins are categorized based on biosynthetic mechanism and biological
activity.

Class I covers peptides that undergo various post-translational modifications (PTMs)
yielding non-canonical amino acids and other unique structural features. The bacteriocin
structural gene in most cases encodes an inactive precursor peptide that is comprised of an
N-terminal leader peptide and a C-terminal core peptide. In order to transform the
precursor peptide into the mature, active form, it undergoes PTMs (including leader
peptide removal) that are catalyzed by various tailoring enzymes. The leader peptide

assumes various roles among the different bacteriocin classes. The functions of the leader



peptide may include (a) serving as the recognition binding segment for PTM enzymes, (b)
stabilizing and promoting proper folding of the precursor peptide, (c) securing that the
precursor peptide is inactive inside the host cell, and (d) acting as a secretion signal.*

Class II consists of bacteriocins that do not undergo any PTM other than the removal of

the leader peptide. Class III encompasses large (>10 kDa) unmodified bacteriocins that

can either be bacteriolytic or non-lytic.

Table 1.1. Classification of bacteriocins from Gram-positive bacteria

Group Distinguishing feature Example
Lantibiotics Contain (methyl)lanthionine residues Nisin
Clrcula}r . Head-to-tail cyclization Enterocin AS-48
bacteriocins
Lmear 3201(‘“)9.' Contain heterocyclic rings of thiazole .
containing peptides and methyl(oxazole) Streptolysin S
(LAPS) y
Class 1 Sactibiotics Contain sulfur-to-a-carbon linkages Subtilosin A
(Modified) Glycocins Contain S-linked glycopeptides Sublancin 168
Lasso peptides Assume a lasso structure Lariatin
heat stable Contain heterocycles and a central
(<10 kDa) Thiopeptides pyridine, dihydropyridine, or piperidine Thiostrepton
ring
Contain macrocyclic amidine, a
. decarboxylated carboxy-terminal .
Bottromycins thiazole, and carbon-methylated amino Bottromycin A2
acids
Linaridins Linear peptides with dehydro residues Cypemycin
[1a: Pediocin-like Posses a conserved YGNGV motif L
o . : Pediocin PA-1
bacteriocins (where N = any amino acid)
Class II Two unmodified peptides required for
(Unmodified) IIb: Two-peptides ) Uled pep 4 Lactococcin G
optimal activity
heat stable lc: Leallde.rless Synthesized without a leader peptide Enterocin L50
(<10 kDa) bacteriocins
[1d: Non-pediocin- Unmodified, linear, non-pediocin-like, .
. . . . . L Lactococcin A
like, single peptides  single peptide bacteriocins
Class III Bacteriolysins Degrade bacterial cell wall causing cell Lysostaphin

thermo-labile
(>10kDa)

lysis

Non-lytic proteins

Do not cause cell lysis, but instead,
disrupt cell membrane potential leading
to ATP efflux

Helveticin ]




In this thesis, projects on four different classes of Gram-positive bacteriocins are
presented. Chapter 2 is a structural work on a putative circular bacteriocin. Chapter 3 is a
project on leaderless bacteriocins. Chapter 4 describes the identification and structure of a
two-peptide bacteriocin. And lastly, Chapter 5 presents the characterization of a
biosynthetic enzyme involved in a lantibiotic system. Hence, the succeeding sections of
this chapter will provide a background on the above-mentioned bacteriocin classes in the

same order as the projects are presented in this thesis.



1.2. Circular Bacteriocins

1.2.1. Overview

Circular bacteriocins are characterized by a PTM that releases the leader peptide and
subsequently links the N- and C-termini of the core peptide through a peptide bond. The
sequences and lengths of the leader peptides vary substantially, ranging from 2 to 35
amino acid residues, whereas the core peptides are comprised of 58 to 70 residues.”
Circular bacteriocins are considered as promising alternatives to antimicrobial agents that
are currently used in food and medical industries due to their broad inhibition spectra and
increased stability against proteolysis and temperature/pH induced-denaturation.”>™* They
have been shown to be active against a wide range of organisms that include the
foodborne pathogens Listeria spp. and Clostridium spp.** Circular bacteriocins are mostly
active against Gram-positive organisms, although enterocin AS-48, lactocyclicin Q, and
leucocyclicin Q were also shown to be active against Gram-negative strains, albeit at
higher concentrations.*™* Carnocyclin A, on the other hand, was able to inhibit the
growth of Gram-negative strains that were pre-treated with the metal-chelating
ethylenediaminetetraacetic acid (EDTA), which compromised the cell wall integrity.*

The first member of the circular bacteriocins is enterocin AS-48, identified in
1994.%° Currently, there are 14 known circular bacteriocins that are produced by a variety
of species, and are presented in Table 1.2. The list excludes acidocin B!, which is

described in Chapter 2 of this thesis.



The bacteriocin subtilosin A was initially classified under this class because it also
exhibits N- to C- termini cyclization.”> However, it was later recategorized to a new class
referred to as sactipeptides, which are characterized by the presence of Cys sulfur to a-
53,54

carbon linkages.

Table 1.2. List of circular bacteriocins

Size (a.a)" Year
. . MW . . b
Bacteriocin name vl Producer strain discovered
Leader Bacteriocin (Da)
[Reference]
. Enterococcus
Enterocin AS-48 35 70 7,150 faccalis S-48 1994 [50]
.. Lactobacillus
Gassericin A 33 58 5,654 casseri LA30 1998 [55]
Butyrivibriocin Butyrivibrio
AR10 22 >3 3,982 fibrisolvens AR10 2003 [56]
Clostridium
Circularin A 3 69 6,771  beijerinckii ATCC 2003 [57]
25752
. Streptococcus
Uberolysin 6 70 7,048 uberis 42 2007 [58]
Carnobacterium
Carnocyclin A 4 60 5,862  maltaromaticum 2008 [59]
UAL307
Lactocyclicin Q 2 61 6,060 Lactococcus sp. 2009 [46]
QU 12
.. Lactococcus
Garvicin ML 3 69 6,007 garvieae DCC43 2011 [60]
Leuconostoc
Leucocyclicin Q 2 61 6,115  mesenteroides 2011 [47]
TK41401
Bacillus
Amylocyclicin 48 64 6,382  amyloliquefaciens 2014 [61]
FZB42
Aureocyclicin a Staphylococcus
4185° 4 60 3,607 aureus 4185 2014 [62]
Enterocin Enterococcus
NKR-5-3B 23 64 6,317 faecium NKR-5-3 2015 [63]
Pneumocyclicin® 34 64 61560 Sireptococcus 2015 [64]
pneumoniae
Pumilarin 38 70 7,083  Bacillus pumilus 2017 [65]

?a.a., number of amino acid residues

® Y ear during which the peptide was confirmed to be a circular bacteriocin.

 Genetic and in silico analysis were done. The mature peptide has not yet been isolated.

4 Calculated based on amino acid sequence minus 18 Da due to loss of water during N- to termini C-
cyclization.
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1.2.2. Biosynthesis

The biosynthetic gene clusters of circular bacteriocins consist of a minimum of 5 to
7 genes that are required for production and immunity. These include genes that encode
the bacteriocin precursor peptide (e.g. AS-48A for enterocin AS-48), an immunity protein
(e.g. AS-48D,), an ATPase (e.g. AS-48D), a DUF95 membrane protein (e.g. AS-48C),
and one or more unknown hydrophobic proteins (e.g. AS-48B, AS-48C,).* The gene
cluster for enterocin AS-48, the most studied among the circular bacteriocins, is shown in
Figure 1.1. The cluster also contains an accessory operon (as-48EFGH) that forms a
dedicated ATP-binding cassette (ABC) transporter complex that is implicated in
immunity.**®” This operon is, however, not found in other circular bacteriocin gene
clusters except for aureocyclicin 4185, carnocyclin A, circularin A, and garvicin ML
(Table 1.3). A more recent work on the DUF95 membrane protein for the circular
bacteriocin, leucocyclicin Q, indicated that the DUF95 protein serves as an immunity-

associated transporter and secretion-aiding agent.®®

=) ) )

as-48A  as-48B as-48C as-48C, as-48D as-48E  as-48F  as-48G  as-48H

Figure 1.1. Biosynthetic gene cluster of enterocin AS-48.

The minimum set of genes required for production and immunity of enterocin AS-48 is shown in
color. The red (as-484), blue (as-48C), purple (as-48C;), green (as-48D), and yellow (as-48Dj)
genes encode the precursor peptide, a DUF95 membrane protein, an unknown protein, an ATPase,
and an immunity protein, respectively. For the white genes, as-48B encodes a protein with
unknown function; and the accessory operon as-48EFGH encodes an ABC transporter complex.

11



Table 1.3. Gene clusters of known circular bacteriocins

Bacteriocin name Gene cluster Reference
Amylocyclicin acnBACDEF [61]
Aureocyclicin 4185 acIXBITCDAFGH [62]
Butyrivibriocin AR10  bviBCDAE [56]
Carnocyclin A ccIBITCDAEFGH [69]
Circularin A cirABCDEGHI [70]
Enterocin AS-48 as-48ABCC;:DD:EFGH [66]
Enterocin NKR-5-3B enkB1234 (enkABCDE) [71]
Garvicin ML garXABCDEFGH [72]
Gassericin A gaaBCADITE [73]
Lactocyclicin Q unknown N/A
Leucocyclicin Q lycRABCD [68]
Pneumocyclicin pcyABCDE [64]
Pumilarin pumABCC:D [65]
Uberolysin ublABCDE [58]

Table 1.3 lists the gene clusters of known circular bacteriocins. The gene clusters
share substantial similarities suggesting that the mechanism by which these bacteriocins
are biosynthesized may be similar as well. However, despite the various gene cluster
functional analyses, the detailed mechanism by which the core peptide is cyclized and the

leader peptide is cleaved remains to be determined.

1.2.3. Three-dimensional structures

The NMR solution structures of enterocin AS-48"* (70 residues), carnocyclin A™
(60 residues), and enterocin NRK-5-3B% (64 residues) have been elucidated (Figure 1.2).
Enterocin AS-48 is comprised of five amphipathic a-helices, while carnocyclin A and
enterocin NKR-5-3B both contain four amphipathic a-helices. These helices are folded
such that majority of the hydrophobic residues are buried at the core, while cationic
residues are exposed on the surface. Despite the extra a-helix in enterocin AS-48, a

common saposin-like fold is shared among the three peptides. Saposins are proteins

12



produced in humans that are associated in glycosphingolipid catabolism and are known to
bind to lipids.”® Their characteristic structural motif is composed of 4 to 5 adjacent o-
helices that are folded into two leafs.”” The saposin-like structural motif observed in
enterocin AS-48, carnocyclin A, and enterocin NKR-5-3B was proposed to be conserved
among all other circular bacteriocins.” The cyclization of their termini and the compact
folding of their structures are suggested to impart the superior thermal, pH, and proteolytic

stability of circular bacteriocins.*’

%,

Enterocin AS-48 Carnocyclin A Enterocin NRK-5-3B
(PDB: 1EB8) (FDB: 2KJF) (PDB: 2MP8)

Figure 1.2. NMR solution structures of circular bacteriocins
enterocin AS-48, carnocyclin A, and enterocin NKR-5-3B.

A rainbow color scheme is used with the N-terminus of the core peptide shown in blue, and the C-
terminus shown in red. The site of cyclization is indicated by a gap between the N- and C- termini
that is located within the C-terminal a-helix.

1.2.4. Mode of action

The conserved structural motif of circular bacteriocins suggests that they may
operate via a common mode of action. Moreover, the highly cationic nature of these
peptides implies that they initially interact with anionic bacterial membranes through

electrostatic interactions. Detailed mode of action studies, however, indicate that target
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cells are killed by various circular bacteriocins via different mechanisms. For enterocin
AS-48, studies showed that it could form non-selective pores that cause the leakage of
ions and low molecular weight substances.”® X-ray crystallography, molecular dynamics,
and sedimentation equilibrium experiments further indicated that enterocin AS-48 forms a
dimer at pH 4.5 to 8.5, and transforms from a water-soluble to a membrane-bound
conformation, wherein hydrophobic patches that are originally hidden become exposed in
order to interact with the target membrane.””®* Carnocyclin A was also reported to exhibit
the ability to form pores, however, the pores it creates particularly cause leakage of
anions.®! Gassericin A, on the other hand, was demonstrated to cause potassium ion
efflux.® All of these early studies suggest that a target receptor is not required for activity.
More recent work on garvicin ML also demonstrated nonspecific activity, but only at a
concentration substantially higher than what is required for in vivo activity (the same
concentration range used for the mode of action studies on enterocin AS-48, carnocyclin
A, and gassericin A). At a lower concentration, it was shown that garvicin ML, in fact,
recognizes a maltose ABC transporter complex as the target receptor, and docking into
this receptor increases the target strain’s sensitivity to garvicin ML.*> The receptor was
identified through generation of garvicin ML-resistant mutants and sequencing their
genomes, wherein a deletion of the genes associated to the maltose ABC transporter
(malEFG) was detected among all mutants, and reintroduction of the said genes restored

sensitivity towards garvicin ML.

14



1.3. Leaderless Bacteriocins

1.3.1. Overview

In contrast to other bacteriocin classes, leaderless bacteriocins are synthesized
without an N-terminal leader peptide and do not undergo any PTMs. Furthermore, most
members of the group have a formylated N-terminal methionine, which is normally
cleaved by peptide deformylases and methionine aminopeptidases during protein
synthesis.***® Enterocin L50A (EntL50A) and L50B (EntL50B) from Enterococcus
faecium 150 were the first members of this class.®” Since then, several other leaderless
bacteriocins were discovered (Table 1.4). The production of a particular type of leaderless
bacteriocin is usually not isolated to a specific species or strain. For instance, EntL50A
and EntL50B have been isolated from various other Enterococcus spp., including the most
recently reported Enterococcus durans 61A.* Unlike their original discovery where the
isolated peptides were not formylated, E. durans 61A produces both formylated and
nonformylated EntL50A and EntL50B. The formylation of EntL50A and EntL50B
increased their activity by 8- and 2-fold, respectively.® Previous reports demonstrated that
some two-component leaderless bacteriocins show synergistic activity (e.g. EntL50A and
EntL50B), while others do not (e.g. weissellicin Y and M).*"* Interestingly, three- and
four-peptide bacteriocin systems (e.g. aureocin A70) have also been identified in this
class. These multiple-component bacteriocins require the presence of all individual
peptides to exhibit full activity against a broad spectrum of organisms.”*”!

The laterosporulins represent another emerging group of broad-spectrum

bacteriocins that are also produced without a leader peptide sequence, but unlike the
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leaderless bacteriocins listed in Table 1.4, these peptides contain disulfide bridges. In
addition, the N-terminal methionine residue is cleaved off during their maturation.
Currently, there are two peptides belonging to this group, namely laterosporulin® and

laterosporulin10”®, which are both produced by Brevibacillus spp.
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Table 1.4. List of unmodified leaderless bacteriocins

. Size MW?* . . Year b
Bacteriocin name ) (Da) Producer strain(s) discovered
[Reference]
Enterocin L50
EntL50A 44 5,190 Enterococcus faecium L50 1998 [87]
EntL50B 43 5,178
Enterocin Q 34 3,980 ()¢ E. faecium L50 2000 [94]
Aureocin A70
AurA 31 2,924 Staphylococcus aureus A70 2001 [91]
AurB 30 2,797
AurC 31 2,955
AurD 31 3,087
Aureocin A53 51 6,013 (f) S. aureus AS53 2002 [95]
Enterocin EJ97 44 5,328 Enterococcus faecalis EJ97 2003 [96]
t:g::r(;ng;l;?}?i]g) 30 3,410° Lactococcus lactis BGMN1-5 2003 [97]
BHT-B 44 5,195 (f) Streptococcus rattus BHT 2005 [98]
“Enterocin MR10A/ 44 5,200 (1) E. faecalis MRR 10-3/ 2006 [99]/
Enterocin 7A/ E. faecalis 710C/ 2011 [100)/
Enterocin DD14A E. faecalis 14 2017 [101]
Enterocin MR10B/ 43 5,207 ()
Enterocin 7B/
Enterocin DD14B
Lacticin Q 53 5,927 (f) L. lactis QU 5 2007 [102]
Lacticin Z 53 5,969 (f) L. lactis QU 14 2007 [103]
Weissellicin Y 42 4,925 () Weissella hellenica QU 13 2012 [89]
Weissellicin M 43 4,967 (f)
Epidermicin NI01 51 6,075 (f) Staphylococcus epidermidis 224 2012 [104]
Enterocin K1 37 45654 E. faecium E1630 2014 [105]
Garvicin KS
GakA 34 3,479() Lactococcus garvieae KS1546 2016 [90]
GakB 34 3,187 (1)
GakC 32 3,126 (1)
ICereucin V Bacillus cereus VD148
CevA 30 2,975 2016 [90]
CevB 30 2,828
CevC 31 3,113
'Cereucin H
CehA 26 2,847 B. cereus HuA2-4 2016 [90]
CehB 30 3,141
CehC 30 2,838
CehD 30 2,989
ICereucin X
CexA 27 2,943 B. cereus BAG1X1-1 2016 [90]
CexB 29 3,136
CexC 30 2,796
Dur 152A 44 5,226 Enterococcus durans 152 2017 [106]
Lactolisterin BU 43 5,161 L. lactis subsp. lactis by. 2017 [107]

diacetylactis BGBU1-4

* Molecular weights (MW) are the experimental values detected, unless otherwise indicated.

® Year during which the peptide was confirmed to be a leaderless bacteriocin.

¢ (f), formylated N-terminal methionine

9 MW was calculated from the primary sequence.

¢ Identical peptides were given different names.

" Identified through genome mining and consequently chemically synthesized to confirm activity.



1.3.2. Biosynthesis

The gene clusters of several leaderless bacteriocins have already been identified,
including those of enterocin L50%, aureocin A7091, enterocin EJ9796, BHT-B98, enterocin
Q' aureocin A53 (AucA)'”, epidermicin NI0O1'™, and lacticin Q (LnqQ)''’. The gene
clusters of LnqQ and AucA, which are the peptides that were studied in Chapter 3 of this
thesis, are presented herein.

Production of LnqQ requires the biosynthetic gene cluster lngROBCDEF (Figure
1.3)."° The ABC transporter LnqEF, which exports the bacteriocin from the cell, was
identified to be essential for immunity. In addition to LnqEF, full immunity was attained
in the presence of LngBCD. Based on sequence homology through BLAST search, LngB
is a putative ABC transporter permease, while LnqC and LngD are putative membrane
proteins.''® More recently, LnqR was confirmed to be a transcriptional regulator that

positively regulates production of LnqQ in a temperature-dependent manner.'"'

) ) ) e =)

IngR IngQ IngB IngC IngD Inge IngF

Figure 1.3. Biosynthetic gene cluster of lacticin Q.

The gene /ngR shown in brown encodes a transcriptional regulator; ngQ in red is the structural
bacteriocin gene; [ngB in orange encodes a putative ABC transporter permease; /ngC and IngD in
white are putative membrane protein genes; and /ngE and [ngF in green encode an ABC
transporter complex.

The biosynthetic gene cluster proven to be responsible for AucA production and
immunity is shown in Figure 1.4.'%” A three-component dedicated ABC transporter

(AucEFG) was shown to be critical for immunity, and the presence of two putative
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membrane proteins, AuclA and AuclA, further increased resistance towards AucA. An
unidentified gene (orf) encodes a putative membrane protein that was experimentally

proven to be essential for bacteriocin secretion.'®

— = Y - m— —

orf aucA auclA auclB auck aucF aucG

Figure 1.4. Biosynthetic gene cluster of aureocin AS3.

The gene aucA shown in red is the structural bacteriocin gene; auclA and auclB in white encode
unidentified proteins that play a role in immunity; aucEFG in green encode a putative ABC
transporter; and the gene labelled as orf encodes for an unknown membrane protein that is
suggested to be important in AucA secretion.

1.3.3. Three-dimensional structures

The three-dimensional (3D) structures of five leaderless bacteriocins have been
elucidated thus far (Figure 1.5). These include the two-component bacteriocin system,
enterocin 7, that is comprised of enterocin 7A (Ent7A; 44 residues) and 7B (Ent7B; 43
residues).'”'"? The NMR solution structures of Ent7A and Ent7B consist of amphipathic
a-helices that are folded to resemble the saposin-like motif observed in circular
bacteriocins.!'*'"® Like the circular bacteriocins, Ent7A and Ent7B have broad inhibition
spectra. In contrast, the NMR solution structures of the leaderless bacteriocins, lactococcal
small bacteriocin B (LsbB; 30 residues) and enterocin K1 (EntK1; 37 residues), are
completely different from those of Ent7A and Ent7B (Figure 1.5). LsbB and EntK1 are
both composed of an amphipathic a-helical N-terminus and an unstructured C-terminus.'®
LsbB and EntK1 also differ from Ent7A and Ent7B in terms of activity, since LsbB and

EntK1 have narrower inhibition spectra.””'*>!''* Moreover, circular dichroism (CD) data
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showed that Ent7A and Ent7B are structured in water, whereas LsbB and EntK1 only
assume a certain degree of helicity in structure-inducing conditions (i.e. with

trifluoroethanol or dodecylphosphocholine).'®>''>!!*

&3

Enterocin TA Enterocin 7B
(PDB: 2M5Z) (PDB: 2M60)
%
v
5 C—\
% J
/ .
oM
’ - b Laterosporulin
LsbB Enterocin K1 (PDB: 40ZK)
(PDB: 2MLV) (FDB: 5L82)

Figure 1.5. NMR solution structures of leaderless bacteriocins enterocin 7A,
enterocin 7B, LsbB, and enterocin K1; and X-ray crystal structure of laterosporulin.

A rainbow color scheme is used with the N-terminus shown in blue, and the C-terminus
shown in red. Disulfide bridges in laterosporulin are shown in gray spheres.

Lastly, the 3D structure of laterosporulin was solved by X-ray crystallography
revealing that laterosporulin adopts a very different structure relative to the
aforementioned leaderless bacteriocins.'””> Laterosporulin contains four B-strands that
assume a twisted [B-sheet conformation with 3 disulfide crosslinks. The overall

architecture appears to resemble those of the mammalian B-defensins, an unprecedented
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motif in bacteriocins.''> Given the striking differences among the properties and structures
of Ent7A, Ent7B, LsbB, EntK1, and laterosporulin, it may be assumed that leaderless
bacteriocins can be subdivided into three subgroups, namely (1) saposin-like peptides, (2)

LsbB-like peptides, and the (3) laterosporulins.

1.3.4. Mode of action

The most studied leaderless bacteriocins in terms of mode of action are AucA and
LngQ. A description of their modes of action is presented in Chapter 3. In general, both
peptides have been suggested to permeate target membranes without docking into any
receptor, and consequently allow efflux of vital metabolites.''®"'® The same general
mechanism has been proposed for lacticin Z'*, epidermicin N101'*, and BHT-B*®.

On the other hand, LsbB and EntK1 were both demonstrated to interact with a Zn-
dependent membrane metallopeptidase via the flexible C-terminus of both
bacteriocins.'”"*!"? The same receptor was shown to be the target of another LsbB-like
leaderless bacteriocin, named enterocin EJ97.'"* More recently, it was revealed through
site-directed mutagenesis that Trp25 and Ala30 of LsbB are the critical residues for
activity, and that these residues specifically interact with the third transmembrane helix of
the receptor.'?’ Further details on the subsequent processes after receptor docking have yet
to be investigated. Similarly, much has to be learned on the mode of action of
laterosporulin, although it has been demonstrated to compromise membrane integrity and

reduce ATP levels in sensitive strains.”
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1.4. Two-Peptide Bacteriocins

1.4.1. Overview

Two-peptide bacteriocins are comprised of two different unmodified peptides that
exhibit optimal potency in the presence of equimolar amounts of both peptides.'?! Their
structural genes are situated next to each other in the same operon, and the encoded
precursor peptides contain double glycine (GG)-type N-terminal leaders of 15 to 30 amino
acid residues in length. The leader peptide is cleaved at the C-terminus of the second
glycine residue by a specific ABC transporter that subsequently extrudes the mature
peptide across the cell membrane.'?! Two-peptide bacteriocins are also characterized by
the presence of GXXXG (where X can be any other amino acid) and GXXXG-like motifs
(where Gly is replaced by either Ala or Ser) that are known to be involved in helix-helix
interactions in membrane proteins.'**'** Altogether, two-peptide bacteriocins differ from
two-component bacteriocins that belong to other classes (e.g. two-component leaderless
bacteriocins, two-component lantibiotics) in terms of the presence of leader peptides,
unmodified core peptides, and GXXXG motifs that serve as dimerization interface.

The first bacteriocin of this group, lactococcin G (LenG), was discovered in 1992.'%
Since then, at least 18 additional members have been identified (Table 1.5), most of which
are produced by lactobacilli. The other producer strains belong to the genera Lactococcus,
Brochothrix, Enterococcus, and Streptococcus. Other two-peptide bacteriocins that have

only been partially characterized, such as leucocin H'”, lactococcin MN'?®, and

lactococcin MMT24127, are not included in Table 1.5.
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Table 1.5. List of unmodified two-peptide bacteriocins

Bacteriocin name Size Mw Producer strain Year discovered
(a.a.) (Da) [Reference(s)]

Lactococcin G tiggg gg ﬁ‘l}g i‘;{éozcg‘éclus lactis 1992 [124]
Lactacin X 45 amse  vemiss 19930128
Plantaricin S g%zg ;Z ﬁg?ﬁ f‘;ggi’gdnus plantarum 44451199 130]
Thermophilin 13 ?}:23 2: 31318 ff?cﬁ%%?zi[ifSFilS 1997 [131]
BrochoeinC  ph i3 joss  ATCayse . 19980132
Plantaricin EF glnneEl:: gi g:;gg L. plantarum C11 1998 [133]
Plantaricin JK E%E{( ;2 g:ggg L. plantarum C11 1998 [133]
Enterocin 1071 EEE; gg g:ggg g;;erl%cé’fcusf aecalis 2000 [134]
Lactocin 705 ;82%‘ gg g:%g é‘ﬁt%‘gﬂ”"s casei 2000 [135]
Mutacin IV Eiﬁg zg 2251;;23 fﬁ:ﬁ%’wccus mutans 2001 [136]
e e U5 A0 Lo, e
Plantaricin NC8 giﬁggg ;Z i:(S)gZ) L. plantarum NC8 2003 [138]
Lactococcin Q tiggg gg i:g?g L. lactis QU 4 2006 [139]
Salivaricin P 32% 32 i:gz; L. salivarius DPC6005 2007 [140]
Enterocin C EEEE; gg 3:52;247} E. faecalis C901 2009 [141]
Enterocin X ig ;“7) i:gég i%t_eggc"““s faecium 2010 [142]
Salivaricin T gggg g; g:gzg L. salivarius DPC6488 2011 [143]
Brevicin 174A 1;322 gg g:;gg Lactobacillus brevis 174A 2015 [144]
T AR T
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Two-peptide bacteriocins act as one unit. In certain cases, the antimicrobial activity
is only observed when the two component peptides are used in combination (e.g.
LenG'). In other instances, the individual peptides are active by themselves, although
optimal activity is achieved in the presence of both peptides (e.g. thermophilin 13""). It
has also been demonstrated that individual peptides from one bacteriocin unit can be
combined with the complementary peptide from another homologous two-peptide
bacteriocin.'*® A number of two-peptide bacteriocins are only active against a closely

related species, while others can kill a wide array of organisms.*'*!

1.4.2. Biosynthesis

Several of the two-peptide bacteriocins listed in Table 1.5 have been genetically
characterized. It has been recognized that at least five genes are necessary for production
and immunity of two-peptide bacteriocins. These include genes encoding the two
precursor peptides (e.g. lagA and lagB for LcnG), an immunity protein (e.g. lag(), a
dedicated ABC transporter (e.g. lagD), and an accessory protein that might be associated

147

with immunity and/or secretion of the bacteriocin (e.g. lagFE). "' As an example, the gene

cluster of LenG, the founding member of this class, is shown in Figure 1.6."

= ) 3 >

lagA lagB lagD lage

Figure 1.6. Biosynthetic gene cluster of lactococcin G.
The genes lagAB shown in red are the two structural bacteriocin genes; lagC in yellow encodes an

immunity protein; lagD in green encodes an ABC transporter; and lagE in white encodes a
putative secretion protein.
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The structural genes in all of the two-peptide bacteriocins identified so far are
always located next to each other in the same operon, suggesting that they are always
produced in equal quantities.'*' After ribosomal synthesis of the precursor peptides, the
leader peptide is cleaved and the core peptide is exported by the dedicated ABC
transporter. The ABC transporter contains an additional peptidase domain of ~150 amino
acid residues at its N-terminus that is normally not present in other ABC transporters. This
N-terminal extension recognizes and cuts the leader peptide at the C-terminal side of the
GG-motif."*® The ABC transporter then releases the cleaved peptide across the cell
membrane, while the immunity protein prevents re-entry of the bacteriocin to protect the
producer from its own bacteriocin.'*¢4%1%

Bacteriocin production of two-peptide systems is sometimes transcriptionally
regulated by a three-component regulatory system comprised of an induction factor
(peptide pheromone), a membrane-associated histidine kinase, and a response regulator.'”!
The induction factor binds to the kinase, thereby initiating the phosphorylation of the
intracellular response regulator, which consequently activates the operon for bacteriocin
biosynthesis."*' For instance, plantaricin A was discovered to be the induction factor of the

two-peptide bacteriocins, plantaricin EF (PInEF) and plantaricin JK (PInJK), that are both

produced by Lactobacillus plantarum C11."%*

1.4.3. Three-dimensional structures
The 3D NMR solution structures of LenG'™>, PInEF'**, and PInJK'> (Figure 1.7)
have been solved in structure-inducing solvents or membrane-mimicking conditions. CD

studies showed that all these peptides are unstructured in aqueous conditions, but become
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helical in the presence of trifluoroethanol or dodecylphosphocholine micelles.'*>™">” The
structures of LcnGa of LenG, PInE of PInEF, and PlnJ of PInJK appear to be similar, all of
which are comprised of two distinct hydrophobic or amphipathic helices that are separated
by a short loop. On the other hand, LcnGp, PInF, and PInK have similar structures that are
comprised of an extended amphipathic a-helix, although a central kink is observed in the

structure of LenGp.
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Figure 1.7. NMR solution structures of two-peptide bacteriocins
lactococcin G (LenGa and LenGp), plantaricin EF (PInE and PlnF),
and plantaricin JK (PInJ and PInK).

Residues involved in the GXXXG (or GXXXG-like) motifs are labelled and highlighted in green.
For PInE and LenGa, additional GXXXG motifs that are considered to be critical for activity are
highlighted in red. The N- and C-termini of the peptides are indicated.

An increase in structural content was previously observed when complementary

peptides were mixed and exposed to liposomes, implicating that a membrane-mimicking
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environment allows complementary peptides to interact.'>'>’ However, exposure to
micelles did not result in any additional structuring of the combined peptides, suggesting
that a reasonably flat surface, as in the case of liposomes and bicelles, is required to
mediate the interaction.'”’ The GXXXG and GXXXG-like motifs on both peptide
components are specifically postulated to facilitate the mentioned interaction. The
Gly/Ala/Ser residues of this motif are located on the same side of the a-helix providing a
flat surface for inter-helical contacts to form transmembrane-like helix-helix structures

122123158 The structural and functional

that penetrate target bacterial membranes.
importance of the GXXXG and GXXXG-like motifs have been demonstrated through
mutational analysis in various two-peptide bacteriocins including LenG'™, PInJK'™,
PlnEF160, PlnSm, and brevicin 174A'**. Molecular dynamic simulations were also used to
dissect the importance of these residues for membrane disruption in PInS'®' and
PInEE'6%:162

A structural model (Figure 1.8) has been proposed for LenG based on the elucidated
3D structures of the a and B peptides, and the site-directed mutagenesis studies that probed
the importance of the GXXXG motifs and Trp residues in LenG.">*"%!'% The model
suggests that the a and B peptides are situated parallel to each other, with the G7XXXGy;
motif of LenGa interacting with G3XXXGy, of LenGp. Furthermore, the authors
proposed that the helix-helix interaction would turn the segments that contain the GXXXG
motifs into well-defined helices, in contrast to the elucidated structures where these

segments appear to be disrupted (Figure 1.7). It was postulated that the highly cationic C-

terminus of LenGo would facilitate the insertion of the complex across the membrane,

27



while the Trp-rich N-terminus of LenGB would be located at the outer membrane
interface.'”!
N-terminal

tryptophan residues
(LenGB)

[ GO IARBIB IR

interaction between
GXXXG motifs

cell membrane =

- I QRREEaBeEet

inside the cell ]

positively-charged
C-terminal residues
(LenGay)

Figure 1.8. Proposed structural model of lactococcin G (LenGa-LenGp) dimer.'”!

The G;XXXGy; motif of LenGa interacts with G1gXXXG,; of LenGp (shown in cyan). The highly
cationic C-terminus of LcnGa (shown in blue) facilitates insertion of the complex through the
membrane, while the Trp-rich N-terminus of LenGp (shown in orange) is anchored at the outer
membrane interface. Cell membrane phospholipid head groups are represented by gray spheres.

On the contrary, a different model was proposed for the PInEF dimer (Figure 1.9)
that was derived from molecular dynamics experiments coupled with mutational analysis
of the GXXXG (and GXXXG-like) motifs and aromatic residues. In this model, PInE and

PInF are oriented antiparallel to each other, with GsXXXGg of PInE interacting with
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SHeXXXG3g of PInF.'*® The helix-helix interaction resulted in increased structuring at the

N-terminus of PInE, which was initially unstructured based on the 3D structure that was

published earlier (Figure 1.7)."**

PInE D17

PInF K15

PInF D22

PInF W23 PInE R13

PInF 526 PInE G9

PINFG30 ____§ PInE G5
PINEY6

Figure 1.9. Proposed structural model of plantaricin EF (PInEF) dimer.
(Adapted from Ekblad ef al., 2016)160 The GsXXXGy motif of PInE interacts with S;cXXXGs3q
(GXXXG-like motif) of PInF (shown in cyan). Other residues that were determined to be

important in forming the dimer are shown in pink using stick representation. Cell membrane
phospholipid head groups are represented by gray spheres.

The PInEF dimer is further stabilized by electrostatic interactions between Aspl7 and
Argl3 of PInE with Lys15 and Asp22 of PInF, respectively (Figure 1.9). Other residues
that were shown to be important for facilitating this interaction are the aromatic amino

acids, Trp23 of PInF and Tyr6 of PInE (Figure 1.9).'
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1.4.4. Mode of action

Investigations on the mode of action of various two-peptide bacteriocins including
LenG'o+16 , PlnEF166’167, PanK166’168, lactacin F169, thermophilin 13" 1, and lactocin
705"%!"! have shown that all these peptides induce cell death by causing pore formation
and subsequent membrane leakage of ions. The nature of these ions varies depending on
the specific bacteriocin. LcnG allows efflux of monovalent cations (e.g. Na", K", Li', Cs’,
Rb", and choline), but not H', divalent cations (e.g. Mg’"), and anions (e.g.
phosphates).'**'® PInEF and PInJK, on the other hand, leak monovalent ions, including
H'. Moreover, it was determined that PInEF conducts cations at a higher efficiency than
PInJK, while PInJK conducts anions more efficiently than PInEF.'®® Lactacin F and
lactocin 705 were both able to cause leakage of K and phosphate.'®®'”® Thermophilin 13,
on the other hand, was demonstrated to compromise membrane electrical potential and pH
gradient, although the specific molecules that leak out through the membrane have not yet
been identified."

With the advancement of next-generation sequencing technology, mode of action
research has been recently directed towards receptor identification through generation of
resistant mutants and sequencing of the entire genomes. Upon comparison of the genome
sequence with the wild-type organism, mutated genes encoding membrane-bound proteins
may serve as candidate receptors, since their mutation may have possibly led to resistance.
The putative bacteriocin receptors are then further evaluated through various approaches,
including the heterologous expression of the gene in a bacteriocin-insensitive host and
monitoring whether the incorporation of the gene confers sensitivity towards the

bacteriocin.'” The first receptor identified via this approach or a related procedure was
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reported in 2012. It was the maltose ABC transporter, which serves as the receptor of the
circular bacteriocin garvicin ML.¥> A year later, a membrane-associated zinc-dependent
metallopeptidase was determined to serve as receptor of the leaderless bacteriocin
LsbB.'""” More recently, receptors of various two-peptide bacteriocins were uncovered.
These include the membrane-embedded undecaprenyl pyrophosphate phosphatase (UppP),
which was identified by genome sequencing of resistant mutants and confirmed via
heterologous expression to be the receptor of LenG and enterocin 1071.'7 It was further
suggested that a closely related two-peptide bacteriocin, lactococcin Q, also recognizes the
same receptor. UppP is involved in cell wall synthesis, particularly in catalyzing the
dephosphorylation of undecaprenyl pyrophosphate to undecaprenyl phosphate.'” For
another two-peptide bacteriocin, PInJK, a different receptor was identified. A membrane-
bound amino acid-polyamine-organocation transporter was pointed out as its putative
receptor based on genome sequences of PInJK-resistant mutants. However, heterologous
expression or in vitro expression of the gene encoding this transporter still has to be
pursued to prove its function.'” In the same study, the generated PInJK-resistant mutants
were found to be sensitive towards PInEF, signifying that the receptor for PInJK is not the
same for PInEF. This result corroborates with earlier studies, which showed that PInJK
causes efflux of anions more efficiently, while PInEF prefers cations.'®*!'”> More recently,
a 3D structural model of the PInJK putative receptor was obtained through template-based
modeling.'® In this study, the mutational hotspot regions were found to be localized at the
C-terminus involving transmembrane helices 10 to 12 of the transporter, representing the

potential docking site for PInJK.
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1.5. Lanthipeptides

1.5.1. Overview

Lanthipeptides comprise a diverse and large family of ribosomally synthesized
peptides that undergo extensive PTMs, specifically characterized by the presence of
lanthionine (Lan) and methyllanthionine (MeLan) residues.”'’® On the basis of identified
gene clusters in the genome database, lanthipeptides are considered the largest group of
ribosomally synthesized and post-translationally modified peptides.'””'®" They are
produced by several genera under the phyla firmicutes, actinobacteria, proteobacteria,

bacteroidetes, and cyanobacteria.!”’'**!%

Lanthipeptides have diverse biological
activities, and those with antibacterial effects are specifically referred to as “lantibiotics™.
Other lanthipeptides serve as antiviral'™, antifungal'®®,  antinociceptive'*®,

187188 and antiallodynic'™® agents.

morphogenetic

Lan and MeLan residues are formed through enzyme-catalyzed dehydration and
cyclization reactions. Ser and Thr residues are initially dehydrated to produce 2,3-
dehydroalanine (Dha) and 2,3-dehydrobutyrine (Dhb), respectively. The dehydrated
residue is subsequently attacked by a nearby cysteinyl thiol group via a Michael-type
addition reaction to form Lan from Dha, and MeLan from Dhb (Figure 1.10). Lan and
MeLan residues have been found to be essential for bioactivity and stability of

lanthipeptides.”'’® In certain cases, some of the Dha and Dhb residues are not modified

further and are found in the mature peptides.
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Figure 1.10. Formation of DL-lanthionine and DL-methyllanthionine residues.

The LL-stereoisomers have also been recently observed. X, = peptide of n amino acids.

The lanthipeptide family also includes variants that contain labionin (Lab) or
methyllabionin (MeLab) residues. To form these functionalities, the Cys thiol group also
attacks a dehydro residue, but instead of protonating the resulting enolate to form Lan or
MeLan, the enolate subsequently attacks another dehydro residue to produce a carbon-
carbon linkage (Figure 1.11)."®" Lab formation involves one Cys and two Dha residues,
while MeLab synthesis initially utilizes a Cys and Dhb, followed by a second conjugate
addition to a Dha.'®*'® Thus far, there are no examples where the second addition
reaction involves a Dhb. Previously, the stereochemistry of Lan and MeLan residues had
been exclusively assigned as DL-Lan and DL-MeLan. It was only in 2013, when LL-
stereoisomers were first identified in the enterococcal cytolysin'®’, and were consequently
also observed in carnolysin'®'. For labionins, only the LDL-Lab has been observed.'””'®

The stereochemistry of MeLab has not yet been identified.'
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Figure 1.11. Formation of LoL-labionin and methyllabionin residues.

The stereochemistry of methyllabionin has not been identified. X, = peptide of n amino acids.

Apart from Dha, Dhb, Lan, MeLan, Lab, and MeLab, several other unusual amino
acids have been found in lanthipeptides, including D-Ala (Figure 1.12), D-aminobutyrate
(D-Abu) (Figure 1.12), and S-[(Z)-2-aminovinyl]-D-cysteine (AviCys) (Figure 1.13),
among many others."”' " The presence of D-amino acids was first observed in 1994 in
the lantibiotic lactocin S from Lactobacillus sakei 145."* Lactocin S specifically contains
three D-Ala residues. Lacticin 3147, a two-component lantibiotic comprised of Ltna and
Ltnp, was subsequently isolated from L. lactis DPC3147, and was shown to contain one D-
Ala in Ltna, and two D-Ala residues in Ltnp. The LtnJ dehydrogenase of the lacticin 3147
biosynthetic machinery was the first enzyme to be characterized and confirmed as the
enzyme responsible for the installation of D-Ala residues.”*'® “LanJ” has since been
assigned as the generic name for lantibiotic dehydrogenases. LtnJ stereoselectively
reduces Dha to D-Ala, thereby inverting the stereocenter from L-Ser to D-Ala (Figure

1.12). The D-Ala residues were demonstrated to be critical for the bioactivity of lacticin
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3147, since replacing the D-Ala residues with L-Ala or Dha substantially reduced
antimicrobial activity.'** It was further shown that LtnJ reduces Dha but not Dhb.'** Only
recently, a dehydrogenase that can reduce both Dha and Dhb to produce D-Ala and D-Abu,
respectively, was identified (Figures 1.12). The said enzyme is referred to as CrnJ, which
is involved in the biosynthesis of carnolysin, a two-component lantibiotic comprised of
carnolysin Al and A2, from Carnobacterium maltaromaticum C2."' To date, the only
other identified lanthipeptide enzyme that can catalyze the aforementioned
transformations is BsjJ of the two-component lantibiotic, bicereucin (Bsjo and Bsjf), from
Bacillus cereus SJ1."°° More details on these reducing enzymes are discussed in Chapter

5.

N\)J\;é LanB/LanM N f& LanJ H

L-Ser Dha D-Ala

H | LanB/LanM H LanJ H

"1 ) j*

L- Thr D-Aminobutyrate
(D-Abu)

Figure 1.12. LanJ-catalyzed reduction of D-Ala to Dha and pD-Abu to Dhb.

A C-terminal AviCys (Figure 1.13) is another non-canonical amino acid observed in
several lanthipeptides including epidermin, gallidermin, microbisporicin, and mutacin
1140."7 The AviCys residue was first identified in epidermin from S. epidermidis
Tii3298."* Subsequent heterologous expression of the epiD gene confirmed the role of the

EpiD enzyme (generally referred to as “LanD”) in the biosynthesis of the AviCys
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moiety.'”” LanD, with flavin mononucleotide (FMN) as cofactor, catalyzes the leader-
independent oxidative decarboxylation of a C-terminal Cys residue. Results of mutational
analysis'® and the cocrystal of EpiD bound with a peptide substrate'” indicate that the
terminal Cys is first oxidized by the FMN cofactor into a thioaldehyde, and a spontaneous
decarboxylation then occurs to produce a (Z)-enethiolate (Figure 1.13)."”®'° The
nucleophilic sulfur of the enethiolate then attacks the P-carbon of Dha or Dhb, likely

through the catalysis of LanC, to form AviCys or AviMeCys, respectively.'”’

COOH Aminovinylcysteine
(AviCys)

Figure 1.13. LanD-catalyzed formation of aminovinylcysteine.
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1.5.2. Classification based on biosynthetic machinery
Lanthipeptides can be categorized into four classes (Figure 1.14) based on the

biosynthetic machinery involved in their production.

Class |
Dehydratase Cyclase
LanB, LanC ’
Class i
Dehydratase domain J— Cyclase domain

LanM J
Class Il : : : :

Lyase domain Kinase domain Cyclase domain
LanKC J
Class IV _ _ _ _
LanL Lyase domain Kinase domain Cyclase domain

Figure 1.14. Classification of lanthipeptides based on their biosynthetic machinery.

Class I involves a dedicated lanthipeptide dehydratase (LanB) and cyclase (LanC). Class II
systems utilize a bifunctional synthetase (LanM) comprised of an N-terminal dehydratase domain
and a C-terminal cyclase domain. Class III enzymes are labionin synthetases (LanKC) with an N-
terminal lyase domain, central kinase domain, and a C-terminal cyclase domain. Class IV enzymes
(LanL) have homologous domains to those of LanKC except for the cyclase domain. LanKC (class
IIT) lacks the zinc-binding ligands that are conserved in LanC (class I), LanM (class II), and LanL
(class 1V).

Class I lanthipeptides are modified by two separate enzymes. First, LanB
dehydratase converts L-Ser and L-Thr to Dha and Dhb, respectively. This is followed by
LanC cyclase-catalyzed addition of a Cys thiol to the B-carbon of Dha or Dhb.'" For class
IT lanthipeptides, bifunctional synthetases (generically named as LanM) catalyze both the
dehydration and cyclization steps. LanM has an N-terminal dehydratase domain and a C-

terminal LanC-like cyclase domain.'’® The new classes of lanthipeptides, classes III and
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IV, are the peptide variants that exhibit Lab/MeLab residues in addition to Lan/MeLan
residues. Both classes utilize trifunctional synthetases comprised of an N-terminal lyase
domain, a central Ser/Thr kinase domain, and a C-terminal cyclase domain.'® The lyase
and kinase domains are involved in the dehydration step, while the cyclase carries out the
ring closure reaction. The enzymes for class III lanthipeptides are conventionally referred
to as LanKC, while those of the class IV systems are denoted as LanL. LanKC vary from
LanL in the cyclase domain, wherein LanKC does not contain the active site zinc-binding
residues that are observed in LanL cyclases, as well as in LanC and LanM
cyclases, 189200201

To illustrate the genetic determinants for lanthipeptide biosynthesis, the biosynthetic
gene cluster of nisin, a class I lantibiotic from L. lactis, is presented in Figure 1.15. Nisin
is considered the prototype lantibiotic, being the founding member of the family of
lanthipeptides and the most studied lantibiotic to date. As mentioned previously, nisin has
been used as a natural preservative in food and livestock for around 50 years in over 80
countries worldwide.'® 2 In the nisin gene cluster, nis4 encodes the structural bacteriocin
gene, while modifying enzymes are encoded by nisB (dehydratase), nisC (cyclase), and

nisP (serine protease). The gene nisT encodes an ABC transporter, nisRK encode

transcriptional regulators, and genes nis/ and nisFEG are involved in immunity."
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Figure 1.15. Biosynthetic gene cluster of nisin.

The gene nisA shown in red encodes the structural bacteriocin gene; genes in blue are modifying
enzymes, where nisB encodes the dehydratase, nisC encodes the cyclase, and nisP encodes a
serine protease involved in leader peptide cleavage; nisT in green encodes an ABC transporter;
nisRK encode transcriptional regulators; and genes nis/ and nisFEG in yellow are involved in
immunity.

Structural genes for lanthipeptides (e.g. nis4 for nisin) encode precursor peptides
that bear an N-terminal leader peptide. The leader peptide normally functions as the
recognition handle of the biosynthetic enzymes.* It may also be involved in the secretion
of the mature peptide and in conferring immunity to the producer strain against its own
lantibiotic.** Once NisA is synthesized by the ribosome, NisB dehydrates Ser and Thr
residues using glutamyl-tRNA“™ as cosubstrate via a transesterification reaction from
glutamyl-tRNA®" to the Ser/Thr side chain. This is followed by B-elimination to yield the
dehydro residues.’**** The NisC cyclase, with zinc as its cofactor, then catalyzes the
addition of a Cys thiol to the dehydro residue.'”*** Unlike the dehydration step catalyzed
by the class I LanB dehydratases, as exemplified by NisB, the class II LanM dehydratase
domain activates the Ser and Thr residues through phosphorylation with the use of ATP
and Mg®".2*>2% This is then followed by the elimination of the phosphate ester to yield
Dha and Dhb.”**° It has been shown that for most two-component lanthipeptides, two
separate LanM enzymes are required for each of the component peptide. As an example,
for the lantibiotic lacticin 3147, LtnM1 carries out the modifications for Ltno, while
LtnM2 for Ltnp.?*” The enterococcal cytolysin is an exception, since it only utilizes one

CylM synthetase to modify both precursor peptides, CylLs and CylL..*”® As of this
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writing, all the known two-component lanthipeptides are class II lanthipeptides.'”” For the
class III and IV lanthipeptide synthetases, the dehydration occurs in two separate active
sites. Phosphorylation takes place in the central kinase domain, while phosphate

elimination is carried out by the N-terminal lyase domain.'”’

Unlike LanM enzymes that
require ATP for phosphorylation, LanKC enzymes appear to have different nucleotide
specificity, with some enzymes favoring one nucleotide over the others (e.g. LanKC of the
labyrinthopeptin biosynthesis requires GTP or deoxy-GTP**"), while others can utilize any

of the nucleotides (e.g. CurKC of curvopeptin accepts all NTPs/dNTPs*"

). Information
regarding the nucleotide cosubstrate preference of LanL enzymes is not yet known. The
mechanism of the cyclization step, particularly the installation of labionin residues, is also
still unclear.!”’

Once the modifications have been installed, the leader peptide is cleaved off, and the
mature peptide is exported. For nisin, the cleavage and transport are carried out by the
membrane-associated proteins NisP and NisT, respectively.'*?*?'! In certain systems, the
leader peptide cleavage is carried out by a bifunctional ABC transporter/protease.'”’ In
other cases, the removal of the leader peptide is accomplished by an unknown protease

that is not associated with the lanthipeptide gene cluster.”'? The biosynthetic scheme for

nisin is summarized in Figure 1.16.
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Immunity proteins are used to protect the organism from the toxicity of the mature
peptide. There are two general mechanisms by which these proteins operate, both of which
are demonstrated in the nisin biosynthetic machinery. The first approach utilizes the
lipoprotein Nisl, which is located at the extracellular surface and binds to active nisin,
thereby preventing pore formation on the cell membrane.”’> The second means is the

active extrusion of nisin by the ABC transporter NisFEG.*"
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Figure 1.16. Biosynthetic scheme for nisin A maturation.

Dehydro residues are purple. Lanthionine and methyllanthionine rings are indicated in green.
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1.5.3. Mode of action
This section focuses on the antimicrobial activity of lanthipeptides, and only covers
classes I and II lanthipeptides, since none of the reported members of classes III and IV

exhibit antimicrobial activity.'”’

Most lantibiotics elicit their antimicrobial effects by
binding to lipid II, which is a precursor in the biosynthesis of cell wall peptidoglycan. The
NMR solution structure of the nisin-lipid II complex showed that the N-terminal region of
nisin docks to the pyrophosphate moiety of lipid IL>"> The potency of nisin, being active
at the nanomolar range, has been attributed to its ability to inhibit cell wall synthesis by
sequestering lipid II, and the formation of pores on target membranes.”’® It has been
suggested based on fluorescence and circular dichroism experiments that the nisin-lipid II
pore complexes are composed of eight nisin and four lipid II molecules.”’” Another
lantibiotic named mersacidin was shown to target lipid II. Unlike nisin, mersacidin binds
to the disaccharide unit of lipid I1.>'*?*° The two-component lantibiotic, lacticin 3147,
also targets lipid II. In particular, Ltna is suggested to bind to lipid II, sequentially
recruiting LtnP, and the resulting complex then forms pores and causes potassium
efflux.”?' Haloduracin is another two-component lantibiotic that is suggested to have a
similar mode of action to that of lacticin 3147 despite the differences in their structures.***

For other lantibiotics, their ability to form pores is limited by the membrane composition

and thickness of sensitive strains.?**
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1.6. Significance and Overview of Projects

Despite the numerous bacteriocins that have been identified to date, only a few (e.g.
nisin, pediocin PA-1) are currently used commercially.”* From the initial bacteriocin
discovery to reaching commercial applications, several studies have to be done to establish
the properties, safety, efficacy, structure, and modes of action of these antimicrobial
peptides. Elucidation of the structure of antimicrobial peptides is of paramount importance
in acquiring a deeper understanding of their properties and mechanism of action.
Structural information also serves as basis for the rational design of analogues with
improved properties, including solubility, stability, and potency. Biosynthetic enzyme
characterization is an equally important research endeavor, since a detailed understanding
of the mechanism by which enzymes install various modifications in bacteriocins will
provide the basis for bioengineering of bacteriocin variants with better properties.
Altogether, these studies will ultimately guide the optimization of the various applications
of bacteriocins in biotechnology, food and animal feed preservation, and as potential drug
candidates.

The projects in this thesis focused on the characterization of bacteriocins,
particularly on NMR solution structure elucidation of bacteriocins belonging to different
classes, and examining their modes of action through structural analysis. This thesis also
includes work on the investigation of biosynthetic machineries involved in bacteriocin
production.

Chapter 2 describes the isolation, purification, and structural characterization of the
bacteriocin acidocin B (AcdB), which was originally reported to be a linear bacteriocin.”'

Through mass spectrometry, AcdB was shown to be a circular peptide that is one amino
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acid shorter than the earlier report. Its NMR solution structure was solved, and is reported
as the first representative structure for its subclass. The gene cluster associated with the
biosynthesis of AcdB was also sequenced and characterized.

Chapter 3 deals with the heterologous expression of leaderless bacteriocins, lacticin
Q and aureocin A53, and the subsequent elucidation of their NMR solution structures.”?’
The calculated structures resemble the saposin-like fold observed in circular bacteriocins,
and homology modeling suggests that the motif is conserved among many other broad-
spectrum leaderless bacteriocins. Activity assays showed that despite having a similar
overall fold, there are some deviations in their modes of action.

Chapter 4 describes the identification and structure of a two-peptide bacteriocin,
carnobacteriocin XY (CbnXY).”® CbnX was previously reported to be a single-peptide
bacteriocin, but sequence analysis and synergy assay demonstrated that it comprises a
two-peptide system, with CbnY as its partner. CbnXY is the first two-peptide bacteriocin
reported in carnobacteria. The NMR solution structures of both CbnX and CbnY were
elucidated. Binding assays showed that CbnX and CbnY do not directly interact
suggesting that a receptor is required to mediate interaction.

Chapter 5 discusses the investigation of the putative reductase, Pnel, of the two-
component lantibiotic pneumococcin, comprised of PneAl and PneA2. Attempts to
heterologously express the precursor peptides, PneAl and PneA2, are described. PneJ was
successfully expressed as a stand-alone enzyme for future in vitro assays and

crystallographic trials.
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Chapter 6 presents a summary and the conclusions of the different projects described
in Chapters 2 to 5. Lastly, Chapter 7 contains the materials and methods for these research

projects.
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Chapter 2

Solution Structure of the Circular Bacteriocin Acidocin B

2.1. Project Background

2.1.1. Classification of circular bacteriocins

Circular bacteriocins are categorized into two distinct subgroups that are mainly
distinguished by their isoelectric point (pI). The pl values of subgroup I circular
bacteriocins are ~10, while those of subgroup II range from 4 to 7. The majority of known
circular bacteriocins belong to subgroup I, and only two peptides are classified under
subgroup II, namely gassericin A and butyrivibriocin AR10. As discussed in Chapter 1,
the solution structures of enterocin AS-48, carnocyclin A, and enterocin NKR-5-3B have
been solved.”’*" These three peptides belong to subgroup I, and there are no 3D

structures reported for any member of the subgroup II prior to this work.

2.1.2. Acidocin B

Acidocin B (AcdB) is encoded by plasmid pCV461 from Lactobacillus
acidophilus M46.7*"**® Unlike most bacteriocins, which are usually more active against
species that are closely related to the producer of the bacteriocin, AcdB is more potent
against Clostridium spp. than lactic acid bacteria.”*’ Moreover, AcdB was shown to inhibit
a broad range of Gram-positive bacteria including Listeria monocytogenes 1.2,

Clostridium sporogenes C22/10, and Brochothrix thermosphacta 39.**° Previously, it was
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reported that the 91-mer precursor peptide of AcdB undergoes leader peptide cleavage to

release a 59-mer active, linear bacteriocin.??’

However, the subsequent discovery of the
circular bacteriocin from Lactobacillus gasseri LA39 named gassericin A”°, to which
AcdB shares 98% amino acid sequence identity with, led us to postulate that AcdB is in
fact a circular peptide containing 58 residues instead of 59. In addition, previous attempts
to determine the N-terminal amino acid residue of AcdB by Edman degradation were
unsuccessful, further indicating that the N-terminal residue of the core peptide is blocked
and may be involved in a peptide bond, likely with the C-terminal amino acid residue.?”’

AcdB was also shown to be highly stable at extreme pH and temperature conditions,

which are typical properties of circular peptides.”?

2.1.3. Objectives

This project aimed to confirm the circular nature of AcdB by mass spectrometry,
and demonstrate that the mature peptide is composed of 58 amino acid residues instead of
59. Project goals also included the elucidation of the 3D solution structure of AcdB by
NMR analysis, and homology modeling of other subgroup II circular bacteriocins based
on the AcdB structure. The identification of putative members of subgroup II circular
bacteriocins and construction of a phylogenetic tree are also described herein. Lastly, it

was an aim of this work to determine the complete sequence of the AcdB gene cluster.
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2.2. Results and Discussion

2.2.1. Isolation of acidocin B

AcdB was purified from an overnight culture of L. acidophilus M46 using
hydrophobic interaction chromatographic techniques. The culture supernatant was first
loaded into an Amberlite XAD-16 resin (Sigma-Aldrich), which was washed with
increasing amounts of isopropanol (IPA). Spot-on-lawn assay showed that AcdB eluted in
80% IPA containing 0.1% trifluoroacetic acid. The AcdB fraction was further purified
using a Bond Elut C8 solid phase extraction cartridge (Agilent), followed by RP-HPLC. A

yield of ~2.5 mg of AcdB was obtained per liter of culture.

2.2.2. Mass spectrometry

The molecular weight of AcdB was determined by MALDI-TOF mass spectrometry.
The observed peak at 5,622.5 m/z (Figure 2.1) is consistent with the expected molecular
weight for the 58-mer circular peptide, which is 18 Da lower than the linear peptide due to
the loss of a water molecule during cyclization. Moreover, the molecular weight confirms

that the previously reported length of 59 residues is incorrect.”?’
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Figure 2.1. MALDI-TOF mass spectrum of AcdB.

Singly and doubly charged species are indicated.

To further ascertain the cyclic nature of AcdB, it was digested with trypsin and
chymotrypsin, and subjected to liquid chromatography-tandem mass spectrometry (LC-
MS/MS) sequencing. A high sequence coverage of 94.8% was obtained, and the detected
fragments are summarized in Table 2.1. Fragment 9 indicates that [le34 and Ala91 of the
precursor peptide are linked. This confirms that the cleavage site during the maturation of
the precursor peptide is between Asn33 and Ile34, consequently releasing a 58-mer mature

circular peptide (Figure 2.2).

cleavage site (point of cyclization)

leader sequence l
( l.rt OO0 O EL (LMIT{AANU W DACEEENHLAMETDRRKLDDIAVY (@)
k,ﬁ,THJ:_FLhYFYL E YF_} ) \;_,\,
MOVTOYERIN hL,(G\L] @: I acidocin B fﬁfn

Figure 2.2. Bead structure of AcdB precursor peptide.
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Table 2.1. MS/MS sequencing result after trypsin-chymotrypsin digestion of AcdB

Linear Sequence Oblsrf/rzved Charge Cal::/l:ted
(1) --WIADQF 779.388 1 779.365
(2) ---IADQFGI HL 507.276 2 1013.534
(3) ---IADQFGI HLATGT 672.360 2 1343.688
(4) =—mmmmmmme e KL LDAVASGASL GTAF 760.929 2 1520.825
P e — L LDAVASGASL GTAF 696.886 2 1392.730
L3 S AILGV 472.290 1 472.306
2 Y — GV TLPAW 743.447 1 743.401
T ALAAA GAL 657.446 1 657.386
(9) I¥mmmmmm—m —mmmmmmme o AAA GALGATAA 1120.619 1 1120.592

IYWIADQFGI HLATGTARKL LDAVASGASL GTAFAAILGV TLPAWALAAA GALGATAA <« Complete linear sequence

*Alal7, Argl8, Ala35 were inferred from the deduced amino acid sequence from DNA sequence analysis.

2.2.3. Circular dichroism spectroscopy

A prerequisite to structure elucidation by NMR spectroscopy is the determination of
an appropriate solvent system for dissolution of the peptide. This requires that the peptide
be highly soluble and structured in a given solvent. Different solvent systems were
screened for AcdB and circular dichroism (CD) spectroscopy was used to estimate the
secondary structure content of AcdB in the various solvent systems tested. Previously,
gassericin A was shown to be insoluble in aqueous conditions due to its high hydrophobic
character.* This was also observed for AcdB in buffered aqueous solutions and organic
solvents. AcdB was either completely insoluble or had a solubility that was below the
concentration required for NMR studies. Hence, detergent micelles were considered,
specifically with the use of sodium dodecyl sulfate (SDS) or dodecylphosphocholine
(DPC), which are the most commonly used detergents in protein NMR. AcdB was

completely soluble in both systems and CD analysis showed that AcdB in SDS and DPC
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was 56% and 57% a-helical, respectively (Figure 2.3). The anionic character of SDS
mimics the negatively charged phospholipids in bacterial membranes, while the
zwitterionic property of DPC resembles the neutral mammalian membranes.**° Since there
was no substantial difference in the structural content of AcdB in SDS and DPC, SDS was

chosen for NMR analysis to better mimic bacterial membranes.
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Figure 2.3. CD profile of AcdB in SDS (red) and DPC (green).

2.2.4. NMR solution structure of acidocin B

2.2.4.1. NMR data acquisition

In order to produce “C,'""N-AcdB, L. acidophilus M46 was grown in various
BC,"N-enriched media, including Celtone Complete medium (Cambridge Isotope
Laboratories Inc.), Bioexpress-1000 (Cambridge Isotope Laboratories Inc.), and a
manually prepared labelling medium that was previously used for another Lactobacillus
strain.”®! L. acidophilus M46, however, could not be cultured in any of the tested media.
Hence, two-dimensional homonuclear 1H,IH—TOCSY and 1H,IH—NOESY experiments

were performed using unlabelled AcdB in deuterated SDS micelles. The well-dispersed
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resonances and substantial number of nuclear Overhauser effect (NOE) crosspeaks

facilitated the elucidation of the 3D solution structure of AcdB.

2.2.4.2. Structure calculations

The TOCSY and NOESY spectra were processed using NMRPipe™?, and were
overlaid in NMRView”*. Resonances were assigned sequentially based on the HYi-H%+1
crosspeaks. Structural calculations were performed using the assigned chemical shifts, and
a combination of manually and automatically assigned NOEs. These data were inputted
into CYANA 2.1%**, wherein a family of 20 calculated structures was obtained (Figure

2.4).

Figure 2.4. Superimposition of the 20 lowest energy conformers of AcdB.

The black arrow indicates the N- to C-termini linkage.

Table 2.2 summarizes the structural statistics for the calculation of the structure of
AcdB. Briefly, the final calculation utilized 909 NOE crosspeaks consisting of 558 short-
range, 296 medium-range, and 55 long-range NOEs. A root-mean-square deviation

(RMSD) value of 1.48 A was obtained, which decreased to 1.26 A upon excluding the
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flexible regions. Lastly, the output Ramachandran data indicate that all ¢ or {» backbone

angles are within the allowed regions.

Table 2.2. Structure calculation statistics for AcdB

NOE restraints 909
short-range, [i-j|<1 558
medium-range, 1<|i-j|<5 296
long-range, |i-j|>5 55
average target function value (A% 0.37 £ 0.06

RMSD for residues 1-58 (full peptide)
backbone atoms (A) 1.48 +£0.47
heavy atoms (A) 1.82 £ 0.50

RMSD for the a-helices
backbone atoms (A) 1.26 £ 0.44
heavy atoms (A) 1.47 £ 0.50

Ramachandran plot

®/¥ in most favored regions 74.6%
®/¥ in additionally allowed regions 25.4%
®/¥ in generously allowed regions 0.0%
®/Y¥ in disallowed regions 0.0%

2.2.4.3. Structural features

The structure of AcdB is composed of four right-handed a-helices that are separated
by loops composed of three to six residues. Helices 1, 2, 3, and 4 are comprised of Gly15
to Gly27 (13 residues), Gly31 to Val40 (10 residues), Ala44 to Ala52 (9 residues), and
Ala56 to Phe8 (11 residues), respectively. The fourth helix bears the N- to C-termini

linkage. The helices are folded into a compact globular bundle with a central pore (Figure

2.5).
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Figure 2.5. NMR solution structure of AcdB (PDB: 2MWR).

Helix 1 is shown in blue, helix 2 in green, helix 3 in yellow, and helix 4 in red.
A black arrow indicates the N- to C-termini linkage.

The PyMOL?** hydrophobicity analysis function revealed that helices 1, 2, and 4 of
AcdB are amphipathic (Figure 2.6A). The hydrophobic residues of these amphipathic
helices are buried in the core of the molecule, while the relatively hydrophilic residues are
exposed on the surface. Figure 2.6A shows that helix 3 is completely hydrophobic (red
color), while helix 1 has the most pronounced amphipathic character as illustrated by a
distinct white strip (hydrophilic strip) located at the exposed surface. On the other hand,

helices 2 and 4 exhibit only weak amphipathic character.
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Figure 2.6. Surface analysis of AcdB.

(A) 3D structure showing the amphipathicity of the helices, and B) hydrophobic surface map,
wherein hydrophobic regions are shown in red, while hydrophilic regions are in white. (C)
Electrostatic potential surface map, wherein cationic regions are shown in blue, while anionic

regions are in red.
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The surface maps (Figures 2.6B and 2.6C) further point out that AcdB is highly
hydrophobic. The hydrophobic surface map (Figure 2.6B) shows that the solvent exposed
surface is mainly covered with hydrophobic patches (red regions), while the electrostatic
potential surface map (Figure 2.6C) shows that the surface is largely uncharged (white
regions). This is consistent with the primary sequence of AcdB, which only contains 2
anionic (Asp6 and Asp22) and 3 cationic (Hisl1, Argl8, Lys19) amino acid residues

among the 58 total number of residues.

2.2.4.4. Comparison to subgroup I circular bacteriocins

Structure elucidation is a prerequisite in understanding the properties and the mode
of action of antimicrobial peptides. Prior to this work, only two 3D structures of circular
bacteriocins have been reported, specifically those of enterocin AS-48 and carnocyclin
A" More recently, the structure of enterocin NKR-5-3B was also elucidated.”® These
three circular peptides were shown to have localized positive charges on their surfaces, a
property that has been implicated with their initial binding to negatively charged
phospholipids on the cell membrane of target organisms.”>>® Mode of action studies
demonstrated that enterocin AS-48 causes membrane permeabilization and formation of
pores that allow the discharge of ions and low molecular weight substances, while
carnocyclin A acts by transporting anions through the membrane.”®®' Details on the mode
of action of enterocin NKR-5-3B have yet to be determined, however, it is important to
note that the overall fold of enterocin NKR-5-3B highly resembles those of enterocin AS-
48 and carnocyclin A. This suggests that these three peptides could potentially share some

similarities in the mechanism by which they interact with target membranes and induce
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cell death. Enterocin AS-48, carnocyclin A, and enterocin NKR-5-3B are all members of
subgroup I circular bacteriocins, while AcdB belongs to subgroup II. The structure of
AcdB is therefore the first representative structure for subgroup II circular bacteriocins.

Subgroup I circular bacteriocins have high pl values (~10) and characteristic
cationic surfaces. On the other hand, subgroup II circular bacteriocins have lower pl
values and are mainly composed of neutral amino acid residues. These differences in their
properties may implicate variations in their structures and modes of action. To further
investigate the similarities and differences between the two circular bacteriocin subgroups,
the structure of AcdB was compared to a representative member of subgroup I circular
bacteriocins. Carnocyclin A was chosen for analysis because its length (60 residues) is
most similar to the length of AcdB (58 residues). Enterocin AS-48 is composed of 70
residues and has five a-helices, while enterocin NKR-5-3B has 64 residues.

Subgroup I circular bacteriocins have been shown to assume a common overall
saposin-like fold, despite having low sequence similarity.*’*” It was previously
proposed that subgroup II circular bacteriocins may also share the same structural motif.
While carnocyclin A and AcdB are both composed of four helices that are separated by
short loop segments, their overall fold is not the same. The structural differences may be
due to a number of factors, including the solvent systems used. Carnocyclin A was
dissolved in water, while AcdB was prepared in a membrane-mimicking SDS micelle
system. Several studies have shown that peptides can undergo conformational changes
from a free state in water to a membrane-bound form in membrane mimetic solvents.”’"
% Tt was not possible to solve the structure of AcdB in water because its solubility in

water was below the required concentration for NMR analysis. Hence, it was not feasible
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to compare the structures of AcdB and carnocyclin A in the same solvent system. Aside
from the solvent systems used, the variations in the overall fold of AcdB and carnocyclin
A may also be attributed to the inherent differences of their physical properties.
Carnocyclin A, like other subgroup I circular bacteriocins, has several basic residues
rendering the surface of the molecule highly cationic.”” On the other hand, AcdB only
contains 3 basic residues. Sequence alignment of carnocyclin A and AcdB using Clustal

W2* further reveals a low sequence identity of 17% (Figure 2.7).

Acidocin B IYWIADQFGIHLATGTARKLLDAVASGASLGTAFAAILGVTLPAWALAAA--GA~---LGATAA--- 58
Carnocyclin & ———--- LVAYGIAQGTAEKVVSLINAGLTVGSIISILGGVTVGLSGVFTAVKAAIAKQGIKKAIQL 60

Figure 2.7. Amino acid sequence alignment of AcdB and carnocyclin A.

The a-helical regions are highlighted in gray. Conserved, conservative, and semi-conservative
substitutions are indicated by an asterisk, colon, and period, respectively.

As a result of the differences in their primary sequences, the four helices of
carnocyclin A are distinctly amphipathic, while AcdB only has 1 amphipathic and 2
weakly amphipathic helices. Consequently, their surface properties are also different.
AcdB displays a highly uncharged and hydrophobic surface, while carnocyclin A has a
prominent positively charged surface (Figure 2.8). Altogether, the structure of AcdB is
best described as an a-helical bundle with a hydrophobic surface, while that of carnocyclin

A assumes a saposin-like fold with a cationic surface.
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Figure 2.8. Comparison of electrostatic potential maps of AcdB and carnocyclin A.

Cationic regions are shown in blue, while anionic regions are in red.

This suggests that while electrostatic interactions with target bacterial membranes are
critical for carnocyclin A, hydrophobic interactions appear to play a more important role

for AcdB.

2.2.4.5. Homology modeling of the other subgroup II circular bacteriocins

There are two other known subgroup II circular bacteriocins, namely gassericin A
and butyrivibriocin AR10, that are produced by L. gasseri LA39 and Butyrivibrio
fibrisolvens AR10, respectively. Lactobacillus reuteri LA6 was previously reported to
produce another subgroup II circular bacteriocin named reutericin 6, but it was later
proven to be identical to gassericin A.**' Gassericin A and AcdB share 98% amino acid
sequence identity, only varying in residue 24, where AcdB has valine and gassericin A has
methionine (Figure 2.9). Butyrivibriocin AR10, on the other hand, shares only 47%

identity to the amino acid sequence of AcdB (Figure 2.9).
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Acidocin B IYWIADQFGIHLATGTARKELLDAVASGASLGTAFAAILGVTLPAWALAARAGALGATAR 58
Gassericin A IYWIADQFGIHLATGTARELLDAMASGASLGTAFARILGVTLPAWALAAAGALGATAR 58
Butyrivibriscin ARIO IYFIADEMGIQLAPAWYQDIVHWVSAGGTLTTGFAI IVGVIVPAWIAEARAAFGIASA 58

FEkakhkhe s Bk adrEk = = sxadk ok & Kk FedkEkkadhddk ik kadk zak

Figure 2.9. Amino acid sequence alignment of known subgroup II
circular bacteriocins.

Conserved, conservative, and semi-conservative substitutions
are indicated by an asterisk, colon, and period, respectively.

The 3D structures of gassericin A and butyrivibriocin AR10 were modeled based on
homology to the solved structure of AcdB using the SWISS-MODEL sever.*** The
structure and surface properties of gassericin A were found to be very similar to AcdB,
which was expected due to the very high amino acid sequence identity between these two
peptides (Figure 2.10). Butyrivibriocin AR10 also assumes a similar fold, but slightly
different surface properties due to the presence of an additional acidic residue in its

primary sequence (Figure 2.10).
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Figure 2.10. Homology models of gassericin A and butyrivibriocin AR10
as calculated by the SWISS-MODEL server>*.

The structure of AcdB was used as template.
Basic residues are shown in blue; acidic residues are in red.
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2.2.5. Gene cluster sequencing

Plasmid pCV461 from L. acidophilus M46 was previously reported to contain the
structural gene for AcdB.??’ Furthermore, a partial nucleotide sequence (2.2 kb) of the
AcdB gene cluster has been obtained.””” With the assistance of Dr. Marco van Belkum,
plasmid pCV461 was re-isolated from a culture of L. acidophilus M46 and primer walking
was performed to completely identify the genes involved in the AcdB biosynthetic
machinery. A 3537 bp nucleotide sequence was obtained, which was analyzed and shown
to contain the gene cluster aciBCADITE (Figure 2.11). This cluster was found to be

analogous to that of gassericin A.

) ) ) )

aciB aciC aciA aciD aciT acike

Figure 2.11. Biosynthetic gene cluster of AcdB.

The structural bacteriocin gene (acid) is shown in red; DUF95 protein gene (aciD) is in blue;
immunity protein gene (acil) is in yellow; ATP-binding protein gene (aciT) is in green; aciE gene
encoding a membrane transporter is also in green; and genes aciB and aciC encoding unknown
proteins that contain putative transmembrane domains are in white.

Table 2.3 lists the characteristics of the proteins encoded by the AcdB gene cluster.
It also shows a comparison of the amino acid sequences of AciBCADITE to their
corresponding homologs in the gassericin A gene cluster. The proteins are highly similar,
and sometimes 100% identical, which further supports that AcdB belongs to the group of
circular bacteriocins. All of the proteins, except for the ATP-binding protein AciT, contain
putative transmembrane segments. AciD was determined to belong to the DUF95 family

of membrane proteins based on BLAST results. As mentioned in Chapter 1, the presence
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of membrane proteins that belong to the DUF95 family is a characteristic feature of
circular bacteriocin gene clusters.”” The partial sequence of the AcdB gene cluster that
was previously reported indicated that AciD is composed of 114 amino acids.”?” However,
the more extensive sequencing performed in this study showed that AciD is in fact
composed of 162 amino acids. Sequence homology suggests that Acil is likely an
immunity protein, while AciTE may be responsible for the secretion of AcdB.”**** The

functions of AciB and AciC, located upstream AciA, are yet to be determined.

Table 2.3. Characteristics of predicted proteins encoded by the AcdB gene cluster

. Number of amino acids identical
Size

Protein ™ Function to homologs encoded by
(a.a.) .
gassericin A gene cluster
AciB 174 5 unknown 173/174
AciC 60 2 unknown 60/60
AciA 91 2 acidocin B precursor 88/91
AciD 162 4 unknown, DUF95 family 160/162
Acil 53 1 immunity 53/53
AciT 226 0 ATP-binding protein 225/226
AciE 212 6 membrane transporter 209/212

“TM, number of putative transmembrane domains deduced using SOSUI program***.

2.2.6. Bioinformatics and phylogenetic analysis

Currently, there are only three known members of subgroup II circular bacteriocins,
gassericin A, butyrivibriocin AR10, and AcdB. Hence, a BLAST?* search was done to
identify other putative members of this subgroup using a 40% identity threshold relative to
the precursor peptide sequence of AcdB. At least seven putative subgroup II circular

bacteriocins from various species were identified. The sequences were aligned using
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Clustal W**, and a highly conserved asparagine residue at the cleavage site of the
precursor peptides was unexpectedly identified (Figure 2.12). This suggests that an
endopeptidase that specifically cleaves at the C-terminus of this asparagine residue may be

involved in the leader peptide cleavage to produce the mature peptide.
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paracasel (C2FD27)

. pentosus (ISAFR2Z)
utyrivibricocin ARIO (Q9EZGEFS5)
Streptococcus asp. (DORSVT)
treptococcus sp. (N6FTNE)
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Figure 2.12. Amino acid sequence alignment of known and putative
subgroup II circular bacteriocins.

Known members are AcdB, gassericin A, and butyrivibriocin AR10. Putative members identified
using BLAST** are indicated with their source organism. The UniProt accession numbers are
shown in parenthesis. The region corresponding to leader peptide sequences is underlined, while
the highly conserved asparagine residue is marked by an asterisk. Residues highlighted in black
indicates residues conserved with 80% or greater similarity amongst the various peptides.

Based on the alignment data, it can be inferred that the endopeptidase specifically
recognizes Asn at its S1 subsite, an aliphatic side chain (Ile/Val/Leu) at its S1° subsite, and

a bulky side chain (Tyr/Val/Asn) at the S2’ subsite. The leader peptide sequences of
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subgroup II circular bacteriocins identified in this work consist of 22 to 42 residues, which
are longer than the leader peptides of most subgroup I circular bacteriocins.

Considering the putative cleavage sites indicated in Figure 2.12, the sequences of the
mature peptides were used to construct a phylogenetic tree with nisin A as the outgroup
(Figure 2.13). Figure 2.13 also indicates the pl values, ranging from 3.9 to 8.7, of each

peptide.

75 |: Streptococcus sp. (DORSV7) 4.43

87 Streptococcus sp. (X6PTX5) 4.43

76

Streptococcus pneumoniae (ROMVZ0) 3.92

2 Lactobacillus paracasei (C2FD97) 6.74

60

Butyrivibriocin ARI0 - Butyrivibrio fibrisolvens (Q9ZGP5) 4.03
Bacillus safensis (A0A059N9CS5) 4.43

89 (Acidocin B - Lactobacillus acidophilus (048499) 6.75

Gassericin A - Lactobacillus gasseri (024790) 6.75

Lactobacillus gasseri (AOA063ARHS) 6.72
32 Lactobacillus pentosus (I9APR2) 8.72

Nisin A - Lactococcus lactis (P13068)
0.2

Figure 2.13. Phylogenetic tree of subgroup II circular bacteriocins
with nisin A as outgroup.

Known members are AcdB, gassericin A, and butyrivibriocin AR10. Putative members identified
using BLAST** are indicated with their source organism. The isoelectric point of each peptide, as
predicted by ExPASy ProtParam tool**®, is indicated at the end of each name. The evolutionary
history was inferred by using the maximum likelihood method based on the JTT matrix-based
model*”. The tree with the highest log likelihood (-827.3975) is shown. The percentage of trees in
which the associated taxa clustered together is shown next to the branches. Initial tree(s) for the
heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a
matrix of pairwise distances estimated using a JTT model, and then selecting the topology with
superior log likelihood value. The tree is drawn to scale, with branch lengths measured in the
number of substitutions per site. The analysis involved 11 amino acid sequences. All positions
containing gaps and missing data were eliminated. There were a total of 49 positions in the final
dataset. Evolutionary analyses were conducted in MEGA6>*.

The phylogenetic tree shows that these bacteriocins can be classified into 2

subclades. The first subclade is comprised of circular peptides produced by Lactobacillus
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spp., including AcdB and gassericin A. The second subclade, on the other hand, is more
diverse and is comprised of peptides produced by Bacillus, Lactobacillus, Butyrivibrio,

and Streptococcus strains. Butyrivibriocin AR10 belongs to the latter subclade.

2.3. Conclusions and Future Directions

AcdB was purified from L. acidophilus M46 and its cyclic nature was ascertained by
mass spectrometry. Furthermore, AcdB was shown to consist of 58 amino acids,
correcting previous reports indicating that it is a linear 59-mer peptide. The solution
structure of AcdB in SDS micelles, a membrane-mimicking system, was also elucidated.
This is the first reported structure of a subgroup II circular bacteriocin. AcdB was shown
to consist of a bundle of four helices that are folded to form a compact, globular molecule.
Unlike subgroup I circular bacteriocins, which have highly cationic surfaces, the solvent-
exposed surface of AcdB is dominated by hydrophobic and uncharged residues. This
implies that hydrophobic interactions may be mainly involved in the binding of AcdB to
the cell membrane of target organisms. Homology models of the other known subgroup II
circular bacteriocins, gassericin A and butyrivibriocin AR10, were created and were
demonstrated to share a similar overall fold with AcdB.

In addition to structural analysis of AcdB, its gene cluster (aciBCADITE) was
sequenced and shown to be highly similar to that of gassericin A. This further supports
that AcdB is a subgroup II circular bacteriocin. BLAST search was then performed to
identify other putative members of this subgroup, and at least seven peptides were
detected. Sequence alignment of the known and putative members of this subgroup

revealed a highly conserved asparagine residue at the cleavage site of the precursor
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peptide, suggesting that an asparaginyl endopeptidase may be involved in the maturation
of subgroup II circular bacteriocins. Lastly, a phylogenetic tree was constructed using the
peptide sequences of AcdB, gassericin A, butyrivibriocin AR10, and other putative
members of this subgroup. The results show that the peptides can be divided into two
subclades. The first subclade consists of peptides from Lactobacillus spp., while the
second subclade is comprised of peptides from various strains including Bacillus,
Lactobacillus, Butyrivibrio, and Streptococcus.

Future studies may focus on uncovering the mode of action of AcdB, relate it to its
structural properties, and compare with subgroup I circular bacteriocins. It would be of
interest to resolve the conformational changes that AcdB undergoes upon binding to the
target membrane, and to determine if a receptor is involved in its interaction with the
membrane. Moreover, studies on the biosynthetic machinery of circular bacteriocins in
general, specifically on the mechanism by which the peptides are cyclized, have yet to be
pursued. Results of the sequence alignment in this study suggest that an asparaginyl
endopeptidase may be involved in the leader peptide cleavage and potentially the
cyclization of the core peptide. However, the gene cluster of AcdB does not include an
asparaginyl endopeptidase, albeit three genes encode proteins that still have unknown
functions. It may also be possible that an enzyme that is not associated with the gene
cluster is responsible for the leader peptide cleavage and core peptide cyclization. A
complete understanding on how these circular bacteriocins are processed may facilitate
bioengineering of circular bacteriocins with optimized properties that can be exploited in

food preservation and other antimicrobial applications.
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Chapter 3
Structures of Leaderless Bacteriocins

Lacticin Q and Aureocin AS3

3.1. Project Background

3.1.1. Lacticin Q and aureocin A53

Lacticin Q (LngQ) and aureocin A53 (AucA) are produced by Lactococcus lactis
QU 5 and Staphylococcus aureus AS3, respectively. They share 47% amino acid sequence
identity, and are among the longest known leaderless bacteriocins. LnqQ consists of 53

amino acid residues, while AucA has 51 residues (Figure 3.1).

LngQ MAGFLKVVQLLAKYGSKAVQWAWANKGKILDWLNAGQAIDWVVSKIKQILGIK 53
AucA -MSWLNFLKYIAKYGKKAVSAAWKYKGKVLEWLNVGPTLEWVWQKLKKIAGL- 51
cokes s skhkkk kkhkk | *%k hkhkkeokeokkkh k seoekk _kekek xo

Figure 3.1. Amino acid sequence alignment of LnqQ and AucA.

Conserved, conservative, and semi-conservative substitutions
are indicated by an asterisk, colon, and period, respectively.

Aside from the recent work on lactococcal small bacteriocin B (LsbB) and enterocin
K1 (EntK1), as described in Chapter 1, most mode of action studies on leaderless
bacteriocins have specifically focused on LnqQ and AucA.'0%!16118249250 Both peptides
are highly cationic, with LnqQ having a net charge of +6 and an isoelectric point (pI) of

10.8, while AucA has a net charge of +8 and pl of 10.7. Both peptides are suggested to
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interact with target membranes without having to bind to any specific receptor, and have
been found to be active against a broad spectrum of bacterial strains.''®*'"**** In particular,
LngQ is active in nanomolar range against different strains of Bacillus, Enterococcus,
Lactobacillus, and Lactococcus."™ On the other hand, AucA was reported to be active
against strains of Listeria, Enterococcus, Staphylococcus (including methicillin-resistant
strains; MRSA), and Micrococcus.”>''® Previous studies demonstrated that LnqQ acts on
target organism by promoting the build-up of detrimental hydroxyl radicals, and through
the leakage of cell contents due to the formation of large toroidal pores that are 4.6 to 6.6
nm in diameter."”"'"®*° On the other hand, AucA was suggested to compromise
membrane potential and macromolecular synthesis, as well as promote leakage of vital

116

compounds. ~ Unlike LnqQ, AucA was proposed to act through generalized membrane

disruption, instead of pore formation.

3.1.2. Objectives

Despite the previous studies on LnqQ and AucA, there has been no report on their
3D structures prior to this work. Hence, this project mainly aimed to elucidate the NMR
solution structures of LnqQ and AucA. It was also aimed to compare the structures of
LngQ and AucA to other known 3D structures of relevant bacteriocins, to perform
homology modeling of other leaderless bacteriocins, to compare the antimicrobial

activities of LnqQ and AucA against a variety of strains, and to test for synergy between

LngQ and AucA.
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3.2. Results and Discussion

3.2.1. Attempted expression and purification of MBP-lacticin Q

Dr. Kaitlyn M. Towle and Dr. Christopher T. Lohans previously attempted to
chemically synthesize LnqQ and AucA. However, the size of the peptides rendered their
synthesis unsuccessful. Isolation from the producer strains was also not possible because
the Vederas group has no access to the organisms. Hence, heterologous expression of
LnqQ in Escherichia coli was attempted, initially through the use of the maltose-binding
protein (MBP) fusion system. Cloning of IngQ into the pMAL-c2x vector was
accomplished with the assistance of Dr. Marco van Belkum and Dr. Christopher T.
Lohans. MBP-LngQ was then successfully expressed and purified using amylose column
chromatography as monitored by SDS-PAGE and MALDI-TOF MS. However, several
optimization attempts to cleave the MBP tag using FXa protease (i.e. optimizing

temperature and protease concentration, refolding experiments) were unsuccessful.

3.2.2. Expression and purification of SUMO-lacticin Q and SUMO-aureocin AS53

Due to failure to isolate LnqQ using the MBP fusion system, the small ubiquitin-like
modifier (SUMO) fusion technology was considered. With the assistance of Dr. Marco
van Belkum and Dr. Christopher T. Lohans, ngQ and aucA were cloned into the pET
SUMO vector. The His-tagged SUMO fusion proteins were then expressed and purified
by Ni-NTA affinity chromatography. Treatment of the His-tagged SUMO proteins with
His-tagged SUMO protease at optimized cleavage conditions successfully removed the

tag. The cleavage reaction was monitored using tricine SDS-PAGE and was shown to be
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complete after three hours of incubation (Figure 3.2). The cleaved fusion proteins were

then purified using a second Ni-NTA affinity chromatography step, followed by RP-

HPLC.
kDa M 1 2 . 3 kDa M 4 5
50 s— 50
37— 37
25 2 e +—SUMO-AucA
%g — +«— SUMO-LngQ 15 - === «— SUMO
«— SUMO
10 . «— AucA
10
«— LngQ

Figure 3.2. Tricine SDS-PAGE gels of the pilot cleavage trials for
(A) SUMO-LnqQ and (B) SUMO-AucA fusion proteins.

Lanes: M, protein markers; 1, SUMO-LnqQ fusion protein; 2, 1-hr cleavage of SUMO-LnqQ; 3,
3-hr cleavage of SUMO-LnqQ; 4, SUMO-AucA fusion protein; 5, 3-hr cleavage of SUMO-AucA.

Three to five mg of purified peptides were obtained per liter of Terrific Broth
culture. MALDI-TOF MS confirmed the identities of LnqQ and AucA, with peaks at
5,898.9 m/z and 5,985.4 m/z for LnqQ and AucA, respectively (Figure 3.3). The N-
terminal methionine of the naturally produced LnqQ and AucA is formylated, which is not
the case for the recombinant peptides produced in this study. Regardless of the absence of
this formyl group, the recombinant LnqQ and AucA were found to be active against
carnobacteria, enterococci, lactobacilli, lactococci, and staphylococci based on spot-on-

lawn assays.
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Figure 3.3. MALDI-TOF MS spectra of (A) LnqQ and (B) AucA.

3.2.3. Circular dichroism spectroscopy

LnqQ and AucA were dissolved in water, 20 mM phosphate buffer (pH 6.0), or 25%
trifluoroethanol, and subjected to circular dichroism (CD) analysis in order to identify the
solvent in which the peptides have the highest propensity to assume a defined structure.
Both peptides were highly a-helical in all solvent systems, with LnqQ and AucA being
most structured in 25% trifluoroethanol and water, respectively (Figure 3.4, Table 3.1).
These solvents were consequently used to prepare the samples for NMR data acquisition.

Linear bacteriocins are oftentimes unstructured in aqueous conditions.'"*#*! This
makes LnqQ and AucA distinct, since they are well-folded in water. In fact, the percent a-
helicity of AucA in water is as high as 80%, while a significant value of 48% is the a-
helical content of LnqQ in water. The leaderless bacteriocins, enterocin 7A (Ent7A) and
7B (Ent7B), were also found to be structured in aqueous conditions.''? This trend was
likewise observed for the circular bacteriocins carnocyclin A, enterocin AS-48, and

enterocin NKR-5-3B.%7+7
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Figure 3.4. CD spectra of (A) LnqQ and (B) AucA in various solvent systems.

Table 3.1. Percentage a-helicity of LnqQ and AucA in various solvent systems

e Eror e (10
Solvent a-Helicity (%)

LnqQ AucA
water 48 80
20 mM phosphate buffer (pH 6.0) 39 78
25% trifluoroethanol 71 64

3.2.4. NMR solution structures of lacticin Q and aureocin A53

3.2.4.1. Structure calculations

The structures of LnqQ and AucA were calculated using CYANA 2.1%* by
inputting the chemical shift assignments and a list of nuclear Overhauser effect (NOE)
crosspeaks that were derived from the lH,lH—TOCSY, 1H,1H—NOESY, and 1H,IH—dDQF-
COSY data sets. For LnqQ, 856 NOE crosspeaks were used for the final calculation, 508
of which were short-range, 190 medium-range, and 158 long-range (Table 3.2). For AucA,
583 short-range, 364 medium-range, and 334 long-range NOE crosspeaks were used,
giving a total of 1281 NOEs. For both cases, the amide proton resonances were well

dispersed, signifying that the peptides are well-folded, which corroborates with the earlier
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CD data. Furthermore, the percentage a-helicity of the calculated structures is consistent
with the estimated values from the CD experiments. For both peptides, the 20 lowest
energy conformers had a low root-mean-square deviation (RMSD), indicating that all 20
structures are very similar (Table 3.2, Figure 3.5C and 3.5D). The Ramachandran plot data
indicate that all @ or 9 backbone angles are either in the most favored or additionally

allowed regions. The structural statistics are presented in Table 3.2.

Table 3.2. Structure calculation statistics for LnqQ and AucA

LnqQ AucA
Total NOE peak assignments 856 1281
short-range, i-j|<1 508 583
medium-range, 1<|i-j|<5 190 364
long-range, |i-j|>5 158 334
average target function value (A% 1.53E-02 + 6.94E-03 1.18E-02 + 4.56E-03
RMSD for full peptide
backbone atoms (A) 0.56+0.12 0.31 £ 0.05
heavy atoms (A) 0.98+0.11 0.65 + 0.07
Ramachandran plot
®/¥ in most favored regions 78.6% 89.8%
®/¥ in additionally allowed regions 21.4% 10.2%
®/¥ in generously allowed regions 0.0% 0.0%
®/Y¥ in disallowed regions 0.0% 0.0%
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Figure 3.5. NMR solution structures of LnqQ (PDB: 2N8P) and AucA (PDB:2N8O)
in 25% trifluoroethanol and water, respectively.

Cartoon representation of the solution structures of (A) LnqQ and (B) AucA. The N-terminus is
shown in blue, while the C-terminus is in red. Superimposition of the 20 lowest energy conformers
of (C) LngQ and (D) AucA. (E) Superimposition of the structures of LnqQ (orange) and AucA
(red).

The calculated structures of LnqQ and AucA have the same overall fold, with an
RMSD of 1.691 A over 611 atoms based on structure alignment in PyMOL*® (Figure
3.5E). The main difference between the two structures lies at the N- and C- termini. Both
peptides are comprised of four a-helices that form a globular fold, wherein two sets of
antiparallel helices (helices 1-2 and helices 3-4) that each assumes a “V” shape are
oriented almost perpendicular to each other (Figure 3.5A and 3.5B). Turns that are
composed of 1 to 3 amino acid residues connect the helices. For LnqQ, helix 1 has 11

residues (Phe4 to Tyr14); helices 2 and 3 both consist of 10 residues (Serl6 to Asn25 for
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helix 2, Gly27 to Gly36 for helix 3); and helix 4 is comprised of 11e39 to Leu50 (12
residues). For AucA, helices 1, 2, 3, and 4 are composed of Trp3 to Tyr13 (11 residues),
Lys15 to Tyr24 (10 residues), Gly26 to Gly35 (10 residues), and Leu38 to Ala49 (12
residues), respectively.

An interesting feature of the AucA structure is the significant upfield shift of the
resonances of Lys44 protons. In fact, the Lys44 B and y protons have negative values of
-0.793 ppm and -0.508 ppm, respectively. A closer look at its structure reveals that Lys44
interacts with two Trp residues (Figure 3.6A). In particular, the side chain of Lys44 lies on
top of the aromatic ring of Trp40, significantly shielding it through magnetic anisotropy.
Lys44, which is part of helix 4, also interacts with Trp31 of helix 3, thereby bringing

helices 3 and 4 in close proximity, and further increasing electron density around Lys44.

Figure 3.6. Structures of (A) AucA highlighting the interactions of
Lys44 to Trp40 and Trp31, and (B) LnqQ highlighting the
interactions of Lys44 to Trp41 and Trp32.

Several other protons in AucA are significantly shielded due to similar interactions
as described above. These include the (a) y protons of Lys12 (-0.291 ppm) that interact

with the aromatic ring of Tyr13, (b) {2 proton of Trp3 (4.892 ppm) that interacts with the
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aromatic ring of Trp21, (¢) y protons of Lys25 (0.068 ppm), y (0.523) and 6 (0.379, 0.110)
protons of Leu?7 that interact with the aromatic ring of Trp3, and (d) B protons of Lys46
(0.720, 0.154 ppm) that interact with the ring of Trp42. Due to these interactions and other
long-range NOEs, the RMSD of AucA is as low as 0.31 A, indicating an exceptionally
defined structure with a consistent confirmation shared among the 20 calculated
conformers. The structure of LnqQ (Figure 3.6B) also exhibits a similar trend in shielding

of hydrogens although at a lesser extent relative to AucA.

3.2.4.2. Structural features

Figures 3.7A and 3.7B show distinct white (hydrophilic residues) and red
(hydrophobic residues) strips for all the helices of LnqQ and AucA, indicating their
amphipathic character. In particular, the hydrophobic residues are oriented towards the
core of the molecule, while hydrophilic residues are exposed on the surface. The
hydrophobic surface maps (Figures 3.7C and 3.7D) show that the solvent-exposed surface
of both peptides has several hydrophilic patches, while the interfaces of the helices have

hydrophobic strips.
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Figure 3.7. Surface analysis of LnqQ and AucA.

p

E
Amphipathic helices of (A) LnqQ and (B) AucA, where hydrophobic residues are shown in red,

while hydrophilic residues are in white. Hydrophobic surface maps of (C) LnqQ and (D) AucA.

Electrostatic surface potential maps of (E) LnqQ and (F) AucA, where cationic regions are
indicated in blue.
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As previously mentioned, LnqQ and AucA are highly cationic peptides. They are
specifically composed of 8 and 10 lysine residues, respectively, and these residues are not
localized in one region, but are instead well-distributed throughout their primary
structures. The electrostatic potential maps (Figures 3.7E and 3.7F) reveal that these lysine
residues are all exposed on the surface, giving the surface a vastly cationic character. This
property implies that ionic interactions play a crucial role in the binding of LnqQ and
AucA to negatively charged bacterial membranes. A previous study, however, showed
that AucA interacts stronger with neutral membranes than anionic membranes, suggesting
that hydrophobic interactions are likewise important for the initial binding of AucA to
bacterial membranes.''® The hydrophobic surface maps (Figures 3.7C and 3.7D) indeed
illustrate that hydrophobic patches are present on the exposed surface.

Aromatic residues are usually involved in maintaining the structures of proteins and
peptides, and are therefore normally found buried in the core of structures. This was,
however, not the case for AucA and LnqQ. A previous study showed through tryptophan
fluorescence spectroscopy that the Trp residues of AucA are mostly exposed on the
surface.” Examining the elucidated structure of AucA in this study confirms that four out
of the five Trp residues are indeed solvent exposed (Figure 3.8B). In particular, Trp3,
Trp22, Trp31, and Trp40 are on the surface, while Trp42 is buried in the core of the
peptide. As for LnqQ, all of its Trp residues are solvent exposed and exhibit a similar
surface pattern with that of AucA (Figure 3.8A and 3.8B). The roles of Trp residues in the
interaction of antibiotic peptides with biological membranes have been previously shown
to be important. For instance, the activity of a bacteriocin named mesentericin Y105 was

reduced by 10,000-fold when a C-terminal Trp residue was removed.”>> For the

80



antimicrobial cecropin A, on the other hand, Trp residues were found to be the primary
anchor site on the membrane.*>® Future work on AucA and LnqQ can therefore be directed

towards understanding the function of the solvent-exposed Trp residues.

N

Figure 3.8. NMR solution structures highlighting the
tryptophan residues of (A) LnqQ and (B) AucA.
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3.2.4.3. Comparison to enterocin 7A and 7B

The structures of LnqQ and AucA were found to be remarkably similar to those of
Ent7A and Ent7B (Figure 3.9A), despite their disparities in length and amino acid
composition. LnqQ and AucA are 7 to 10 residues longer than Ent7A and Ent7B. In terms
of amino acid sequence identity, Ent7A exhibits 30% and 20% sequence identity with

LngqQ and AucA, respectively, while Ent7B only shares 18% sequence identity with both

LngQ and AucA (Figure 3.9B).

LngQ
Auch
Ent7A
Ent7B

C-terminus

90°
=LngQ
mm = AucA
T . == = Ent7A
N-terminus w= = Ent7B

MAGFLKVVQLLAKYGSKAVOWAWANKGKILDWLNAGQA----IDWVVSKIKQILGIK 53
-MSWLNFLKYIAKYGKKAVSAAWKYKGKVLEWLNVGPT----LEWVWQKLKKIAGL- 51

===MGAIAKLVAKFGWPIVKK---YYKQIMOFIGEGWAINKIIDWIKKHI--===~~ 44
===MGAIAKLVAKFGWPFIKK---FYKQIMOFIGOGWTIDQIEKWLKRH--====~~ 43
- s kdk sk «  sssses * . *

Figure 3.9. Alignment of the (A) 3D structures and (B) amino acid

sequences of LnqQ, AucA, Ent7A (PDB: 2MS5Z), and Ent7B (PDB: 2M60).

The a-helical regions are highlighted in gray. Conserved, conservative, and semi-conservative

substitutions are indicated by an asterisk, colon, and period, respectively.



The main difference among the 3D structures of LnqQ, AucA, Ent7A, and Ent7B is
the length of the first two N-terminal helices due to the additional residues in LnqQ and
AucA. Despite having an additional three to four residues in helices 1 and 2 of LnqQ and
AucA, the overall fold of these segments is still similar to those found in Ent7A and
Ent7B. On the other hand, a remarkably good alignment is observed for helices 3 and 4 of
all four peptides.

Previously, Ent7A and Ent7B were tested for synergistic activity because of the
observed similarity in their 3D structures. They were indeed shown to be more active

2 Dye to the observed resemblance in the structures of

when both peptides were present.
LngQ and AucA, they were also tested for synergy. With the use of Carnobacterium
divergens LV13 and Lactococcus lactis ATCC 19257 as indicator strains, the activities of

LngQ and AucA were shown to be additive instead of synergistic (Figure 3.10). This

result implicates that the two peptides do not interact with each other.

Figure 3.10. Synergy assay for LnqQ and AucA
using (A) C. divergens LV13 and (B) L. lactis ATCC 19257 as indicator strains.

In the top and bottom wells, 20 uL of a 50 uM solution of LnqQ or AucA were added. In the
middle well, 10 uL of LngQ (50 uM) was mixed with 10 pL of AucA (50 uM), and an additive
activity was observed.
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3.2.4.4. Homology modeling of broad-spectrum leaderless bacteriocins

A common theme among LnqQ, AucA, Ent7A, and Ent7B, aside from having the
same overall structural fold, is that all these leaderless bacteriocins have broad inhibition
spectra. It was therefore hypothesized that the observed common structural motif may also
be conserved among other broad-spectrum leaderless bacteriocins. To probe this
hypothesis, secondary structure predictions and homology modeling were conducted for
the other known broad-spectrum leaderless bacteriocins using JPred v.4 server™ and
SWISS-MODEL server**, respectively. The peptides that were analyzed include lacticin
Z (LngZ), epidermicin NIO1 (EdcA), EntL50A, EntL50B, weissellicin Y (WelY) and
weissellicin M (WelM).*”'®® The amino acid sequences of LngZ and EdcA are more
similar in length to LnqQ and AucA (51 to 53 residues), while those of EntL50A,
EntL50B, WelY, and WelM are comparable to Ent7A and Ent7B (42 to 44 residues). Two
sets of sequence alignments were therefore done, one for the LnqQ/AucA-like
bacteriocins (Figure 3.11A) and the other for the Ent7A/7B-like bacteriocins (Figure

3.11B).
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LngQ MAGFLKVVQLLAKYGSKAVQOWAWANKGKILDWLNAGOAIDWVVSKIKQILGIK 53
AucA ~MSWLNFLKYIAKYGKKAVSAAWKYKGKVLEWLNVGPTLEWVWQKLKKIAGL- 51
LngZ MAGFLEVVQILAKYGSKAVOWAWANKGKILDWINAGQAIDWVVEKIKQILGIK 53
EdcA MARAFM KLIO LATEGQOKYVSLAWKHKGTILKWINAGQSFEWIY r(QI ‘(KJ\IA-- 51
uuuuuuuu i, Kk ok, kW LS S HE- I
B LnqZ EdcA
Ent7A MGAIAKLVAKFGWPIVKKYYKQIMOFIGEGWAINKIIDWIKKHI-~ 44 PN
Ent7B MGAIAKLVAKFGWPF IKKFYKQIMQFIGQGWTIDQIEKWLEKRH-~~ 43 5
EntL50A MGAIAKLVAKFGWPIVKKYYKQIMQFIGEGWAINKIIEWIKKHI-- 44 }
EntL50B MGAIAKLVTKFGWPLIKKFYKQIMQFIGQGWTIDQIEKWLKRH=~~ 43 r
WelY ---MANIVLRVGS-VAYNYAPKIFKWIGEGVSYNQI IKWGHNKGWW 42 =
WelM MVSAAKVALKVGWGLVEKY YTKVMOFIGEGWSVDQIADWLERH=-~~ 43
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Figure 3.11. Homology modeling of broad-spectrum leaderless bacteriocins.

(A) Amino acid sequence alignment of peptides that consist of (A) 51 to 53 residues, and (B) 42 to

44 residues. Conserved, conservative, and semi-conservative substitutions are indicated by an

asterisk, colon, and period, respectively. Secondary structure predictions by JPred v.4 server” " are

indicated, wherein helical regions are shown in red, while extended regions are in green. (C)
Homology models generated using the SWISS-MODEL server’*”. Hydrophobic residues are
shown in red, while hydrophilic residues are in white. LnqQ was used as template for LnqZ and
EdcA; Ent7A for EntL50A, WelY and WelM; and Ent7B for EntL50B. (D) Hydrophobic surface
maps of the aligned bacteriocins were generated using PyMOL™.

LngZ was found to exhibit 94% and 45% sequence identity with LnqQ and AucA,
respectively, while EdcA has 47% and 36% sequence identity with LnqQ and AucA,
respectively. Similar to LnqQ and AucA, the predicted secondary structure content of
LngZ and EdcA was predominantly helical. Consequently, the generated homology
models for both peptides are comprised of four amphipathic helices consisting of 10 to 12
residues per helix, with a comparable fold to those of LnqQ and AucA (Figure 3.11C).
The surfaces of both peptides are mainly hydrophilic with a few hydrophobic patches

(Figure 3.11D). The shorter bacteriocins EntL50A, EntL50B, WelY, and WelM share
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28% to 98% sequence identity with Ent7A and Ent7B. The secondary structure predictions
and homology models were likewise analogous to Ent7A and Ent7B. Overall, these
analyses suggest that broad-spectrum leaderless bacteriocins share a common structural

motif.

3.2.4.5. Comparison to circular bacteriocins

The structures of Ent7A and Ent7B were previously reported to display some
resemblance to the saposin-like fold of the circular bacteriocins, carnocyclin A and
enterocin AS-48.°%7>!"? Structural alignment shows that the same resemblance is observed
for LnqQ and AucA. In particular, the two helices near the C-terminus of these leaderless
bacteriocins (LngqQ, AucA, Ent7A, and Ent7B) align well with al and a2 of the circular
bacteriocins (carnocyclin A and enterocin AS-48). Aligning these two helical regions with
carnocyclin A gave a RMSD of 0.799 A over 148 atoms, and 1.053 A over 124 atoms for
LngQ and AucA, respectively (Figure 3.12A and 3.12B). The N-terminal helices of the
LngQ and AucA, however, are folded differently relative to a3 and a4/a5 of carnocyclin

A and enterocin AS-48 (Figure 3.12A and 3.12B).
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180°
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Figure 3.12. Overlay of the structures of LnqQ and AucA with circular
bacteriocins (A) carnocyclin A (PDB: 2KJF), (B) enterocin AS-48
(PDB: 1E68), and (C) acidocin B (PDB: 2MWR).

LngQ is in orange, AucA in red, and the circular bacteriocins in gray. The a-helices
of the circular bacteriocins are labelled in blue (a1 to 04/5). The gap along 04 or a5
of the circular bacteriocins indicates the point of N- to C- cyclization.
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Circular bacteriocins are categorized into two subgroups. Carnocyclin A and
enterocin AS-48 belong to subgroup I, which are characterized by having high isoelectric
points. In contrast, subgroup II circular bacteriocins have lower pl values. It has been
shown that the overall saposin-like fold is well-conserved for the first subgroup. As
presented in Chapter 2, the structure of acidocin B is the first representative for the
subgroup II circular bacteriocins, and while it is also composed of four a-helices,
substantial differences are observed in the overall fold of acidocin B relative to members
of the subgroup I circular bacteriocins.”' Interestingly, the C-terminal a-helices of LnqQ
and AucA, also align with al and a2 of acidocin B, although to a lesser extent relative to
carnocyclin A and enterocin AS-48 (Figure 3.12C). The N-terminal helices of LnqQ and
AucA were likewise folded differently relative to a3 and a4 of acidocin B. Interestingly,
the saposin-like motif is not only observed in circular and leaderless bacteriocins. Our
recent work on phenol-soluble modulins (PSMs), the virulence factors of S. aureus,

revealed that PSM2 also share a similar structural motif.*>

3.2.5. Antimicrobial activity

With the assistance of Dr. Marco van Belkum, a spot-on-lawn assay was performed
to determine the minimum inhibitory concentrations (MICs) of LnqQ and AucA against
various Gram-positive indicator strains (Table 3.3). LnqQ was found to be more potent
than AucA. It is 4-fold more active against C. divergens LV13, Enterococcus faecium
BFE900, L. lactis ATCC 19257, and S. aureus 29213, 16-fold more active against
Lactobacillus sakei UAL1218, and 128-fold more active against Carnobacterium

maltaromaticum UAL26. The results suggest that the manners by which LnqQ and AucA
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kill target strains are different, despite having similar 3D structures. Among the strains
tested is C. maltaromaticum UAL26 containing plasmid pMG36c¢-ccIBITCDA, which
encodes the immunity proteins against carnocyclin A. LnqQ and AucA were found to be
less active against this transformant relative to C. maltaromaticum UAL26 without the
plasmid. This result suggests that carnocyclin A immunity proteins could have recognized
LngQ and AucA resulting in reduced sensitivity against LnqQ and AucA. It will therefore
be of interest to investigate details on immunity protein recognition based on the structural

similarities of leaderless bacteriocins and circular bacteriocins.

Table 3.3. Antimicrobial activity of LnqQ and AucA against various strains

Indicator strain LIII/(I]IS (p'llzlzc A Source or Reference”
Brochothrix campestris ATCC 43754 2 2 ATCC
Carnobacterium divergens LV 13 2 8 256
Carnobacterium maltaromaticum UAL26 1 128 257

C. maltaromaticum UAL26 (pMG36c¢- 16 - 69
cclBITCDA)

Enterococcus faecalis ATCC 7080 32 - ATCC

E. faecalis 710C - - 100
Enterococcus faecium BFE900 4 16 258
Lactobacillus acidophilus M46 0.5 - 229
Lactobacillus sakei UAL1218 0.5 8 Laboratory collection
Lactococcus lactis ATCC 19257 0.06 0.25 ATCC
Staphylococcus aureus ATCC 29213 32 128 ATCC

S. aureus ATCC 6538 8 - ATCC

*_, no inhibition at 128 pM of bacteriocin
> ATCC, American Type Culture Collection
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3.3. Conclusions and Future Directions

This chapter describes the expression, purification, and NMR solution structure
elucidation of the leaderless bacteriocins LnqQ and AucA. The calculated structures both
consist of four a-helices with a similar saposin-like globular fold. The elucidated 3D
structures resemble those of the two-component leaderless bacteriocins, Ent7A and Ent7B,
despite having low sequence identity and disparity in length. Homology modeling results
suggest that the observed structural motif is shared among broad-spectrum leaderless
bacteriocins. Surface analysis indicates that the surfaces of both peptides are highly
cationic, and this property implies that the peptides interact with target membranes mainly
through electrostatic interactions. Lastly, LnqQ was found to be more potent than AucA
against various Gram-positive strains, suggesting that LnqQ and AucA have different
mechanisms of action even though they exhibit similar 3D structures.

The structures of LnqQ and AucA revealed that Trp residues are solvent-exposed,
and could potentially play a significant role in target recognition. Future investigations on
the function of these Trp residues can therefore be pursued. Mutation of these residues and
assessing the effects of such mutations on activity and structure can provide additional
insights on peptide-membrane interaction. In addition, the striking similarity in the
structural fold of circular and leaderless bacteriocins with broad-spectrum of activity is
quite intriguing. Investigation on the significance of the said fold in their mechanisms of
action could lead to a better understanding on why these bacteriocins inhibits a wide range
of bacteria, unlike most bacteriocins that are only active against closely related strains.
Moreover, it would be of interest to determine the impact of the shared structural motif on

immunity protein recognition.
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Chapter 4
Identification and Structure of the

Two-Peptide Bacteriocin CbnXY

4.1. Project Background

4.1.1. Carnobacteriocin X and Y

One characteristic criterion in predicting bacteriocin-like peptides that are encoded
in bacterial genomes is the presence of a double glycine-motif (GG-motif). This motif has
been observed to be the leader peptide cleavage site in several bacteriocins.' Putative two-
peptide bacteriocin precursors encoded by a chbnXY gene cluster (Figure 4.1) were
previously identified in Carnobacterium piscicola LV17B based on the presence of GG-

type leaders.”

) ——)

cbn¥ cbnX cbns chnk chnR cbnT cbnD

Figure 4.1. Biosynthetic gene cluster of CbnXY.
The genes chbnXY shown in red encode the two structural bacteriocin genes, chnS in black encodes
a putative induction factor; cbnK and cbnR in gray encode proteins that are homologous to
histidine protein kinases and response regulators of bacterial signal transduction systems,

respectively; ¢bnT in green encodes an ABC transporter; and cbnD in white encodes an accessory
protein implicated in bacteriocin secretion.

The gene cluster includes a three-component transcription regulatory system

(CbnSKR), an ATP-binding cassette (ABC) transporter (CbnT) that is likely involved in
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leader peptide cleavage and export of the mature peptide, and an accessory protein (CbnD)
that is implicated in bacteriocin secretion. The same gene cluster was later on identified in
Carnobacterium maltaromaticum C2.*

In the Ilatter study, the production of one of the predicted bacteriocins,
carnobacteriocin X (CbnX), was confirmed. Genetic analysis and tandem mass
spectrometry showed that CbnX is produced as a 51-mer precursor peptide that undergoes
leader peptide cleavage to produce a 33-mer mature bacteriocin. CbnX was initially
reported to be a single-peptide bacteriocin.*®® However, we hypothesized that CbnX is in
fact part of a two-peptide system, with CbnY as its partner. CbnY is also a putative
bacteriocin containing a GG-type leader in the precursor sequence (Figure 4.2). Our
hypothesis is based on the fact that the chnX gene is found beside the chnY gene in both C.
piscicola LV17B and C. maltaromaticum C2, and GXXXG motifs are found in the

primary sequences of both CbnX and CbnY (Figure 4.2)."'*!

CbnX: MESVEELNVEEMOOTIGG-WGWEEVVONGOTIFSAGOELGNMVGEIVEFLEFG

CbnY: MNEE FKSLNEVEHKI{INGG;E-AIL&ITL@IFRT&YGHEVQKE&IN DRREE

leader sequence matura baclenocin

Figure 4.2. Amino acid sequences of the precursor peptides of CbnX and CbnY.

The leader peptide cleavage site is indicated with a black arrow. GXXXG motifs are indicated
with red lines and the glycine residues are bolded. GXXXG-like motifs in CbnY are indicated with
green lines.

As discussed in Chapter 1, the presence of GXXXG motifs is a characteristic feature of
two-peptide bacteriocins, and these motifs have been proposed to be the site of interaction

between complementary peptides to form transmembrane helix-helix structures in target
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membranes.'?"*! In addition to a GXXXG motif in CbnY, it also has GXXXG-like

motifs, wherein Gly is replaced by Ala (Figure 4.2).

4.1.2. Objectives

The goals of this project were to confirm that CbnX and CbnY comprise a two-
peptide bacteriocin, and to elucidate their NMR solution structures. In addition, it was
aimed to investigate the interaction between CbnX and CbnY, and ultimately determine

the structure of the CbnX-CbnY complex.

4.2. Results and Discussion

4.2.1. Antimicrobial activity

Spot-on-lawn assays were performed by Dr. Leah A. Martin-Visscher to assess the
antimicrobial activity of chemically synthesized CbnX and CbnY, individually and in
combination, against Carnobacterium divergens LV13 and C. maltaromaticum A9b—.
Individually, both peptides were found to be inactive even at concentrations as high as 500
uM. However, synergistic activity was observed when the peptides were combined at
individual peptide concentrations as low as 4 uM for C. divergens LV13 and 8 uM for C.

maltaromaticum A9b— (Figure 4.3).
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CbnX CbnY co-spot

31 uM
(each)

16 uM
(each)

8 uM
(each) |

_.

Figure 4.3. Spot-on-lawn assay showing the synergistic activity of CbnX and CbnY at
different concentrations against C. maltaromaticum A9b—.

Zones of inhibition were only observed in regions where the peptides overlapped.

The results confirmed that CbnX and CbnY comprise a two-peptide bacteriocin unit,
and represent the first confirmed two-peptide bacteriocin from carnobacteria. A previous
study showed that CbnX, isolated from cultured cells, was active against C.
maltaromaticum A9b—>% Tt is probable that undetected CbnY or minute amounts of
another bacteriocin from the producer strain was present in the sample that caused the
observed activity. As a negative control, CbnX and CbnY were also tested against the
producer strains, C. piscicola LV17B and C. maltaromaticum C2. There was no activity
observed confirming that the producer strains have immunity proteins that protect them

from the antimicrobial effect of CbnXY.
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4.2.2. Circular dichroism spectroscopy
The circular dichroism (CD) spectra of CbnX and CbnY in 20 mM sodium
phosphate buffer (pH 6.0) or 50% trifluoroethanol were obtained in order to estimate the

secondary structure content of the peptides in the aforementioned solvent conditions

(Figure 4.4).
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Figure 4.4. CD profile of (A) CbnX and (B) CbnY
in 20 mM sodium phosphate buffer, pH 6.0, (blue) and 50% trifluoroethanol (red).

In aqueous condition, CbnX was found to be random coiled with a negative minima
at 200 nm, while CbnY appeared to have some degree of f-sheet or amyloid formation as
indicated by the negative minima at around 215 nm. In the presence of trifluoroethanol,
which is a structure-inducing solvent, CbnX exhibits an estimated 78% a-helicity, while
CbnY is 81% a-helical. The same trend was previously observed in other two-peptide
bacteriocins, including lactococcin G (LenG)'**'*°, plantaricin  JK  (PInJK)">>!¥,
plantaricin EF (PInEF)"**"*", and plantaricin S'®'. All these peptides were found to be
unstructured in aqueous conditions, but assume a high degree of helicity when exposed to

liposomes, micelles, or trifluoroethanol.
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4.2.3. Expression of [*C,"’N]-labelled SUMO-CbnX and SUMO-CbnY
[°C,""N]-Labelled CbnX and CbnY peptides were produced in Escherichia coli
through overexpression of SUMO (small ubiquitin-like modifier) protein fused to CbnX
or CbnY in ["*C," N]-enriched media. The SUMO tag was cleaved using SUMO protease,
and the cleaved CbnX and CbnY peptides were purified by RP-HPLC. MALDI-TOF mass
spectrometry was used to monitor the incorporation of °C and "°N isotopes. The expected
masses for completely labelled CbnX and CbnY are 3,796 m/z and 3,270 m/z,
respectively. [°C,'°N]-CbnX registered a molecular ion peak of 3,793 m/z, while that of
[°C,”NJ-CbnY is 3,269 m/z, signifying >95% incorporation of the '*C and "°N isotopes

(Figure 4.5). A total of 1-1.5 mg of each peptide were obtained and used for NMR data

acquisition.
A 3793 B 3269
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Figure 4.5. MALDI-TOF mass spectra of (A) [°C,"’N]-CbnX
and (B) [°C,"°N]-CbnY.

In spectrum A, the doubly charged species is indicated with an asterisk.
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4.2.4. NMR solution structures of CbnX and CbnY

4.2.4.1. Structure calculations

Chemical shifts were assigned using a suite of 2D and 3D experiments, including
'H,"H-TOCSY, 'H,'H-NOESY, 'H,""N-HSQC, 'H,"*C-HSQC, 'H,'""N-TOCSY-HSQC,
'H,'""N-NOESY-HSQC, and HCCH-TOCSY. The 'H,"’N-HSQC spectrum of CbnX
(Figure 4.6A) shows 30 well-dispersed amide proton signals, indicating a well-defined
structure. CbnX is composed of 33 amino acids, two of which are Pro residues, accounting
for two of the three missing amide proton signals in the 'H,"’N-HSQC spectrum. The third
missing signal corresponds to that of the N-terminal amino group, which is in rapid
exchange with the deuterated solvent. As for the 'H,"’N-HSQC spectrum of the 29-mer
CbnY (Figure 4.6B), all the backbone amide proton signals except for the N-terminal
amino group were observed. The chemical shift peaklist, distance restraints acquired from
the NOE experiments, and angle restraints from TALOS®** were inputted to CYANA
2.17* and used for structure calculations. The structure calculation statistics are

summarized in Table 4.1.
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Figure 4.6. "H,"”"N-HSQC spectra of (A) CbnX and (B) CbnY.

Backbone resonances are labelled in black, while side chain signals are indicated in blue.
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Table 4.1. Structure calculation statistics for CbnX and CbnY

CbnX CbnY
Total NOE peak assignments 344 333
short-range, [i-j|<1 235 208
medium-range, 1<|i-j|<5 109 118
long-range, |i-j|>5 0 7
average target function value (A% 4.50 E-02 £ 4.06 E-03  8.94 E-03 £ 9.00 E-03
RMSD Residues 2-26: Residues 1-29:
backbone atoms (A) 0.82+0.36 0.68+£0.18
heavy atoms (A) 1.37 £0.35 1.30 £ 0.22
Ramachandran plot
®/¥ in most favored regions 91.7% 82.8%
®/¥ in additionally allowed regions 8.3% 17.0%
®/¥ in generously allowed regions 0.0% 0.2%
®/Y¥ in disallowed regions 0.0% 0.0%

4.2.4.2. Structural features

The calculated structure of CbnX is an extended o-helix with a flexible C-terminus.

The superimposition of the 20 lowest energy conformers is shown in Figure 4.7A, wherein

a low root-mean-square deviation (RMSD) of 0.82 A is observed for the backbone atoms

of the a-helical region spanning Gly2 to Lys26. The observed a-helical region is

consistent with the TALOS-predicted a-helical stretch from Gly2 to Val24. The glycine

residues (Gly17, Gly21 and Gly25) of the two consecutive GXXXG motifs in CbnX are

all situated on the same side of the a-helix (Figure 4.7B). The hydrophobic surface map

(Figure 4.7C) shows that the a-helical chain is amphipathic, having hydrophobic patches

on one side and hydrophilic patches on the other. The hydrophilic strip is specifically

cationic, as revealed by the electrostatic potential surface map (Figure 4.7D). The cationic

character is due to the presence of Lys4, Lys19, and Lys26 residues.
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Figure 4.7. NMR solution structure and surface maps of CbnX (PDB: SUJR).

(A) Superimposition of the 20 lowest energy conformers. (B) Cartoon drawing highlighting the
two consecutive GXXXG motifs with glycine residues shown in green. (C) Hydrophobic surface
map, where red indicates hydrophobic regions and white indicates hydrophilic regions. (D)
Electrostatic potential map, where blue and red indicate positive and negative charge, respectively.

The calculated structure of CbnY is comprised of two a-helices that assume an “L”
shape conformation (Figure 4.8A). The N-terminal a-helix consists of Ala2 to Tyrl5 (14
residues), and is connected by a loop to the C-terminal a-helix that is comprised of Met17

to Arg27 (11 residues). The TALOS-predicted helical segments (Ala2 to Thr13 and Met17

100



to Arg26) are consistent with the calculated structure. The loop region contains the
GXXXG motif, which involves Glyl4 and Gly18 (Figure 4.8B). The surface maps show
that the N-terminal a-helix is hydrophobic, while the C-terminal a-helix is amphipathic,
with a highly cationic end that is composed of 4 consecutive basic residues (Figure 4.8C

and 4.8D). The rest of the solvent-exposed surface appears to be uncharged.

Figure 4.8. NMR solution structure and surface maps of CbnY (PDB: 5UJQ).

(A) Superimposition of the 20 lowest energy conformers. (B) Cartoon drawing highlighting the
GXXXG motifs with glycine residues shown in green. (C) Hydrophobic surface map, where red
indicates hydrophobic regions and white indicates hydrophilic regions. (D) Electrostatic potential
map, where blue and red indicate positive and negative charge, respectively.
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4.2.4.3. Structural comparison to other two-peptide bacteriocins

Prior to this work, the structures of three other two-peptide bacteriocins have been
elucidated. These include LenG'™ from Lactococcus lactis LMG 2081, PInEF"* and
PInJK'*®, which are both produced by Lactobacillus plantarum C11. The 3D NMR
solution structures of CbnX and CbnY were found to resemble the previously reported
structures (Figure 4.9). In particular, CbnX shares several features with PInF of PInEF,
PInK of PInJK, and LcnGP of LenG. These peptides consist of an extended amphipathic
a-helix that bears the GXXXG (or GXXXG-like) motifs. This extended helix is, however,
disrupted for LcnGp, particularly at the segment containing the G;sXXXG;; motif. As for
CbnY, its structure closely resembles those of PInE, PlnJ, and LenGa. These peptides
consist of two a-helices, a longer N-terminal and a shorter C-terminal a-helix (Figure 4.9).
Both helices can either be hydrophobic or amphiphilic. A short flexible loop connects the
two helices, and the GXXXG motif is located in or adjacent to the loop. There are several
studies on the significance of the GXXXG motifs in two-peptide bacteriocins.'**!>>1°97161
This motif has been demonstrated to be involved in helix-helix interactions in
transmembrane domains, and has been established to be overrepresented in these
domains.'?*'#*2% 1t was therefore proposed that the GXXXG motifs located in the helices
of two-peptide bacteriocins facilitate the interaction of complementary peptides to form a

transmembrane helix-helix structure. !
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Figure 4.9. Comparison of the 3D structures of CbnXY to PInEF, PInJK, and LcnG.
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The structures of CbnXY and LenG were solved in the presence of trifluoroethanol (TFE), while
those of PInEF and PInJK were elucidated in dodecylphosphocholine micelles. Residues involved
in the GXXXG (or GXXXG-like) motifs are labelled and highlighted in green. For PInE*** and
LenGo™, additional GXXXG motifs that are considered to be critical for activity are highlighted
in red. The N- and C-termini of the peptides are indicated.
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4.2.5. Binding studies

4.2.5.1. Isothermal titration calorimetry

Binding studies were performed by Dr. Kaitlyn M. Towle. Due to the presence of
the characteristic GXXXG motifs in CbnX and CbnY, and the propensity of these peptides
to form helical structures in structure-inducing conditions, the ability of CbnX and CbnY
to form intermolecular contacts was assessed. Binding studies of CbnX and CbnY in 1:1
trifluoroethanol:phosphate buffer (pH 6.9) were performed using isothermal titration
calorimetry (ITC). The results showed that the two peptides do not interact in the
conditions employed (Figure 4.10). Consequently, elucidation of the NMR solution

structure of the CbnXY complex was not feasible.
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Figure 4.10. ITC data for the titration of 0.1 mM CbnY into 1 mM CbnX at 25 °C.

The top panel shows the heat flow as a function of addition of CbnY to the sample cell containing
CbnX. The bottom panel shows the binding isotherm (heat change vs. molar ratio of CbnY).
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4.2.5.2. Permeability experiments

Two-peptide bacteriocins have been found to interact with membranes and
facilitate ion leakage and disruption of membrane potential.'**~'*"'"*!"! Considering this
information, the ability of CbnX and CbnY to interact with membrane vesicles was
investigated. Individually, both peptides were able to permeate the membrane. However,
the effect of using a combination of the peptides was found to be additive rather than
synergistic. Taken together, the ITC and permeability assay results strongly support the
proposition that a membrane-bound receptor may be needed to serve as anchor for CbnXY
to form an active bacteriocin complex. Studies on Lanm, enterocin 1071173, and
PInJK'” have identified specific receptors for these bacteriocins. The receptor for LenG
and enterocin 1071 was found to be undecaprenyl pyrophosphate phosphatase (UppP), a
peptidoglycan biosynthetic enzyme. UppP was identified through generation of
LcenG/enterocin 1071-resistant mutants and comparison of the genome sequences of the
mutants to that of the wild-type strain.'”” The same technique was used for the
identification of the PInJK receptor, which is a putative amino acid-polyamine-
organocation transporter.'®*!”> A similar strategy may therefore be employed to determine

the receptor of CbnXY.
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4.3. Conclusions and Future Directions

It was previously reported that CbnX is a member of the single-peptide class IId
bacteriocins. Based on sequence analysis and synergy assays, this study showed that
CbnX, together with CbnY, is in fact part of a two-peptide bacteriocin system that exhibits
optimal activity in the presence of both peptides. CbnXY is the first representative two-
peptide bacteriocin identified in carnobacteria. [°C,"’N]-Labelled CbnX and CbnY
peptides were expressed, purified, and utilized for the elucidation of the 3D NMR solution
structures of both peptides. The structures revealed that several features observed in other
two-peptide bacteriocins are conserved in CbnX and CbnY. CbnX consists of an extended
amphipathic a-helix, while CbnY is composed of two a-helices in an “L” shape
conformation wherein the N-terminal helix is hydrophobic, while the C-terminal helix is
amphipathic. Furthermore, CbnY has a cluster of cationic residues at its C-terminus,
which is implicated to be responsible for peptide insertion into negatively charged target
bacterial membranes. Two-peptide bacteriocins are suggested to interact with each other
in order for them to elicit their synergistic activity. However, binding studies on CbnXY
demonstrated that the CbnX and CbnY peptides do not directly interact, suggesting that a
receptor may be required to mediate the formation of the CbnXY complex. It was
therefore not possible to elucidate the NMR solution structure of the CbnXY complex.

Future work may be directed towards the identification of the CbnXY receptor. A
similar approach to what was used for the identification of the receptors of LcnG,
enterocin 1071, and PInJK may be employed. This requires the identification of a CbnXY-
sensitive strain, generation of resistant mutants, genome sequence analysis of the mutants

to identify a putative membrane-bound receptor, and confirmation of the receptor’s
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function via heterologous expression. Subsequently, structure-based investigations on the
peptide-receptor interaction may be pursued. The derived structural information may in
turn serve as basis for the design of more potent peptide antimicrobials. Thus far, the
receptors that were identified to be the targets of two-peptide bacteriocins are distinct from
those targeted by conventional antibiotics. This therefore suggests that two-peptide
bacteriocins, and other bacteriocins with unique receptors, can be used in combination

with other antimicrobials without the risk of cross-resistance development.
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Chapter 5

Characterization of Lanthipeptide Dehydrogenase, PneJg

5.1. Project Background

5.1.1. p-Amino acids in lanthipeptides

The standard amino acids are biosynthesized with an alpha carbon that assumes an
L-configuration. However, several ribosomally synthesized natural products from both
eukaryotes and prokaryotes contain D-amino acids.”>?’® The presence of these non-
canonical residues has been demonstrated to be crucial for bioactivity, stability, and
structural conformation.'**?¢72%%2"12™ The p-amino acids in non-lanthipeptide natural
products are usually installed by epimerizing the L-amino acid either via a deprotonation-
protonation mechanism”” or a radical mechanism®’®. In lanthipeptides, this transformation
is accomplished by two enzymatic reactions catalyzed by a dehydratase, followed by a
dehydrogenase, as previously described in Chapter 1 (Figure 1.12). Briefly, L-Ser and L-
Thr residues are initially dehydrated to dehydroalanine (Dha) and dehydrobutyrine (Dhb),
respectively, followed by reduction to D-Ala and D-aminobutyrate (D-Abu), respectively.
Lanthipeptide dehydrogenases that catalyze the reduction of the dehyro residues are

collectively referred to as “Lan)” enzymes.
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5.1.2. LanJ dehydrogenases

5.1.2.1. LanJ s enzymes

LanJ enzymes are categorized into two classes, namely the zinc-dependent
dehydrogenases (LanJ) and the flavin-dependent dehydrogenases (LanJg).'”’*"" As
mentioned in Chapter 1, the first characterized LanJ enzyme is LtnJ, which is involved in
the biosynthesis of the two-component lantibiotic lacticin 3147 (Figure 5.1).""* LtnJ is a
LanJ, enzyme that requires Zn*" and NADPH as cofactors in the reduction of Dha to D-
Ala. Other known LanJ, enzymes include Sacly (involved in the biosynthesis of
staphylococcin C55 from Staphylococcus aureus C55)*"%, PenJ, (originally named as
PenN?”’; involved in the biosynthesis of pediocin A from Pediococcus pentosaceus
FBB61)*®, and NpnJ, (originally named as NstJ'**; involved in the biosynthesis of six
NpnA peptides from the cyanobacterium Nostoc punctiforme PCC73102)*”7. The
dehydrogenase activities of SacJ4 and PenJ, were demonstrated in vivo using lacticin
3147 as substrate. Their respective native peptide products have not yet been structurally
characterized.”™ In silico analysis suggests that staphylococcin C55 is a putative
lanthipeptide, while the identity of pediocin A remains to be determined, since its gene
cluster does not include a LanM or LanB/C, which are the key enzymes in lanthipeptide
biosynthesis.'”” On the other hand, the gene cluster containing NpnJ, includes a LanM
enzyme, however, the precursor peptides do not contain Cys residues and are therefore
lacking of lanthionine (Lan) and/or methyllanthionine (MeLan) rings. NpnlJ, is the first

LanJ, enzyme to be reconstituted in vitro.””’ The authors demonstrated that a soluble and

active maltose-binding protein (MBP)-NpnJa fusion protein, in the presence of NADPH,
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successfully installed D-Ala in the native precursor peptide, NpnA3 (Figure 5.1), as well
as in non-native substrates, including lacticin 481 and lacticin 3147.*"" All the
abovementioned LanJ, enzymes contain a zinc-binding motif consisting of three to four
conserved Cys residues, and were all shown to be capable of reducing Dha but not Dhb.**’

Moreover, previous studies revealed that the LanJ, enzymes have broad substrate scopes,

277,280-282

and do not require the presence of the leader peptide for activity.

Lacticin 3147 A1
(Ltna)

Lacticin 3147 A2
(LtnB)

Figure 5.1. Peptides processed by LanJ. enzymes.

D-Ala residues are shown in blue, while dehydrobutyrine (Dhb) residues are in purple.
Lanthionine and methyllanthionine rings are indicated in green.
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5.1.2.2. LanJg enzymes

LanJg enzymes are flavin-dependent oxidoreductases that were shown to reduce not
only Dha, but also Dhb."”"'® Currently, there are two LanJs enzymes that have been
characterized, namely CrnJg and BsjJg, which are involved in the biosynthesis of the
lantibiotics, carnolysin (from Carnobacterium maltaromaticum C2) and bicereucin (from
Bacillus cereus SJ1), respectively.”""'*® Carnolysin is a two-component lantibiotic that is
comprised of carnolysin A1 (CrnAl) and A2 (CrnA2). In contrast to most two-component
bacteriocins, their structural genes are not located next to each other. Nonetheless, it was
demonstrated that the peptides exhibit synergistic activity. CrnAl and CrnA2 undergo two
proteolytic cleavages during maturation, and the singly cleaved peptides are indicated with
a single quote (CrnAl’ and CrnA2'), while the doubly cleaved mature peptides are
indicated with a double quote (CrnA1"” and CrnA2"). To formally distinguish the different
cleaved segments, the translation product is referred to as the prepeptide; the peptide
lacking the leader is the propeptide (first cleavage); and the peptide that is obtained after
the second cleavage is the mature lantibiotic. CrnA 1" contains four D-Ala, while CrnA2"
contains one D-Ala and one D-Abu (Figure 5.2)."' It was confirmed in vivo through
coexpression of CrnJg with CrnA1/CrmA2 and CrnM in Escherichia coli that the Crnlp
enzyme was indeed responsible for the reduction of Dha and Dhb to D-Ala and D-Abu,
respectively. The activity of BsjJg, on the other hand, was confirmed both in vivo and in
vitro."® For the in vivo assay, a similar heterologous coexpression system to what was
used for carnolysin was employed for BsjJg. For the in vitro reconstitution, a dehydrated
substrate (BsjAl) was treated with an His¢-BsjJg enzyme together with flavin

mononucleotide (FMN) and NADH."® Bicereucin is also a two-component system,
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composed of BsjAl and BsjA2, that undergoes two proteolytic cleavages to yield the
mature peptides, named Bsjo and BsjB. Similar to carnolysin, the presence of both
peptides is required for optimal activity. The bicereucin system is unique, since only Bsjf3
bears a Lan ring, while Bsja is simply a linear peptide with dehydro residues and D-amino
acids (Figure 5.2). Bsja contains four D-Ala, while Bsjp contains one D-Abu and three D-
Ala.

Relative to the LanJ, enzymes, the LanJg enzymes were discovered just recently
and are therefore not as well-characterized as the former. The substrate specificity of
LanJp has not yet been investigated, and while it has been established for LanJ, enzymes
that the leader peptide is not required for activity, it is not yet known whether this is also
the case for LanJg enzymes. It is also unclear why LanJg enzymes can reduce both Dha
and Dhb, while the LanJ, enzymes are restricted to Dha. Additional insights on their
functions may be obtained once crystal structures of LanJ, and LanJg enzymes are
available, and mutational analysis has been performed to establish the substrate scope of

LanJg enzymes.
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Carnolysin A1”
(CrnA1”)

Carnolysin A2”
(CrnA2”)

Bicereucin «
(Bsja)

(BsjB)

Figure 5.2. Two-component lantibiotics processed by LanJg enzymes.

D-Ala residues are shown in blue, and D-aminobutyrate (D-Abu) residues are in red.
Dehydroalanine (Dha) and dehydrobutyrine (Dhb) residues are shown in purple. Lanthionine and
methyllanthionine rings are indicated in green. For bicereucin f, the lanthionine ring was produced
as a mixture of stereoisomers.'”®
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5.1.3. Pneumococcin and the putative PneJg reductase

5.1.3.1. Biosynthetic gene cluster of pneumococcin
A putative two-component lantibiotic was previously identified in Streptococcus

pneumoniae R6 and named as pneumococcin Al (PneAl) and A2 (PneA2).**

Analysis of
the associated biosynthetic gene cluster (Figure 5.3) showed that pneumococcin belongs to
class II lanthipeptides, wherein a bifunctional PneM enzyme operates to install Lan and
MeLan rings.”® The gene cluster also includes the gene pneT, encoding a putative ATP-
binding cassette (ABC) transporter that bears an N-terminal peptidase domain, which is
likely involved in the leader peptide cleavage of the prepeptide. Downstream the pneT
gene is pneP that encodes a peptidase that could potentially be involved in the cleavage of
the propeptide. PneP in fact exhibits 48% identity to the nisin leader peptidase NisP. The
genes pneF and pneE encode a putative immunity protein and ATP-binding protein,

respectively. The gene lanD encodes a flavoprotein and will be discussed further in the

succeeding sections. Lastly, three other genes in the cluster encode unknown proteins.

) ) ) ) e ) = ) ) )

- pneAt pneA2 pneM lanD - pneT pneP -
(pneJ)

Figure 5.3. Biosynthetic gene cluster of pneumococcin.

The genes pneAl and pneA2 shown in red encode the structural bacteriocin genes; genes in
gradient blue are modifying enzymes, where pneM encodes the bifunctional lanthipeptide
synthetase, and preP encodes a serine protease involved in leader peptide cleavage; lanD encodes
a flavoprotein that was previously predicted to be involved in aminovinylcysteine formation, but is
likely a Lanlg enzyme (pnety); pnel in green encodes an ABC transporter with an N-terminal
peptidase domain; pneF and pneE encode a putative immunity protein and ABC transporter,
respectively. Genes in white encode unknown proteins.
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PneA1l and PneA2 have not been isolated from the natural producer strain, hence the
chemical structures of the native mature peptides have not yet been established. Instead,
the precursor peptides were used as substrates for heterologous expression using the nisin
machinery composed of NisB dehydratase, NisC cyclase, and NisT ABC transporter.® To
facilitate recognition by nisin modifying enzymes, the nisin leader was fused to the
propeptide of PneAl and PneA2.** In this study, the precursor peptides were successfully
dehydrated and cyclized by the nisin enzymes, producing mature peptides with
antimicrobial activity, albeit only against Micrococcus flavus. It is possible that the weak
antimicrobial activity may be due to missing structural features, since only a dehydratase
and a cyclase were used in this study, while the pneumococcin gene cluster suggests the
presence of another putative modifying enzyme that may be crucial for pneumococcin
biosynthesis. Based on in silico analysis, the authors proposed that the flavoprotein
encoded in the pneumococcin gene cluster is a putative LanD enzyme that is involved in
aminovinylcysteine (AviCys) formation. However, with the discovery of CrnJ;, the first
flavin-dependent lanthipeptide dehydrogenase, we re-evaluated the said proposition.
Sequence alignment with known LanD enzymes, including EpiD of epidermin, GdmD of
gallidermin, MibD of microbisporicin, and MutD of mutacin 1140, revealed that there is
no substantial homology between the proposed pneumococcin LanD and the known LanD
enzymes (Figure 5.4). However, sequence alignment with CrnJ; and BsjJ; revealed that
the pneumococcin LanD shares high sequence homology with the aforementioned
enzymes (Figure 5.5). Furthermore, alignment of the primary sequences of PneAl and
PneA2 with CrnA1”” and CrnA2’’ revealed that the peptides are likewise homologous

(Figure 5.6). The pneumococcin LanD will therefore be referred to hereafter as PnelJ.
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Figure 5.4. Amino acid sequence alignment of PneJg with LanD enzymes.

Pnely was previously proposed to be a LanD enzyme.” LanD enzymes included in the alignment
are MibD of microbisporicin, MutD of mutacin 1140, EpiD of epidermin, and GdmD of
gallidermin. Conserved, conservative, and semi-conservative substitutions are indicated by an
asterisk, colon, and period, respectively.
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Figure 5.5. Amino acid sequence alignment of PneJg
and the LanJg enzymes, CrnJg and BsjJg.

Conserved, conservative, and semi-conservative substitutions are
indicated by an asterisk, colon, and period, respectively.

PneAl WIPTP----IILKSAAASSKVCISAAVSGIGGLVSYNNDCLG 38
Crnal" FTTSPACVYSVMVVSKASSAKCA-AGASAVSGAILSAIRC-- 39
HEI B HE S T P SR *

PneA2 STIICSATLSFIASYLG---SAQTRCGKDNKKK 30
CrnA2" STPICAGFATLMSS-IGLVKTIKGKC-—-- 25
*k khkoe ::::* :* H :*

Figure 5.6. Amino acid sequence alignment of pneumococcin and carnolysin.

PneAl and PneA2 are the pneumococcin peptides, while CrnA1’” and CrnA2’’ are the carnolysin
peptides. Conserved, conservative, and semi-conservative substitutions are indicated by an
asterisk, colon, and period, respectively. Thr and Ser residues are highlighted in blue, while Cys
residues are shown in red.
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5.1.3.2. X-ray crystal structure of PneJg

In 2007, the crystal structure of an FMN-dependent enzyme (referred to as
SP_1951) from S. pneumoniae was published as part of the structural genomics efforts by
the Northeast Structural Genomics Consortium (NESG) sponsored by the Protein
Structure Initiative (PSI) at the National Institutes of Health (NIH).*** Alignment of the
amino acid sequence of SP_1951 to Pnel; revealed that the proteins are identical.
However, the authors of the structural work did not recognize that SP_1951 was part of a
lanthipeptide cluster and declared the function of the enzyme to be unknown. It is also to
be noted that the first FMN-dependent lanthipeptide dehydrogenase was only reported in
2014. Hence, back in 2007, comparison to literature databases only suggested that
SP_1951 is a protein with no definitive function that potentially requires FMN as cofactor.
The authors performed high-throughput production and purification of His-tagged
proteins, followed by high-throughput crystallization attempts. The final crystallization
condition for SP_1951 was determined to consist of 2 pLL (10 mg/mL) SP_1951 dissolved
in 5 mM Tris (pH 7.5), 100 mM NacCl, and 5 mM dithiothreitol mixed with 2 pL reservoir
solution containing 10% polyethylene glycol 3350, 100 mM tartrate, and 200 mM sodium
chloride.”®* The crystal structures of SP_1951 with and without FMN (PDB ID: 1SQS and
20YS, respectively) both revealed that the enzyme forms a dimer, and that no substantial
conformational changes occur upon binding of FMN. Figure 5.7A shows the crystal
structure of SP 1951 with bound FMN. Each monomer is composed of two domains,
namely an N-terminal Rossman-fold domain that consists of five parallel B-strands and six
helices, and a C-terminal domain comprised of three helices. The FMN is located at the

dimer interface, in particular between the N-terminal domain of one monomer and the C-
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terminal domain of the other monomer. It was suggested that the unknown natural
substrate of the enzyme is hydrophobic, since the pocket surrounding the flavin moiety of
FMN is predominantly hydrophobic. Furthermore, inspection of the residues near the
putative active site revealed the presence of Ser109, His110, Tyr143, and Glu209 that are

suggested to be involved in catalysis (Figure 5.7B).

Figure 5.7. Crystal structure of SP_1951 dimer (PneJg enzyme).

(A) Cartoon representation of the SP 1951 dimer. Monomer one is colored blue, with the N-
terminal domain helices shown in light blue and the C-terminal domain shown in dark blue. -
strands of the N-terminal domain in both monomers are shown in salmon red. The second
monomer is shown in green, with the N-terminal helices shown in light green and the C-terminal
domain helices shown in dark green. FMN cofactors are shown as yellow spheres. (B) The
putative active site of SP_1951. FMN is shown in yellow. The side chain residues that are
predicted to be involved in catalysis are shown in orange sticks.
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5.1.4. Objectives

This project was aimed to confirm the reductase activity of Pnel; and characterize
the native structures of the mature PneA1 and PneA2 peptides. This study also aimed to
determine the antimicrobial inhibition spectrum of PneA1 and PneA2. Lastly, the ultimate
objective was to obtain a cocrystal structure of PnelJ; with a bound substrate to shed light

on the specificity and mechanism of this enzyme.

5.2. Results and Discussion

5.2.1. Expression of pneumococcin in Escherichia coli

S. pneumoniae R6 was grown in brain heart infusion (BHI) broth and in tryptic soy
broth (TSB), and the isolation of the prepeptide and/or propeptide was attempted by
fractionating the culture supernatant using Amberlite XAD-16 resin (Sigma-Aldrich), C8
solid phase extraction cartridge (Agilent), and RP-HPLC. However, none of the peptides
were detected. The absence of activity may be attributed to several reasons, such as
inherent low yield or presence of silent genes. Silent lantibiotics refer to peptides with
unknown production conditions and are therefore difficult to produce from natural
sources. Hence, heterologous expression was pursued to produce recombinant

pneumococcin.

5.2.1.1. Cloning and expression of pneM, pneJg, pneAl, and pneA2
The activity of the putative reductase Pnelg was investigated via a similar approach

to what was employed for CrnJ and BsjJg."”""?® In those previous studies, the lantibiotic
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precursor peptides were coexpressed with the associated biosynthetic machinery in order
to introduce the necessary post-translational modifications. Similarly, in this project, the
genes that encode the modifying enzymes, PneM and Pnelg, and the precursor peptides,
PneAl and PneA2, were codon-optimized for E. coli expression and purchased from
BioBasic Inc. As discussed earlier, the PneM enzyme facilitates the dehydration of Ser
and Thr residues to Dha and Dhb, respectively, followed by the addition of the Cys thiol
group to the dehyro residues to form Lan and MeLan rings. The Pnelg enzyme, on the
other hand, should theoretically install D-Ala and/or D-Abu residues by reducing select
Dha and Dhb residues that are not involved in Lan and MeLan rings. Plasmids pRSFDuet-
PneM-PneAl, pRSFDuet-PneM-PneA2, and pETDuet-Pnels were prepared following
standard molecular biology techniques.”® The plasmids were designed such that PneAl
and PneA2 would contain an N-terminal His-tag to facilitate purification by Ni-NTA
affinity chromatography. The vector maps of pRSFDuet-1 and pETDuet-1 are shown in

Figure 5.8, highlighting the restrictions sites used for cloning.
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Figure 5.8. pRSFDuet-1 and pETDuet-1 vector maps.

The restriction sites utilized for constructing pRSFDuet-PneM-PneAl, pRSFDuet-PneM-PneA?2,
and pETDuet-PnelJg plasmids are indicated in bold. pPRSFDuet-1 contains a kanamycin resistance
marker, while pETDuet-1 has an ampicillin resistance gene.

E. coli BL21 (DE3) was transformed with either pRSFDuet-PneM-PneAl or
pRSFDuet-PneM-PneA2 with and without pETDuet-Pnels. The transformants were
grown and induced for protein expression at 18 °C using 0.1 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG), which are the same conditions employed for the carnolysin

(CrnJp) system.""

The cultures were lysed and the pneumococcin precursors were purified
using Ni-NTA affinity chromatography (Figure 5.9). A strong but diffused band
corresponding to the expressed proteins (PneM-PneAl and PneM-PneA2 with and without
Pnelg) was observed on the SDS-PAGE gel. Analysis by MALDI-TOF MS revealed a
cluster of undistinguishable peaks (Figure 5.10A). Hence, the bands on the SPS-PAGE gel

were excised, digested with trypsin, and subjected to tandem mass spectrometry for

further analysis. The results showed that the bands from all the expression systems indeed
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correspond to the precursor peptides, since the unmodified sequences of the leader
peptides were detected. However, results also revealed that the samples consisted of a
mixture of partially dehydrated and/or cyclized products. Purification by RP-HPLC was
done, however, none of the optimization attempts were successful in separating the

different peptide variants.
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Figure 5.9. SDS-PAGE gel of Ni-NTA affinity chromatography fractions from the
purification of proteins from pRSFDuet-PneM-PneAl expression.

A mixture of pneumococcin peptides with different extents of modifications eluted at 100 to 150
mM imidazole. A similar profile was observed for the other expression systems that utilized
pRSFDuet-PneM-PneAl with pETDuet-Pnelg, and pRSFDuet-PneM-PneA2 with and without
pETDuet-Pnelg.

Since the peptides were being expressed in the soluble fraction, expression at a
higher temperature (37 °C) was attempted in order to potentially improve the efficiency of
the PneM enzyme and facilitate the complete installation of the modifications. Results
showed that the PneA1 and PneA2 peptides (with and with Pnelg) were still expressed in
the soluble fraction. However, after Ni-NTA affinity purification, MALDI-TOF MS
(Figure 5.10B) showed that although there was an improvement in the resolution of the
signals, there were still numerous peptide variants in the sample that were also not

possible to separate by RP-HPLC.
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Figure 5.10. MALDI-TOF mass spectra of PneAl.

(A) Mass spectrum obtained for the PneAl precursor peptide coexpressed with PneM, and induced
with 0.1 mM IPTG at 18 °C for 20 h, or (B) with 0.5 mM IPTG at 37 °C for 3 h. The same trend
was observed for PneA2.

5.2.1.2. Cloning and expression of truncated PneAl and PneA2

Earlier studies have shown that LanJ enzymes are promiscuous and can recognize a
variety of substrates.'”*?**?*! Hence, truncated versions of PneAl and PneA2 were
designed to simplify the substrates by eliminating other reactive sites (Figure 5.11). The
truncated versions of PneAl and PneA2 were cloned in a similar fashion as was done with
the full-length precursor peptides. Expression trials, however, showed that the truncated
peptides could not be produced. Hence, chemical synthesis of pneumococcin substrate
analogues is currently being pursued by Daniel Engelhart, another graduate student in the
Vederas group. The chemically synthesized substrates will in turn be utilized for in vitro

Pnelp activity assay.

124



)
3
Leader @ g % @@ @®®
@ @ @ Leader @ @ @

PneA1 (truncated) PneA2 (truncated)

Figure 5.11. PneAl and PneA2 precursor peptides and their truncated versions.

Ser residues are shown in violet; Thr residues are in brown;
and Cys residues are in maroon.

5.2.2. Expression and purification of SUMO-PneJg

Due to the difficulties encountered in the in vivo assays, in vitro reconstitution of the
activity of Pnelg will be pursued using chemically synthesized substrates. In line with this,
a His-tagged SUMO (small ubiquitin-like modifier)-Pnelg construct was prepared and
expressed, wherein 10-20 mg/mL fusion protein was obtained per 400 mL culture (Figure
5.12). This fusion protein can be used for the in vitro assays, as well as crystallographic

trials with a bound substrate. Several lantibiotic biosynthetic enzymes have been
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previously demonstrated to be active even with attached expression tags that are as small
as a Hiss tag (~1 kDa) to as large as an MBP tag (~43 kDa).'?*?*2*¢287 The SUMO tag
(~13 kDa) increases yield and solubility, and has also been used for carrier-driven

crystallization.”®
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Figure 5.12. SDS-PAGE gel of SUMO-PneJg Ni-NTA affinity chromatography
purification fractions.

Expressed SUMO-Pnelg (~40 kDa) was purified with increasing amounts of imidazole.
Majority of the SUMO-Pnelg protein eluted at 100 to 150 mM imidazole.

It is also possible to obtain Pnelp that is devoid of any tag via treatment of the
SUMO-Pnelp fusion protein with SUMO protease. A pilot cleavage trial that utilized the
recommended protease concentration showed that the SUMO tag can be efficiently
removed at 8 °C or 25 °C after 20 h of incubation (Figure 5.13). The cleavage condition
for the removal of the SUMO protein normally requires the detergent IGEPAL® CA-630
(Sigma-Aldrich), which needs to be removed prior to use in activity assays or protein
crystallization. Hence, a cleavage trial without IGEPAL was also set up. The results
demonstrated that removal of IGEPAL from the cleavage cocktail reduced the cleavage

efficiency by ~50% at room temperature, while minimal cleavage was observed at 8 °C.
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Hence, these results showed the importance of incorporating IGEPAL in the cleavage
cocktail to obtain higher amounts of cleaved protein. Removal of the detergent may
consequently be accomplished by a final purification step such as size exclusion

chromatography.
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Figure 5.13. SDS-PAGE gel of SUMO-PneJs pilot cleavage trials.

Overnight SUMO protease treatment of SUMO-Pnelg protein
at 8 °C or 25 °C with or without the detergent, IGEPAL.

5.3. Conclusions and Future Directions

The role of the putative reductase, Pnelg, in the formation of D-Ala and D-Abu in
pneumococcin was investigated through the heterologous expression of pneumococcin
biosynthetic proteins in E. coli. Coexpression of the precursor peptides, PneAl and
PneA2, with PneM (with and without PneJg) produced a mixture of partially modified
substrates that could not be separated by RP-HPLC. In order to simplify the precursor
peptides, other reactive sites were eliminated by truncating the precursor peptides.
However, the truncated peptides could not be expressed. Chemical synthesis of substrate

analogues is therefore currently being pursued. The substrate analogues will consequently
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be used for in vitro Pnely activity assays. In line with this, PneJg was expressed and
purified as a SUMO fusion protein. It was further demonstrated that the SUMO tag could
be readily cleaved to afford the Pnelg enzyme that is devoid of any tag.

Future work may be directed towards the use of an expression vector with a stronger
promoter for the PneM enzyme, or a low copy number plasmid for the precursor peptides.
This may result in the complete installation of the modifications in PneA1l and PneA2, and
will provide the native substrates of Pnelg. Alternatively, PneM and the precursor peptides
could be expressed and purified separately, and consequently used in an in vitro assay
where the concentrations of each component can be controlled. Given the optimal
concentrations of PneM and the substrate, it is envisioned that a PneM-catalyzed reactions
will proceed to completion. Another approach would be to perform alanine mutations of
select reactive sites on the precursor peptides via site-directed mutagenesis in order to
produce substrate analogues for Pnelg. Once the function of Pnelg is confirmed, the
substrate scope of Pnelp, and the role of the leader peptide on the activity of the enzyme
may be investigated. If the native substrates were accessed, it would be of interest to
establish the structures and stereochemistry of the mature PneA1l and PneA2 peptides, and
the antimicrobial activity spectrum of the bacteriocin. Lastly, crystallographic trials of
Pnelg bound with PneAl or PneA2 may be pursued. It is worth noting that Pnelg has
already been crystallized.™® Therefore, there is a high probability of recrystallizing the
enzyme, but this time with a bound substrate. A detailed understanding on the enzyme’s
specificity and mechanism is essential in developing PneJg as a tool in synthetic biology to

obtain peptides with D-amino acids.
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Chapter 6

Summary and Conclusions

This thesis presented the structural characterization of the circular bacteriocin
acidocin B (AcdB)’', the leaderless bacteriocins lacticin Q (LnqQ) and aureocin AS53
(AucA)*®, and the two-peptide bacteriocin carnobacteriocin XY (CbnXY)*°. It also
described the investigation of the lanthipeptide dehydrogenase PnelJg, which is involved in
the biosynthesis of pneumococcin.

In the first study, AcdB from Lactobacillus acidophilus M46 was purified and
shown to be a circular bacteriocin that is composed of 58 amino acid residues based on
MALDI-TOF MS and MS/MS sequencing. This corrects the earlier report indicating that
AcdB is a linear peptide consisting of 59 residues.””” Consequently, the NMR solution
structure of AcdB in sodium dodecyl sulfate micelles was elucidated, showing that AcdB
consists of four a-helices that are folded to form a compact, globular bundle with a central
pore. The three-dimensional (3D) structure of AcdB is the first representative structure for
subgroup II circular bacteriocins, which are characterized by having low isoelectric points
(pI ~7 or lower) relative to members of subgroup I (pI ~10). The structure of AcdB was
compared to that of carnocyclin A, a subgroup I circular bacteriocin. The results revealed
variations in their overall fold and surface properties. Carnocyclin A has a highly cationic
surface, while AcdB has a vastly hydrophobic surface, signifying that hydrophobic instead
of electrostatic interactions may be mainly involved in the binding of AcdB to the cell
membrane of target organisms. There are currently only two other known subgroup II

circular bacteriocins, namely gassericin A and butyrivibriocin AR10. Homology models
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of the said bacteriocins were created and were shown to share a similar overall fold with
AcdB. BLAST search identified at least 7 other putative subgroup II circular bacteriocins,
and sequence alignment of the known and putative subgroup II circular bacteriocins
revealed a highly conserved asparagine residue at the leader peptide cleavage site,
suggesting that an asparagine endopeptidase might be involved in the cyclization of the
precursor peptide and/or removal of the leader peptide during the maturation of subgroup
IT circular bacteriocins. The biosynthetic gene cluster of AcdB was sequenced and shown
to be highly similar to that of gassericin A, further indicating that AcdB is a circular
bacteriocin. Lastly, a phylogenetic tree that was constructed using the peptide sequences
of AcdB, gassericin A, butyrivibriocin AR10, and the putative members of this subgroup
showed that the peptides can be divided into two subclades. The first subclade consists of
peptides from Lactobacillus spp., while the second subclade is comprised of peptides from
various genera including Bacillus, Lactobacillus, Butyrivibrio, and Streptococcus.

In the second study, the leaderless bacteriocins lacticin Q (LnqQ) and aureocin A53
(AucA) from Lactococcus lactis QU 5 and Staphylococcus aureus AS3, respectively, were
expressed and purified using the SUMO fusion technology. CD analysis showed that both
peptides are highly helical in aqueous conditions unlike most linear peptides. Their NMR
solution structures were then determined, revealing that both peptides are composed of
four a-helices that assume a saposin-like fold with a highly cationic surface and a
hydrophobic core. The cationic character of their surface suggests that electrostatic
interactions facilitate their binding to negatively charged bacterial membranes. The
saposin-like fold observed in LnqQ and AucA was strikingly similar to the overall fold of

the two-component leaderless bacteriocin enterocin 7 that is composed of Ent7A and
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Ent7B, despite their differences in amino acid sequence and peptide length. LnqQ, AucA,
Ent7A, and Ent7B have all been shown to have wide inhibition spectra. Consequently,
homology modeling showed that other broad-spectrum leaderless bacteriocins share the
same structural motif. The structures of LnqQ and AucA also exhibit certain similarities to
those of the circular bacteriocins, which are also active against a broad spectrum of
organisms. Activity assays were performed and results revealed that LnqQ and AucA are
not synergistic, and that LnqQ is more potent than AucA against various Gram-positive
strains. These findings suggest that despite the similar 3D structures of LnqQ and AucA,
their mechanisms of action are different.

In the third study, carnobacteriocin X (CbnX), which was originally reported to be a
single-peptide bacteriocin (class IId), was shown to comprise a two-peptide bacteriocin
(class IIb) with CbnY as its partner. This was confirmed by sequence analysis and synergy
assays. Gene cluster analysis showed that the genes chnX and cbnY are located next to
each other, while amino acid analysis showed that both peptides contain GXXXG motifs.
Synergy assay revealed that CbnX and CbnY are not active individually, but exhibit
antimicrobial activity against closely related strains when combined. These properties are
characteristic of two-peptide bacteriocins. CbnXY is the first representative two-peptide
bacteriocin identified in Carnobacteria spp. CD analysis showed that CbnX and CbnY are
unstructured in water but assume a helical conformation in the presence of the structure-
inducing solvent, trifluoroethanol. ['*C,"’N]-Labelled CbnX and CbnY peptides were then
expressed in Escherichia coli, purified, and used for NMR data acquisition for the
elucidation of their solution structures. The structures of both peptides share several

features to those of other two-peptide bacteriocins (i.e. LenG, PInEF, PInJK). CbnX has an
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extended amphipathic a-helix, while CbnY is composed of two a-helices in an “L” shape
conformation, wherein the N-terminal helix is hydrophobic, while the C-terminal helix is
amphipathic. The last four residues at the C-terminus of CbnY are cationic residues, which
are suggested to facilitate peptide insertion into negatively charged target bacterial
membranes. It has been previously proposed that two-peptide bacteriocins interact with
each other in order to elicit synergistic activity. However, there was no significant
interaction observed between CbnX and CbnY, suggesting that a receptor may be required
to mediate the formation of the CbnXY complex.

In the fourth project, the activity of the putative flavin-dependent lanthipeptide
reductase, Pnelg, was investigated. Sequence analysis suggests that Pnelg is likely
involved in the installation of D-Ala and D-Abu residues in the two-component lantibiotic
from Streptococcus pneumoniae R6, named pneumococcin, which is comprised of PneAl
and PneA2. The pneumococcin precursor peptides (PneAl and PneA2) and the lantibiotic
synthetase (PneM) were coexpressed with and without PneJg to monitor the activity of
Pnels. However, a mixture of partially modified substrates was produced and could not be
further purified. To potentially address this problem, truncated precursor peptides were
designed and cloned. However, the truncated peptides could not be successfully produced
in E. coli. Hence, chemical synthesis of substrate analogues is currently being pursued.
The substrates will consequently be used for in vitro Pnely activity assays using a Pnelp
enzyme that was expressed in E. coli and purified as a SUMO fusion protein. The SUMO
tag of the fusion protein could be readily cleaved, and the resulting enzyme may also be

tested for activity.
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In summary, this thesis covered the structure elucidation of different types of
bacteriocins and the investigation of a bacteriocin biosynthetic enzyme. Structure
characterization of antimicrobial peptides is essential in understanding their properties and
modes of action, and in the design of peptide analogues with improved biological
attributes. Moreover, a detailed understanding on the mechanism of the enzymes involved
in the biosynthesis of antimicrobial peptides could open avenues for bioengineering to

design antimicrobials with superior properties.
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Chapter 7

Experimental Procedures

7.1. General Experimental Details

7.1.1. Media and bacterial strains

7.1.1.1. Media preparation

All media were purchased from Becton Dickinson and Company (BD, Franklin
Lakes, NJ, USA), and prepared based on the manufacturer’s instructions. Soft agar
contained 0.75% (w/v) agar dissolved in the desired broth. Five mL of the molten soft agar
solution was placed per test tube prior to autoclaving. Agar plates contained 1.5% (w/v)
agar dissolved in the desired broth. The agar solution was autoclaved and allowed to cool
prior to adding any antibiotic. Twenty mL of the solution was poured in each sterile Petri

dish in a laminar flow cabinet. Once the agar solidified, the plates were stored at 4 — 8 °C.

7.1.1.2. Glycerol stocks

Bacterial strains were stored at -80 °C as 20% glycerol stocks, except for
Escherichia coli BL21 strains, which were maintained in 8% glycerol. A sterile 80%
glycerol solution was used to prepare the glycerol stocks by mixing the bacterial culture
with the appropriate volume of the glycerol solution to give the desired final

concentration, with a final volume of 1 mL. For inoculating fresh cultures, a small amount
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of the frozen glycerol stock was transferred into the broth using a sterile pipet tip under

aseptic conditions. Thawing the glycerol stocks was avoided.

7.1.1.3. Growth conditions for indicator strains
Table 7.1 lists the different indicator strains that were used in the various chapters of

this thesis along with the media and culture conditions employed for each strain.

Table 7.1. Indicator strains and corresponding growth conditions

Indicator strain Media® Conditions
Brochothrix campestris ATCC 43754 APT RT, 0 rpm
Carnobacterium divergens LV13 APT/BHI RT, 0 rpm
Carnobacterium maltaromaticum UAL26 APT 16 °C, 0 rpm
C. maltaromaticum UAL26 (pMG36¢c-ccIBITCDA) APT 16 °C, 0 rpm
C. maltaromaticum A9b- BHI RT, 0 rpm
Enterococcus faecalis ATCC 7080 APT RT, 0 rpm
E. faecalis 710C APT RT, 0 rpm
Enterococcus faecium BFE900 APT RT, 0 rpm
Lactobacillus acidophilus M46 MRS RT, 0 rpm
Lactobacillus sakei UAL1218 APT RT, 0 rpm
Lactococcus lactis ATCC 19257 APT RT, 0 rpm
Staphylococcus aureus ATCC 29213 TSB RT, 0 rpm
S. aureus ATCC 6538 TSB RT, 0 rpm

* APT, all-purpose tween; BHI, brain heart infusion; MRS, de Man, Rogosa and Sharpe;
TSB, tryptic soy broth

7.1.2. Antimicrobial activity assays

7.1.2.1. Deferred inhibition assay

An agar plate with appropriate media was stabbed with a sterile toothpick that was
dipped into the desired bacterial colony or culture broth. The plate was incubated
overnight at the optimal temperature for bacterial growth. At the same time, the indicator

strain was grown in the appropriate broth overnight. Once the test bacteria had grown on
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the plate, and the indicator culture in the broth, a 5 mL molten soft agar was inoculated
with 100 pL of the indicator strain culture, vortexed, and poured over the stabbed agar
plate. The plate was incubated at the optimal temperature for the indicator strain for 20 h,

and observed for zones of clearing.

7.1.2.2. Spot-on-lawn assay

The indicator strain was grown overnight in 5 mL of appropriate broth. A 5 mL
molten soft agar was inoculated with 100 pL of the overnight indicator strain culture,
vortexed, and poured over an agar plate (20 mL/plate). The soft agar was dried and 10 pL.
test samples were pipetted on top of the bacterial lawn. The samples were dried, incubated
overnight at the optimal temperature for the indicator strain, and observed for zones of

clearing.

7.1.3. General molecular biology techniques

7.1.3.1. Plasmid isolation

E. coli DH5a transformed with the desired plasmid was grown overnight at 37 °C,
225 rpm, in 5 mL Luria-Bertani (LB) broth containing the appropriate antibiotic. Plasmids
were isolated using either a GeneJET Plasmid Miniprep Kit (Fermentas Canada Inc.,
Burlington, ON, Canada) or a QIAprep Spin Miniprep Kit (Qiagen, Mississauga, ON,
Canada) according to the manufacturer’s instructions. The plasmids were eluted in Tris-

ethylenediaminetetraacetic acid (EDTA; TE) buffer and stored at -20 °C.
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7.1.3.2. Polymerase chain reaction

DNA was amplified by polymerase chain reaction (PCR) using a Techgene Thermal
Cycler (Techne Inc., Burlington, NJ, USA). Either Taq polymerase or Platinum® Taq High
Fidelity from Invitrogen (Carlsbad, CA, USA) were used according to the manufacturer’s
instructions. When applicable, PCR products were purified either by using a QIAquick

PCR Purification Kit (Qiagen) or a QIAquick Gel Extraction Kit (Qiagen).

7.1.3.3. Restriction enzyme digestion
FastDigest restriction enzymes from Thermo Scientific (Waltham, MA, USA) were
used according to the manufacturer’s instructions. Digests were cleaned-up either by using

a QIAquick PCR Purification Kit (Qiagen) or a QIAquick Gel Extraction Kit (Qiagen).

7.1.3.4. Agarose gel electrophoresis

Agarose gels (1 — 2 % w/v, depending on PCR product size) were prepared using
Ultra-Pure Agarose (Invitrogen) in either Tris-acetate-EDTA (TAE) or Tris-borate-EDTA
(TBE) buffer, and were stained with SYBR® Safe DNA gel stain (Life Technologies;
1/10,000 dilution in DMSO). Sample buffer (6x; Thermo Scientific) was added to DNA
samples prior to loading into the gel. Gels were run at 90 — 110 V and visualized using a
Dark Reader Transilluminator (Clare Chemical Research, Dolores, CO, USA) or an
ImageQuant RT ECL Imager (GE Healthcare Life Sciences, Little Chalfont,

Buckinghamshire, UK).

137



7.1.3.5. DNA quantification
DNA concentrations were measured using an Implen NanoPhotometer P360 (Implen
Inc., Westlake Village, CA, USA), specifically using the absorbance at 260 nm. Purity

from protein contaminants was assessed based on the 260/280 nm absorbance ratio.

7.1.3.6. Ligation reactions

T4 DNA ligase (Invitrogen) was used for the ligation reactions according to the
manufacturer’s instructions, following a 3:1 insert:vector molar ratio. Ligation reactions
were transformed into chemically competent E. coli DHS5a or E. coli Machl strains from

Invitrogen.

7.1.3.7. Transformation of chemically competent Escherichia coli

A 50 pL aliquot of chemically competent E. coli cells (Invitrogen or New England
Biolabs; Ipswich, MA, USA) was thawed on ice bath, and the DNA sample (1 to 5 uL)
was added, stirred gently with a pipette tip, and incubated on ice for 30 min. The cells
were heat-shocked at 42 °C for 30 s, placed back on ice for 2 min, and added with 950 uL.
LB broth. The mixture was incubated at 37 °C, 225 rpm, for 1 h. The cells (20 to 100 uL)
were spread on LB agar plates containing the appropriate antibiotic(s), and incubated

overnight at 37 °C.
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7.1.3.8. DNA sequencing
DNA sequencing was done at the University of Alberta Molecular Biology Service
Unit using a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster

City, CA, USA) and an ABI 3730 DNA Analyzer (Applied Biosystems).

7.1.4. Heterologous expression of proteins

7.1.4.1. Cell lysis

Bacterial cells were lysed mostly using a TS Series Bench Top Cell Disruptor
(Constant Systems Ltd., Low March, UK). In cases when the cell disruptor was
unavailable, cell lysis was accomplished through sonication using a Branson Sonifier 450
(Branson Ultrasonics Corp., Danbury, CT, USA), or treatment with B-PER Bacterial
Protein Extraction Reagent (Thermo Scientific) according to the manufacturer’s
instructions. Bacterial suspensions in lysis buffer were added with 5 mg lysozyme and 20
U DNase (Invitrogen) per 30 mL buffer prior to cell lysis to lower sample viscosity. The
lysis buffer components are specified in the subsequent relevant sections. For the cell
disruptor, the instrument was first washed with 20 mL of the lysis buffer at 10 kpsi. The
bacterial suspension was then passed through the system at 20 — 25 kpsi, followed with 10
— 20 mL lysis buffer for washing at the same operating pressure. For the sonication
procedure, the bacterial suspension was transferred into a 50 mL falcon tube, and the cells
were lysed by 3 cycles of 10 s sonication followed by 30 s on ice. In both cases, the lysate

was centrifuged (23,700 x g, 30 min, 4 °C), and the supernatant was collected.
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7.1.4.2. Tris-glycine SDS-PAGE

Protein samples were analyzed using 10% or 15% (w/v) acrylamide SDS-PAGE
(sodium dodecyl sulfate-polyacrylamide gel electrophoresis) resolving gel with 4%
stacking gel, or using a commercial 12% or 4 — 20 % Mini-PROTEAN TGX precast gel
(Bio-Rad, Hercules, CA, USA). Protein samples were mixed with 2x Laemmli Sample
Buffer (Bio-Rad) and boiled at 100 °C for 5 min. Prepared samples and protein standards
(Bio-Rad) were loaded into the gels, and were run at 70 V for 15 min to compress the
bands, and 120 — 180 V until the dye reached the bottom of the gel. Gels were visualized
with either coomassie stain (0.1% w/v coomassie R-250, 40% ethanol, 10% acetic acid),
followed by destaining (10% ethanol, 7.5% acetic acid), or GelCode Blue stain (Pierce,

Rockford, IL, USA) and destained with water.

7.1.4.3. Tris-tricine SDS-PAGE

Small peptides (<10 kDa) were resolved on 16% (w/v) acrylamide Tris-Tricine
polyacrylamide gels with 4% stacking gels. Samples were prepared in Tris-Tricine Sample
Buffer (Bio-Rad) and heated to 100 °C for 5 min. Prepared samples and protein standards
(Bio-Rad) were loaded into the gels, and electrophoresis was run at 70 V for 15 min to
compress the bands, followed by 100 — 120 V until the dye reached the bottom of the gel.
The gels were fixed with a solution containing 50% methanol, 40% water, and 10%
glacial acetic acid for 1 h. The gels were then visualized the same way as with Tris-

Glycine SDS-PAGE gels.
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7.1.5. Purification of peptides and proteins

7.1.5.1. Amberlite XAD-16

Amberlite XAD-16 resin (Sigma-Aldrich, St. Louis, MO, USA) was used to purify
culture supernatants based on hydrophobic interaction with the resin. The resin (40 — 80 g)
was soaked in isopropanol (IPA) for 30 min and loaded into a glass column fitted at the
base with Miracloth (EMD Millipore, Billerica, MA, USA). The resin was washed with
250 mL of 0.1% trifluoroacetic acid (TFA) per 40 g resin at 10 mL/min using a peristaltic
pump (Econo Pump, Bio-Rad). The solvent fractions that were used are described later in
the subsequent relevant sections. Spot-on-lawn assays were performed on all fractions to

identify the bacteriocin-containing fractions.

7.1.5.2. C8 and C18 solid-phase extraction

Bond Elut C8 10 g, 60 mL cartridge (Agilent, Mississauga, ON, Canada) and Strata
C18-E (Phenomenex, Torrance, CA, USA) were used. The cartridge was first activated by
washing with 50 mL methanol and 100 mL Milli-Q water at 10 mL/min. The samples and
solvents used (described later in the subsequent relevant sections) were passed through the

cartridge at 5 mL/min using a peristaltic pump (Econo Pump, Bio-Rad).

7.1.5.3. RP-HPLC
Reverse-phase high-performance liquid chromatography (RP-HPLC) was performed
on Beckman System Gold units (analytical and preparative), a Varian Prostar Model 210

system (analytical), and Gilson systems with a model 322 HPLC pump (analytical and

141



preparative). HPLC grade solvents were filtered through a Millipore filter under vacuum
prior to use. Details on the columns, solvents, and methods used are described in the

subsequent relevant sections.

7.1.5.4. Ni-NTA affinity chromatography

Ni-NTA (nickel-nitrilotriacetic acid) Superflow resin (Qiagen) was used to purify
His-tagged proteins. Typically, 2 mL of slurry (50% suspension in 30% ethanol) was used
for every 40 mL cell free lysate. Samples and buffers were allowed to pass through by

gravity. Details on the buffers used are described in the subsequent relevant sections.

7.1.6. SUMO protease digestion

For every 200 pL cleavage cocktail containing 20 ug fusion protein, 1 — 10 U of the
His-tagged SUMO (small ubiquitin-like modifier) protease (McLab, South San Francisco,
CA, USA) was used, together with 20 pL. of 10x SUMO protease buffer (500 mM Tris-
HCI pH 8.0, 2% IGEPAL® CA-630 (Sigma-Aldrich), 10 mM dithiothreitol) and 150 mM
NaCl. Details on the amount of protease and time required to complete cleavage are

described in the subsequent relevant sections.

7.1.7. Protein quantification

7.1.7.1. Spectrophotometric quantification
Protein concentrations were determined by measuring absorbance at 280 nm using

an Implen NanoPhotometer P360 (Implen Inc.). Molar extinction coefficients were
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calculated using the ProtParam program?*’

in the ExPASy Proteomics server. Protein
concentration was then calculated using Beer’s Law: ¢ =A/be; where c is the concentration

(mol/L), A is the UV absorbance at 280 nm, b is the path length (cm), and € is the molar

extinction coefficient (L/mol-cm).

7.1.7.2. BCA colorimetric analysis

A Pierce BCA (bicinchoninic acid) Protein Micro Assay Kit (Thermo Scientific)
was used according to the manufacturer’s instructions. Bovine serum albumin was used as
protein standard. Samples were prepared in 96-well plates and absorbance at 562 nm was
measured using a SpectraMax” i3x Plate Reader (Molecular Devices, Sunnyvale, CA,

USA).

7.1.8. Circular dichroism spectroscopy

Circular dichroism (CD) data were acquired using an OLIS DSM 17 CD
spectrophotometer using a 0.2 mm quartz cuvette. Five scans were run for each sample at
I nm increments from 185 to 250 nm. Baseline spectra of solvent reference samples were
subtracted from the respective peptide samples, and the percent a-helicity was estimated
using the equation, %a-helicity = (3000-0,,,)/39000.*° Details on the temperature and

solutions used are described in the subsequent relevant sections.
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7.1.9. Mass spectrometry

7.1.9.1. MALDI-TOF MS

Matrix-assisted laser desorption ionization-time of flight mass spectrometry
(MALDI-TOF MS) was performed on an AB Sciex Voyager Elite system (Foster City,
CA, USA) in positive reflectron mode with delayed extraction, using either 3,5-
dimethoxy-4-hydroxycinnamic acid (sinapinic acid) or 4-hydroxy-a-cyanocinnamic acid
as matrix. A two-layer sample preparation method was employed.”’ Prior to data
acquisition, samples were acidified, and whenever applicable, samples were cleaned-up
either by rinsing with 0.1% TFA or with ZipTip pipette tips (C4 or C18, EMD Millipore)

according to the manufacturer’s instructions.

7.1.9.2. LC-MS/MS

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) was performed
using a nanoAcquity column (100 A pore size, 75 um x 15 cm, 3 um Atlantis dC18;
Waters, MA) on a nanoAcquity ultra performance liquid chromatography (Waters, MA).
Quadrupole-time of flight Premier MS (Micromass, UK) was used to collect MS/MS data,
which were processed using PEAKS 5.1 software (Bioinformatics Solutions, Waterloo,
ON, Canada).””* Details on the solvent gradient and flow rate used are described in the

subsequent relevant sections.
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7.1.10. NMR spectroscopy

Nuclear magnetic resonance (NMR) data were acquired on a Varian Inova 600 MHz
spectrometer (equipped with a triple-resonance HCN probe) or a Varian VNMRS 700
MHz spectrometer (equipped with a triple-resonance HCN cold probe and z-axis pulsed-
field gradients) at the Department of Chemistry of the University of Alberta. Experimental

details are described in the subsequent relevant sections.

7.1.11. Bioinformatics and structural programs

The NCBI-BLAST*** (National Center for Biotechnology Information-Basic Local
Alignment Search Tool) was used for genome mining. Clustal W*** and Clustal Omega™”
were used for sequence alignment. NMRPipe**? was used to process NMR data, while
NMR View*? was used for data analysis. Angle restraints were obtained using TALOS**
(Torsion Angle Likelihood Obtained from Shift and Sequence Similarity). Structural

calculations were performed using CYANA 2.17*

(Combined Assignment and Dynamics
Algorithm for NMR Applications). PYMOL** was used to generate the 3D structures and
hydrophobic surface maps, while the APBS** (Adaptive Poisson-Boltzmann Solver) was
used for the electrostatic surface calculations. Structure homology modeling was done

using the SWISS-MODEL?*** server, while secondary structure predictions were obtained

using the JPred v.4 server™".
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7.2. Experimental Procedures for the Structural Studies of Acidocin B

7.2.1. Bacterial strains and culture conditions

Lactobacillus acidophilus M46, producer strain of acidocin B (AcdB), was grown in
MRS (de Man, Rogosa and Sharpe) broth containing twice the recommended amount of
MRS powder per liter of media and further supplemented with 20 g/L. dextrose. The strain
was grown overnight at 37 °C without shaking. The indicator strain for the activity assays
was Carnobacterium divergens LV13, which was grown at 25 °C in APT (all-purpose

Tween) broth.

7.2.2. Plasmid isolation and sequencing

GeneJET Plasmid Miniprep Kit (Fermentas) was used to isolate plasmid DNA as
described by the manufacturer with modification. Specifically, prior to the cell lysis step,
5 mg of lysozyme per mL was added. The sample was then incubated for 1 h at 37 °C.
The gene cluster of AcdB on plasmid pCV461 was sequenced by primer walking using
ABI BigDye version 3.1 Terminator Sequencing Kit (Applied Biosystems) and an ABI

3730 DNA Analyzer (Applied Biosystems).

7.2.3. Isolation of acidocin B

L. acidophilus M46 (1% v/v inoculum) was grown for 24 h at 37 °C in 1 L of the
modified MRS broth. The cells were harvested (10,000 x g, 10 min, 4 °C) and the
supernatant was loaded into a column containing 80 g of activated Amberlite XAD-16

resin (Sigma-Aldrich), which was subsequently washed with 500 mL deionized water, 500
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mL 20% IPA, 750 mL 40% IPA, and 500 mL 80% IPA with 0.1% TFA. The flow rate
was maintained at 10 mL/min. Based on activity assay results, AcdB eluted in the last
fraction, which was consequently concentrated to 100 mL and passed through a Bond Elut
C8 10 g, 60 mL cartridge (Agilent). Prior to sample loading, the cartridge was activated by
washing with 50 mL methanol and 100 mL deionized water. After applying the sample
into the cartridge, the silica was washed with 50 mL each of 30% ethanol, 30%
acetonitrile, 20% IPA, and 100 mL 40% IPA. AcdB was then eluted with 50 mL 80% IPA
with 0.1% TFA. The flow rate was set at 5 mL/min. The active fraction was concentrated
to 15 mL and further purified by RP-HPLC using a C4 Protein column (10 um particle
size, 300 A pore size, 22 mm x 250 mm, Vydac 214TP1022). A two-solvent system was
employed with water-0.1% TFA as solvent A, and acetonitrile-0.1% TFA as solvent B.
Solvent B was programmed to increase from 10% to 40% for 5 min, sustained at 40% for
8 min, ramped up to 86% over the course of 30 min, increased to 95% for 2 min, and held
at 95% for another 2 min. The detector and flow rate were set at 220 nm and 8 mL/min,
respectively. Five mL of sample was injected per run. The active fraction containing AcdB
eluted at 44 min and was concentrated in vacuo, lyophilized, and stored at -20 °C. The

molecular weight of AcdB was determined using MALDI-TOF MS.

7.2.4. LC-MS/MS

AcdB was dissolved in 0.1 M ammonium bicarbonate to a final concentration of 60
mM (100 pL). Trypsin (sequencing grade; Promega, Madison, WI, USA) was then added
(1:20 enzyme:peptide molar ratio) and the sample was incubated at 37 °C overnight. One

microliter of a 0.5 ug/uL solution of chymotrypsin (Roche, Indianapolis, IN, USA) was
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added to 20 uL of the overnight digest, and the sample was incubated further for 3 h at
37 °C. LC-MS/MS was then performed by Jing Zheng using a nanoAcquity column (100
A pore size, 75 pm x 15 cm, 3 pm Atlantis dC18) on a nanoAcquity ultra performance
liquid chromatography (Waters) to separate fragments obtained from the trypsin-
chymotrypsin digestion. A linear water-acetonitrile gradient (both with 0.1% formic acid)
was employed with the flow rate set at 350 nL/min. Quadrupole-time of flight Premier MS
(Micromass) was used to collect MS/MS data, which were processed using PEAKS 5.1

software (Bioinformatics Solutions).***

7.2.5. Circular dichroism spectroscopy

Solutions of AcdB (100 pL; 0.4 mg/mL) in 6 mM sodium dodecyl sulfate (SDS) or
6 mM dodecylphosphocholine (DPC) were prepared and loaded into a quartz cell (0.2 mm
path length). CD data were acquired at 20 °C using an OLIS DSM 17 CD

spectrophotometer (OLIS).

7.2.6. NMR spectroscopy

AcdB was dissolved in 80 mM deuterated SDS (9:1 H,0:D,0) to a final
concentration of ~1 mM (pH 6). DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) was
added as reference standard (0.01% w/v). The resulting solution (350 plL) was then
transferred into a 5 mm D,0O-matched Shigemi tube (Shigemi Inc., PA USA). One-
dimensional '"H NMR, and two-dimensional (2D) 'H,'H-TOCSY (total correlation
spectroscopy), and "H,"H-NOESY (nuclear Overhauser effect spectroscopy) experiments

were run at 27 °C on a Varian VNMRS 700 MHz spectrometer fitted with a triple
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resonance HCN cryoprobe, z-axis pulsed-field gradients, and VNMRJ 3.2 as host control.
The sweep width was set to 10,000 Hz and the mixing time to 80 ms. The complex points
for the indirectly detected dimension was 512, and the real and imaginary points for the
directly detected dimension was 4,882. The cumulative scans for each point of acquisition
was 32 and 64 for TOCSY and NOESY, respectively. Presaturation during the relaxation
delay was performed to suppress the water signal. NMR data were processed in
NMRPipe*? and analyzed using NMRView””. Manual assignments of chemical shifts
(Table 7.2) was accomplished following previously described procedure.””**® The
chemical shift assignments were deposited in the Biological Magnetic Resonance Data

Bank (accession number 25352).

7.2.7. Structure calculations

The chemical shift assignments, along with a combination of manually and
automatically assigned nuclear Overhauser effect (NOE) crosspeaks, were inputted into
CYANA 2.1%** for structure calculations, wherein seven cycles were done with 10,000
steps per cycle. Simulated annealing calculated 100 conformers and produced 20 lowest
energy conformers that were used for further analysis, including root-mean-square
deviation (RMSD) and target function calculations, and generation of Ramachandran plot.
The coordinates of the calculated structure were deposited in the Protein Data Bank (PDB

accession number 2MWR).
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7.2.8. Topology prediction, homology modeling, and phylogenetic tree construction
The SOSUI** program was used to determine the number of putative
transmembrane domains of proteins encoded by the AcdB gene cluster. The nucleotide
sequence of the AcdB gene cluster was deposited in GenBank (accession number
KP728900). SWISS-MODEL server*** was used to create 3D structure homology models
of gassericin A and butyrivibriocin AR10 based on the structure of AcdB. BLAST**® was
used to mine for other putative subgroup II circular bacteriocins using the sequence of the
AcdB precursor peptide as the query, and a threshold of 40% identity. Phylogenetic tree

was constructed using the maximum likelihood method of the MEGAG6 software®*®.
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Table 7.2. "H Chemical shift assignments for AcdB in 80 mM SDS

HN Ha Hp Others
Ile-1 7.95 3.81 1.95 yCH; 0.81,yCH, 1.25, 1.54, 6CH; 0.83
Tyr-2 7.75 427 3.26,3.09 OCH 7.20, eCH 6.83
Trp-3 8.24 431 3.63,3.44 §,CH 7.36, eNH 10.04, T,CH 7.43,1,CH 7.10, {;CH 6.94, &;CH 7.50
Ile-4 8.50 3.56 2.12 yCH; 1.01,yCH, 1.33,2.21, 6CH; 0.98
Ala-5 8.06 421 1.53
Asp-6 8.08 437 2.75,2.63
GIn-7 8.06 3.72 1.36 yCH, 1.00, 1.57, eNH, 6.39, 6.33
Phe-8 7.83 455 3.34,2.83 OCH 7.33,eCH 7.23,CCH 7.19
Gly-9 7.86 3.98,3.85
Ile-10 7.62 4.09 1.68 yCH; 0.76, yCH, 1.10, 1.42, 6CH; 0.79
His-11 8.20 3.25,3.07
Leu-12 8.12 445 1.67 yCH 1.55, 8CH; 0.88
Ala-13 8.26 443 1.45
Thr-14 8.54 3.99 4.25 yCH; 1.27
Gly-15 8.30 425
Thr-16 7.98 3.90 4.17 yCH; 1.47
Ala-17 8.54 3.99 1.47
Arg-18 791 393 191 yCH, 1.78, 1.68, 8CH, 3.22, 3.30, eNH 7.20
Lys-19 7.75 4.13 1.98 yCH, 1.45,8CH, 1.61, 1.73, ¢CH, 2.99
Leu-20 7.93 4.13 1.86,1.82 yCH 1.64,3CH; 0.92,0.89
Leu-21 8.17 3.99 1.76,1.69 yCH 1.56, dCH; 0.90, 0.88
Asp-22 8.36 441 2.85,2.71
Ala-23 7.77 423 1.60
Val-24 7.99 3.96 2.24 yCH; 0.98, 1.07
Ala-25 8.31 428 1.49
Ser-26 7.92 4.39 4.00,4.04
Gly-27 8.23 4.03,3.96
Ala-28 8.04 437 143
Ser-29 8.21 452 3.95
Leu-30 8.23 424 1.76,1.70 yCH 1.56,8CH; 091, 0.86
Gly-31 8.40 4.01,3.90
Thr-32 7.95 4.11 4.28 yCH; 1.26
Ala-33 8.06 4.20 1.42
Phe-34 8.24 434 3.17 OCH 7.21,eCH 7.23,CCH 7.16
Ala-35 7.95 3.99 1.49
Ala-36 7.80 4.17 1.52
Ile-37 7.98 392 1.96 yCH; 0.93, yCH, 1.69, 1.25, 6CH; 0.86
Leu-38 7.64 4.14 1.68,1.63 yCH 1.52,8CH; 0.80,0.78
Gly-39 7.84 4.06,3.85
Val-40 7.35 424 2.18 yCH; 0.93,0.97
Thr-41 7.98 439 4.04 yCH; 1.16
Leu-42 8.32 431 1.61 OCH; 0.82,0.74
Pro-43 438 2.25,191 vyCH, 1.23,1.01,6CH, 3.77,3.01
Ala-44 8.65 3.99 1.53
Trp-45 7.59 447 348,3.34 §,CH 7.55, eNH 10.31, {,CH 7.44,n,CH 7.04, C;CH 6.88, ¢;CH 7.27
Ala-46 6.72 3.89 0.79
Leu-47 7.31 3.98 1.71 yCH 1.58, 8CH; 0.84, 0.88
Ala-48 7.95 4.18 1.54
Ala-49 8.05 4.18 1.60
Ala-50 8.11 401 1.48
Gly-51 8.13 3.94
Ala-52 7.92 401 1.49
Gly-54 8.23 4.05,3.95
Ala-55 8.04 422 1.86
Thr-56 7.89 4.12 432 yCH; 1.34
Ala-57 8.16 438 1.57
Ala-58 8.23 431 1.50
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7.3. Experimental Procedures for the Structural Studies of Lacticin Q

and Aureocin A53

7.3.1. Construction of pET SUMO-lacticin Q and pET SUMO-aureocin AS3

Lacticin Q (LngQ) and aureocin A53 (AucA) gene sequences that were codon-
optimized for E. coli expression were purchased from BioBasic Inc. (Markham, ON,
Canada), and amplified through PCR using primers MVB264 (5’-ATGGCAGGTTTCCT
GAAGGT-3") and MVB265 (5’-TTATTTGATGCCCAGAATCTG-3") for IngQ, and
MVB266 (5’-ATGTCTTGGCTGAACTTCCT-3’) and MVB267 (5’-TTACAGGCCCGC
AATTTTTTT-3’) for aucA. The amplified genes were then cloned into the pET SUMO
expression vector as suggested by the manufacturer (Invitrogen). Clones from
transformants were sequenced to ensure that the sequences were correct and in frame with
the His-tagged SUMO fusion protein. Plasmids of pET SUMO-LnqQ and pET SUMO-
AucA were made by Dr. Marco van Belkum and Dr. Christopher T. Lohans, respectively.
The pET SUMO-LngQ and pET SUMO-AucA plasmids were transformed into competent

E. coli BL21 (DE3) cells according to the manufacturer’s instructions.

7.3.2. Expression of SUMO-lacticin Q and SUMO-aureocin A53

Terrific Broth (12 g tryptone, 24 g yeast extract, 4 mL glycerol, 2.31 g potassium
dihydrogen phosphate, 12.64 g potassium hydrogen phosphate, pH 7.4, per 1 L) was used
for the expression of both fusion proteins. A liter of Terrific Broth containing 50 pg/ml
kanamycin was inoculated with an overnight starter culture (1% v/v) and grown at 37 °C

with shaking at 225 rpm to an optical density (ODggo) of 0.8 — 1.0. The OD was measured
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using an 8451A Diode Array Spectrophotometer (Hewlett Packard, Palo Alto, CA, USA).
The cultures were cooled in an ice bath for 20 min, added with 1 mM isopropyl-B-D-1-
thiogalactopyranoside (IPTG), and incubated at 30 °C for 24 h at 225 rpm. The cultures
were centrifuged (5,000 x g, 15 min, 4 °C), and the cells were resuspended in 10 mL lysis
buffer (50 mM NaH,PO4, 500 mM NaCl, 10 mM imidazole, 1% glycerol, pH 8.0) per 1 g
pellet, and passed once through a Constant Systems Cell Disruptor (Constant Systems
Ltd.) operated at 20 kpsi. The lysate was centrifuged (15,000 x g, 30 min, 4 °C) and the

supernatant was collected for the subsequent Ni-NTA affinity chromatography.

7.3.3. Purification of SUMO-lacticin Q and SUMO-aureocin A53

Ni-NTA (Qiagen) resin (2.5 mL) was added into each of the supernatant containing
His-tagged SUMO-LngQ or SUMO-AucA. The mixture was shaken (50 rpm) for 1 h at
8 °C, and then loaded into a fritted column and allowed to flow by gravity. The resin was
washed with 25 mL buffer A (50 mM NaH,PO4, 500 mM NaCl, 20 mM imidazole, pH
8.0) and 12.5 mL buffer B (50 mM NaH,PO,, 500 mM NaCl, 50 mM imidazole, pH 8.0).
The fusion protein was eluted using 7.5 mL buffer C (50 mM NaH,PO,4, 500 mM NacCl,
400 mM imidazole, pH 8.0), and dialyzed against 3 L 20 mM Tris-HCI buffer (pH 8.0)
with 150 mM NaCl for 4 h at 8 °C. The fractions were run on an SDS-PAGE gel to

confirm elution of the desired protein.

7.3.4. SUMO protease digestion

The SUMO tag on the fusion proteins was removed by treatment with His-tagged

SUMO protease (McLab) using 10 U protease per 20 pg fusion protein and following the
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buffer conditions indicated in section 7.1.6. Complete cleavage was attained at 25 °C after
3 h incubation as monitored by tricine SDS-PAGE. The cleaved His-tagged SUMO and
His-tagged SUMO protease were then removed by treatment with 1 mL Ni-NTA (Qiagen)

resin for 1 h, and collecting the supernatant.

7.3.5. Purification of lacticin Q by RP-HPL.C

A C8 column (10 pm particle size, 300 A pore size, 10 mm x 250 mm, Vydac
208TP1010) was used to further purify LnqQ. Ten mL of the sample from the previous
step was injected per run. Solvent A (water with 0.1% TFA) and solvent B (acetonitrile
with 0.1% TFA) were used at a flow rate of 5 mL/min. Solvent B was set at 30% for 15
min, slowly increased to 70% for 30 min, kept at 70% for 1 min, and ramped up to 95%
for 4 min. The detector was set at 220 nm, where LnqQ was detected at 36 min. The
identity of LnqQ was confirmed by MALDI-TOF MS. The LnqQ fractions were

combined, concentrated in vacuo, lyophilized, and stored at -20 °C.

7.3.6. Purification of aureocin AS3 by RP-HPLC

A C18(2) LUNA AXIA column (5 um particle size, 100 A pore size, 21.2 mm x 250
mm) was used for the purification of AucA. Ten mL sample was injected to the column
per run. The same solvent system as with LnqQ purification was used. Solvent B was
initially set at 30% for 10 min, gradually increased to 80% for 25 min, and ramped up to
95% for 5 min at a flow rate of 10 mL/min. The detector was set at 220 nm. AucA eluted
at 28 min based on MALDI-TOF MS. The AucA fractions were combined, concentrated

in vacuo, lyophilized, and stored at -20 °C.
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7.3.7. Circular dichroism spectroscopy

Solutions of LnqQ and AucA (100) puL were prepared in water, 20 mM sodium
phosphate buffer (pH 6.0), or 25% trifluoroethanol at a concentration of 0.4 mg/mL and
0.2 mg/mL for LnqQ and AucA, respectively. CD spectra were acquired on an OLIS DSM

17 CD spectrophotometer at 25 °C in a 0.2 mm quartz cell.

7.3.8. NMR spectroscopy

Solutions of LngQ (0.8 mM, 600 pL) in 1:3 2,2,2-trifluoroethanol-d;:H,O (pH 6),
and AucA (1.5 mM, 350 pL) in 9:1 H>O:D,O were prepared. DSS (0.01% w/v) was
added in both samples for referencing. LnqQ was loaded into a standard 5 mm NMR tube,
while AucA was loaded into a 5-mm D,O-matched Shigemi tube (Shigemi Inc.). One-
dimensional "H NMR, and 2D 'H,'"H-TOCSY, 'H,'H-NOESY, and 'H,'H-gDQF-COSY
(gradient double-quantum filter correlation spectroscopy) spectra were acquired at 27 °C
on a triple resonance HCN cryoprobe-equipped Varian VNMRS 700 MHz spectrometer
with z-axis pulsed-field gradients and VNMRIJ 4.2A as host control. The water signal was
suppressed either by presaturation during the relaxation delay or water gradient tailored

excitation.””’ The experimental details are summarized in Table 7.3.
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Table 7.3. NMR data acquisition parameters for LnqQ and AucA

Sample Experiment Swee[Et\g"l(tilt;l G ni np nt Ml(’:ntsl)m ¢

LnqQ  'H,'H-NOESY 10000, 10000 512 8192 64 100
'H,'H-TOCSY 10000, 10000 512 8192 48 70
'H,'"H-gDQF-COSY 10000, 10000 256 9764 80

AucA  'H,'H-NOESY 10000, 10000 512 8192 32 100
'H,'H-TOCSY 10000, 10000 512 8192 32 70
'H,'"H-gDQF-COSY 10000, 10000 512 8192 96

t2 = directly detected dimension

t1 = indirectly detected dimension

ni = number of complex points collected for the indirectly detected dimension
np = number of real + imaginary points for the directly detected dimension

nt = number of cumulative scans collected for each point of acquisition

The spectra were processed using NMRPipe® and analyzed in NMRView™".
Chemical shifts were manually assigned based on a previously described procedure.?>*
The chemical shift assignments are presented in Tables 7.4 and 7.5, and have been

deposited in the Biological Magnetic Resonance Data Bank (accession numbers 25858

and 25857 for LnqQ and AucA, respectively).

7.3.9. Structure calculations

CYANA 2.1%* was used to calculate the structures of LnqQ and AucA. A
combination of automatically and manually assigned NOE crosspeaks were inputted into
the software and were used for seven cycles of calculations with 10,000 steps per cycle.
Simulated annealing calculated 100 conformers and produced 20 lowest energy
conformers that were used for further analysis, including root-mean-square deviation
(RMSD) and target function calculations, and generation of Ramachandran plots. The
coordinates for the calculated structures of LnqQ and AucA were deposited in the Protein

Data Bank (accession numbers 2N8P for LnqQ, and 2N8O for AucA).
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7.3.10. Homology modeling and secondary structure predictions

Homology models of the 3D structures of other known leaderless bacteriocins
were generated using the SWISS-MODEL server’*>. The structures of enterocin 7A
(Ent7A), enterocin 7B (Ent7B), LnqQ, or AucA were used as templates. Each of the target
bacteriocins was aligned with Ent7A, Ent7B, LnqQ, and AucA using Clustal Omega®”,
and the peptide to which it exhibits the highest amino acid sequence identity with was
chosen as template for homology modeling. Secondary structure predictions were obtained

using the JPred v.4 server™".
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Table 7.4. "H Chemical shift assignments for LnqQ in 25% trifluoroethanol

HN Ho Hp Others
Met-1 4.181 2.251,2.201 yYCH, 2.692,2.633
Ala-2 8.777 4.449 1.535
Gly-3 8.640 3.983,3.883
Phe-4 8.309 4.047 3.152,2.902 OCH 6.975, ¢CH 6.839, CLCH 6.625
Leu-5 7.522 3912 1.842,1.615 yCH 1.771, 8CH, 1.055, 0.996
Lys-6 7.552 3.960 2.185 yYCH, 2.130,2.452
Val-7 7.549 3.447 2.308 yCH, 0.884,1.138
Val-8 7.619 3.337 2.003 yCH, 0.514,0.882
GIn-9 8.052 3.903 2.280,2.138 yYCH, 2.592,2.262
Leu-10 7.922 4.153 2.054,1.546 yCH 1.909, 8CH, 0.925, 0.889
Leu-11 8.219 4312 1.984 YCH 1.466, 6CH, 0.905, 0.941
Ala-12 8.047 3914 1462
Lys-13 7493 3.986 1.532 yYCH, 0.846, 1.059, 6CH, 1.629, 1.445, eCH, 2.875
Tyr-14 8.152 4.608 3.366,2.852 OCH 7.205, eCH 6.750
Gly-15 8.450 3,673,3.604
Ser-16 8.447 4.087 3.983
Lys-17 8.472 4212 1.983,1.894 yCH, 1.524,1.653, 6CH, 1.785, eCH, 3.054
Ala-18 7483 4.194 1.507
Val-19 7332 3.625 2.181 yYCH, 1.044, 1.069
GIn-20 8.600 4.145 2.322,2.232 yYCH, 2.651,2.425,eNH, 7.131,6.711
Trp-21 8.327 4.030 3.416,3.621 §,CH 7.219, eNH 9.982, C,CH 7.407, ,CH 7.032, C;CH 6.894, £;CH 7.298
Ala-22 8.318 3.986 1.531
Trp-23 8.327 4407 3.410,3.331 §,CH 7.298, eNH 9.562, C,CH 7.480, ,CH 7.253, {;CH 7.122, £;CH 7.642
Ala-24 8.293 4.079 1.392
Asn-25 7.596 4612 2.065,1.260 ONH, 6.011,5.936
Lys-26 7.553 4.109 1.994,1.953 yCH, 1.528,1.532, 6CH, 1.782, 1.654, eCH, 2.972
Gly-27 7912 4.214,4093
Lys-28 7.400 2.484,2.385 yCH, 1.231,1.071
Ile-29 7.261 3,781 2.056 yCH, 1.832,yCH,; 1.217,8CH; 1.171
Leu-30 8.592 4.089 1.806, 1.456 yCH 1.702, 8CH, 0.872,0.734
Asp-31 7.846 4470 3.013,2818
Trp-32 8.162 4.626 3.800, 3.145 §,CH 7.260, eNH 10.089, §,CH 7.518, n,CH 7.102, C,CH 7.037, ¢sCH 7.716
Leu-33 8.709 4.380 2.051,2.133 yYCH 1.640, 8CH, 0.970
Asn-34 9.055 4.605 3.008,2.884 ONH, 7.600, 6.679
Ala-35 7.860 4.408 1.626
Gly-36 7914 4.213,3.746
GIn-37 7.806 4.153 1.626, 1786 yCH, 2.072
Ala-38 8.269 4.368 1.603
Ile-39 8.617 3.708 1913 yCH, 1.290, 0.973,yCH, 0.907, 6CH, 1.729
Asp-40 8.600 4317 2.836
Trp-41 7478 4.100 3.722,3.303 §,CH 7.219, eNH 9.907, C,CH 7.268, 1,CH 6.565, L;CH 5.912, £;CH 7.202
Val-42 8.353 3.369 2.547 yCH, 1.411,1.330
Val-43 8.561 3.478 2.113 yCH,; 1.169,0.939
Ser-44 7797 3.958 3.902,3.756
Lys-45 8.027 3.716 1.288
Ile-46 8.172 3.266 1.828 yCH, 1.093
Lys-47 8.265 3.505 1.715 yYCH, 0.662, dCH, 1.663, 1.963
GIn-48 7.551 3.961 2.130 yCH, 2.452,2.183, eNH, 6.638,7.236
Ile-49 8.209 3.548 1.659 yCH, 1.052, 1.755, yCH; 0.756, 6CH; 0.888
Leu-50 7914 4.095 1.518, 1396 yYCH 1.304, 8CH, 0.547, 0.446
Gly-51 7.738 3.931,3.772
Ile-52 8.177 3.942 1.376 yCH, 0.899, yCH, 0.634, 8CH, 0.592
Lys-53 8.013 4.129 1.719 yCH, 1.425,8CH, 1.827, eCH, 2.990
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Table 7.5. "H Chemical shift assignments for AucA in water

HN Ho Hp Others
Met-1 4250 2.289,2.126 yYCH, 2.579, 2.698
Ser-2 8.773 4.885 3.984,4.374
Trp-3 8.966 4458 3.199,3.276 §,CH 7.100, eNH 9.093, §,CH 4.892, 1,CH 6.293, C,CH 6.748, &,CH 7.221
Leu-4 8.336 3.816 1.760,1.516 yCH 1.848, CH, 1.032,0.980
Asn-5 7.815 4515 3.032,2.765 ONH, 7.749,7.122
Phe-6 8.504 4.297 3.241,3.202
Leu-7 8.111 3.463 1.466,1.071 yCH 0.523, 8CH, 0.379,0.110
Lys-8 7.390 3.884 1.856 yYCH, 1.574,1.394, 6CH, 1.674, ¢eCH, 2.948
Tyr-9 7.784 4010 3.181,3.097 OCH 6.940, eCH 6.837
Ile-10 7.673 3.679 1.565 yCH, 0.944,0.814, yCH, 0.403, 6CH; 0.471
Ala-11 7.013 3.645 1312
Lys-12 7.100 3.925 1.299,1.401 yCH, 0.574,-0.291, 8CH, 1.091, eCH, 2.501, 2.264
Tyr-13 7.715 4.540 3.114,2.208 OCH 6.224, ¢CH 6.073
Gly-14 7472 4.581,3.881
Lys-15 8.496 3.998 1.900 yCH, 1.526, 1.596, 6CH, 1.732, eCH, 3.024
Lys-16 8.805 4.206 2.004, 1.905 yCH, 1.655,1.529, 6CH, 1.793, ¢CH, 3.072
Ala-17 7441 4.240 1516
Val-18 7.286 3.528 2.167 yCH,; 1.169,0.934
Ser-19 8.527 4.512 4.087,4.062
Ala-20 8.049 4484 1.772
Ala-21 8.301 4212 1.611
Trp-22 7.714 4.525 3.521,3.375 §,CH 7.693, eNH 10.272, L,CH 7.731, n,CH 7.547, L,CH 7.226, £,CH 7.891
Lys-23 8.308 4051 1.922 yCH, 1.160, 0.532, 6CH, 1.632, 1.565, eCH, 2.902, 2.852
Tyr-24 8.186 4.809 3.371,2.639 OCH 7.352, eCH 6.822
Lys-25 6.963 3.875 1.987,1.619 yCH, 0.702, 0.068, 6CH, 0.945, 1.298
Gly-26 8.529 3.750,3.570
Lys-27 7.331 3.589 1.421,1419 yCH, 1.142,0.391, 6CH, 1.457, eCH, 2.904
Val-28 8.195 3.611 2414 yCH,; 1.297,0.882
Leu-29 8.818 4.003 1.763,1.376 yCH 1.675, 8CH, 0.722, 0.606
Glu-30 6.932 4207 2.051 yYCH, 2411, 2.547
Trp-31 8.426 4.885 3.702,3.428 §,CH 7.282, eNH 10.194, T,CH 7.349, n,CH 6.759, ,CH 6 .475, £,CH 7.273
Leu-32 9.254 4034 2.015,1.603 yCH 1.838, 8CH, 0.942,0.776
Asn-33 7.589 4.810 3.002 ONH, 7.551,6.911
Val-34 7416 4.508 2273 yCH, 1.167, 1.025
Gly-35 8.295 2.908, 2987
Pro-36 4.391 2.064,1.924 YCH, 1.777,1.994, 6CH, 2.593
Thr-37 6.595 4.721 4.638 yCH, 1.234
Leu-38 8.748 4.065 1.111,0.965 yCH 1.852,8CH, 0.815,0.776
Glu-39 8.099 4511 1.992,2.440 yYCH, 2.545,2.700
Trp-40 8.285 4038 3.423,3.357 §,CH 7.324, ¢eNH 10.193, T,CH 7.453,n,CH 7.134, ,CH 7.025, ,CH 7.279
Val-41 7.539 3.296 2514 yCH, 1.326,0.810
Trp-42 8.814 5.052 3.819,3.627 §,CH 7.382, ¢eNH 9.276, w,CH 6.825, (;CH 6.712, £,CH 7.577
GIn-43 8.466 3.061 1.811,1.751 yCH, 2.415,2.474,eNH, 7.618,6.773
Lys-44 6.845 3.189 0.567,-0.793 yYCH, -0.508, 6CH, 0.044,0.132, eCH, 1.676, 1.931
Leu-45 7.932 4.118 2.394 yCH 1.620, 8CHj, 1.080, 1.505
Lys-46 8.741 3.091 0.720,0.154 yCH, 0.505, 0.657, 6CH, 1.088, 1.018, eCH,2.783,2.676
Lys-47 6.766 3.980 1.724,1.607 yCH, 1.287, 8CH, 1.530, eCH, 2.860
Ile-48 7.634 3.995 1.767 yCH, 0.667, yCH, 1.437,1.119 8CH, 0.816
Ala-49 8.047 4475 1438
Gly-50 7514 3.907
Leu-51 7.885 4286 1.770 yCH 1.491, 8CH, 0.956, 0.890
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7.3.11. MIC testing

A spot-on-lawn assay was used to determine the minimum inhibitory concentrations
(MICs) of LngQ and AucA against various indicators strains, which were all grown at
25 °C in APT broth, except for the Staphylococcus strains and L. acidophilus M46, which
were grown in tryptic soy broth (TSB) and MRS broth, respectively. LnqQ and AucA
solutions were prepared from 128 uM stock solutions that were serially diluted 2-fold. Ten
uL of each solution was spotted onto the indicator lawn and allowed to dry. The plates
were incubated overnight at the appropriate temperature for the indicator strains, and
examined for zones of inhibition. The MIC recorded was the lowest bacteriocin

concentration that caused a clear zone of growth inhibition.

7.3.12. Synergy assay

Synergy of LnqQ and AucA was tested using a well-diffusion assay with C.
divergens LV13 and L. lactis ATCC 19257 as indicator strains. Wells (~6 mm diameter)
were bored on solidified agar that was previously inoculated with the indicator strain (100
pL overnight culture per 20 mL 1.5% agar solution). Twenty pL. LnqQ and AucA
solutions (50 uM) were added into separate wells. To test for synergy, 10 uL of each of
the LnqQ and AucA solutions was added into the same well. After overnight incubation at

25 °C, the plates were examined for zones of clearing.
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7.4. Experimental Procedures for the Structural Studies of CbnXY

7.4.1. Unlabelled CbnX and CbnY
Unlabelled carnobacteriocin X and Y (CbnX and CbnY) of >98% purity were
purchased from GenScript (NJ, USA). The peptides were used for activity testing, CD

analysis, and interaction studies.

7.4.2. Antimicrobial activity assay

This section was performed by Dr. Leah A. Martin-Visscher. Stock solutions of
CbnX and CbnY (1 mM) were prepared in 20 mM sodium phosphate buffer (pH 7.5), and
were serially diluted 2-fold each time. Spot-on-lawn assays were performed to test the
activity of CbnX and CbnY individually and when combined. For the combined samples,
10 pL of each peptide (equimolar) was co-spotted, or spotted such that the spots for CbnX
and CbnY overlapped. Prior to adding the second spot, the first spot was first dried. The
plates were incubated overnight at 25 °C and examined for zones of inhibition. The
indicator strains used were C. divergens LV13 and C. maltaromaticum A9b—. C. piscicola
LV17B and C. maltaromaticum C2 were used as negative controls. All strains were grown

at 25 °C in BHI (brain heart infusion) broth.

7.4.3. Circular dichroism spectroscopy
CbnX and CbnY solutions (100 pL) were prepared in either 20 mM sodium
phosphate buffer (pH 6.0) or 50% trifluoroethanol to a final concentration of 0.25 mg/mL

for CbnX and 0.22 mg/mL for CbnY. CD data were acquired at 27 °C using an OLIS
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DSM 17 CD spectrophotometer (OLIS).

7.4.4. Construction of pET SUMO-CbnX and pET SUMO-CbnY

The expression plasmids were prepared by Dr. Christopher T. Lohans. Briefly,
codon-optimized chbnX and cbnY genes that were intended for E. coli expression were
purchased from BioBasic Inc. The primers CTL72 (5’-TGGGGTTGGAAAGAAGTGGT
TCAGAATGG-3’) and CTL73 (5’-TTAGCCAAACGGCAGCGGCAC-3’) for cbnX, and
CTL76 (5’-TCTGCAATCCTGGCTATCACTCTGG-3’) and CTL98 (5’-TTACTTTTTG
CGACGGTCGTTAATGGC-3’) for cbnY were used to amplify the genes through PCR.
The PCR products were each cloned into the pET SUMO expression vector based on the
manufacturer’s instructions (Invitrogen). A QIAprep Spin Miniprep Kit (Qiagen) was used
to isolate plasmids from transformants. The plasmids were sequenced to confirm that the
genes were correct and in frame with the DNA encoding the His-tagged SUMO protein.

The resulting pET SUMO-CbnX and pET SUMO-CbnY plasmids were stored at -20 °C.

7.4.5. Expression of [*C,"’N]-labelled SUMO-CbnX and SUMO-CbnY

The pET SUMO-CbnX and pET SUMO-CbnY plasmids were transformed into E.
coli BL21 (DE3) cells according to manufacturer’s instructions. Transformants were used
for protein expression in [°C,"’N]-labelled BioExpress Cell Growth Media (Cambridge
Isotope Laboratories Inc., Tewksbury, MA, USA). An overnight starter culture containing
50 pg/mL kanamycin was grown at 37 °C with shaking at 225 rpm. This was used to
inoculate larger cultures at 1% v/v. Two liters of labelled media was used for SUMO-

CbnX, while 1 L was used for SUMO-CbnY. The cultures were grown at 37 °C with
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shaking at 225 rpm to an ODg of 0.8 — 1.0. After placing on ice for 20 min, the cultures
were induced with 0.5 mM IPTG, and incubated for 24 h at 25 °C with shaking (225 rpm).

The cells were harvested (5,000 X g, 15 min, 4 °C) and stored at -80 °C.

7.4.6. Purification of [*C,"’N]-labelled SUMO-CbnX and SUMO-CbnY

Cell pellets were resuspended in 30 mL lysis buffer (50 mM NaH,PO,4, 500 mM
NaCl, 10 mM imidazole, 1% glycerol, pH 8.0), passed through a Constant Systems Cell
Disruptor (Constant Systems Ltd.) at 20 kpsi, and centrifuged (15,000 % g, 30 min, 4 °C).
Ni-NTA (Qiagen) resin (1-2 mL) was added to the supernatant, and the mixture was
shaken at 50 rpm for 1 h at 8§ °C. The mixtures were transferred into a column with frit and
allowed to flow by gravity. The resin was washed with buffer (50 mM NaH,PO,4, 500 mM
NaCl, 25 mM imidazole, pH 8.0), followed by increasing amounts of imidazole in the
same buffer (up to 1 M). SDS-PAGE was used to monitor the purification. The fractions
containing the desired protein were pooled and diluted to a final concentration of 50 mM

imidazole and 150 mM NaCl.

7.4.7. SUMO protease digestion

Fifty uL of 100 U/uL SUMO protease (McLab) and SUMO protease buffer (50 mM
Tris-HCI pH 8.0, 2% IGEPAL® CA-630 (Sigma-Aldrich), 1 mM dithiothreitol) was added
to the sample from section 7.4.6. The cleavage cocktail was incubated at 25 °C for 20 h,
and monitored by SDS-PAGE. SUMO-CbnY was cleaved completely, but SUMO-CbnX
was only cleaved with ~70% efficiency. It could not be further cleaved by increasing the

protease concentration and incubation time. The cleaved His-tagged SUMO, His-tagged
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SUMO protease, and any uncleaved fusion protein were then removed by treatment with 1

mL Ni-NTA (Qiagen) resin for 1 h, and collecting the supernatant.

7.4.8. Purification of ['*C,"’N]-labelled CbnX and CbnY

RP-HPLC using a C18(2) LUNA AXIA column (5 um particle size, 100 A pore
size, 21.2 mm x 250 mm) was performed to further purify CbnX and CbnY. Water and
acetonitrile, both containing 0.1% TFA, were used as solvents A and B, respectively.
Solvent B was initially set at 30% for 10 min, and ramped up to 95% over 30 min. The
flow rate was set at 8 mL/min, and detector at 220 nm. CbnX eluted at 27 min, while
CbnY eluted at 25 min. Fractions containing CbnX or CbnY were pooled, concentrated in
vacuo, lyophilized, and stored at -20 °C. A yield of 1-1.5 mg each of [°C,"’N]-CbnX and

[13C,15N]-CbnY were obtained.

7.4.9. NMR spectroscopy

[*C,'"N]-CbnX and ["C,""N]-CbnY were each dissolved in 350 pL 1:1 2,2,2-
trifluoroethanol-ds;:water (pH 6) to a final concentration of ~1 mM. DSS was added as
reference standard at 0.01% w/v. The samples were each transferred into a 5 mm D,O-
matched Shigemi tube (Shigemi Inc.). 2D and 3D NMR experiments were performed at
27 °C using a Varian VNMRS 700 MHz spectrometer and a triple resonance HCN-
coldprobe with z-axis pulsed-field gradients, and VNMRJ 4.2A as host control. The 2D
experiments included lH,lH—TOCSY, lH,lH—NOESY, 1H,ISN—HSQC (heteronuclear
single quantum correlation), and 'H,"”?*C—HSQC, while 3D experiments included 'H,'"N—

TOCSY-HSQC, 'H,"N-NOESY-HSQC, and HCCH-TOCSY. The experimental
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parameters are summarized in Table 7.6. The water signal was suppressed either by
presaturation during the relaxation delay or via water gradient tailored excitation.”’ The
spectra were processed in NMRPipe**? and analyzed in NMRView””. Chemical shift
assignments are listed in Tables 7.7 to 7.10, and have been deposited in the Biological
Magnetic Resonance Data Bank with accession numbers 30236 and 30235 for CbnX and

CbnY, respectively.

Table 7.6. NMR data acquisition parameters for CbnX and CbnY

Mixing
Sample  Experiment X-sW* y-SW Z-SW X-pts  y-pts  z-pts time
(ms)
CbnX 'H,'H-TOCSY 10000 10000 - 893 512 - 100
'H,'H-NOESY 10000 10000 - 893 512 - 175
'H,”"N-HSQC 11468 2500 - 1024 128 - -
'H,”C-HSQC 10000 30000 - 893 256 - -
'H,"N-TOCSY-HSQC 11468 11468 2000 1024 64 32 80
'H,"N-NOESY-HSQC 11468 11468 2000 1024 116 32 150
HCCH-TOCSY 10000 8389 14080 610 128 32 14
CbnY 'H,'H-TOCSY 7184 7184 - 1024 512 - 100
'H,'H-NOESY 10000 11468 - 893 512 - 175
'H,"N-HSQC 8389 3545 - 839 128 - -
'H,”C-HSQC 11468 24638 - 1024 256 - -
'H,"N-TOCSY-HSQC 11468 11468 2000 1024 64 32 80
'H,"N-NOESY-HSQC 11468 11468 2000 1024 116 32 150
HCCH-TOCSY 8013 8013 12070 512 128 32 14

*X,y,z-pts and sw are the number of complex points and sweep width in each respective dimension (x is the
directly detected dimension).
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Table 7.7. "H Chemical shift assignments for CbnX in 50% trifluoroethanol

HN Hao Hp Others

Trp-1 4.280 3.392 d,CH 7.268, ¢eNH 9.728, T,CH 7.092,

M,CH 7.205, C;CH 7.454, &,CH 7.581
Gly-2 8511 | 4.077
Trp-3 8.066 | 4.441 3.362,3.259 | §,CH 7.263,¢NH 9.857, L,CH 7.105,

M,CH 7.208, C;CH 7.452, ¢,CH 7.522
Lys-4 7924 | 3.729 1.548,1.591 | yCH, 1.056, 1.090, 8CH, 1.588, ¢CH,2.926
Glu-5 7.827 | 4.022 2.082,1.840 | yCH,2.363,2.502
Val-6 7.604 | 3.690 2.247 yCH; 0.950, 1.049
Val-7 8.059 | 3.758 2.061 vCH; 0.927
GIn-8 8.203 | 4.290 2.165,2.122 | yCH, 2.592,2.262,eNH,7.277, 6.632
Asn-9 8.247 | 4.668 2.923,2.838 | 3NH, 7.378, 6.664
Gly-10 | 8.374 | 3.948,3.896
GIn-11 | 8370 |4.272 2.236 YyCH, 2.555,2.440,eNH, 7.161, 6.526
Thr-12 | 8.072 | 4.143 4.441 yCH; 1.301
Ile-13 8.008 | 3.857 1.870 YCH, 1.562,1.147,yCH, 0.835, 6CH; 0.844
Phe-14 | 8222 | 4437 3.243,3.181 OCH 7.278,¢CH 7.329, CCH 7.225
Ser-15 8.190 | 4.298 4.144,4.044
Ala-16 8.244 | 4.204 1.531
Gly-17 | 8305 | 3.906,3.868
GIn-18 | 7907 | 4.144 2.117,2.140 | yCH, 2.328,2.262,eNH,7.084, 6.538
Lys-19 | 7920 | 4.206 1.964,1.966 | yCH, 1.496, 1.612,8CH, 1.731, eCH, 3.015
Leu-20 | 8.190 | 4.289 1.658,1.772 | yCH 1.744, 6CH; 0.932,0.908
Gly-21 | 8.158 | 3.930,3.895
Asn-22 | 7968 | 4.698 2.881 ONH, 7.473,6.750
Met-23 | 8.080 | 4.480 2.226 YCH, 2.709, 2.590, eCH; 2.101
Val-24 | 7.894 | 3.981 2.184 vCH; 0.993,1.053
Gly-25 | 8.70 4.051,3918
Lys-26 | 7789 | 4.461 1.916,1.841 | yCH, 1.436,1.511, 8CH, 1.734, ¢CH, 3.040
Ile-27 7769 | 4.233 1.913 yCH, 1.215,1.560,yCH;0.922, 6CH; 0.891
Val-28 | 7701 | 4.536 2.104 vCH; 0.964,0.984
Pro-29 4.482 2.027 vCH, 1.989,2.151, 6CH, 3.823, 3.656
Leu-30 | 7.648 | 4.629 1.551,1.317 | yCH 1.678, 6CH; 0.976,0.937
Pro-31 4.384 2.101 vCH, 1.945,1.843, 0CH, 3435, 3.694
Phe-32 | 7246 | 4.700 3.217,3.062
Gly-33 | 7.727 | 3.912,3.856
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Table 7.8. Nitrogen and carbon chemical shift assignments for CbnX

N Ca Cp Others
Trp-1 56.643 | 29497 | &,C120.058,eN127.043
Gly-2 111.229 | 45.028
Trp-3 121.074 | 59917 | 28.778 | €,C 120.066, eN 128.949
Lys-4 118.748 | 59.350 | 28.989 | yC 24.251,08C 31.693,cC41.727
Glu-5 117477 | 59.343 | 28275 | yC 36.142
Val-6 120.362 | 65.702 | 31.524 | yC21.075,21.446
Val-7 119.535 | 65412 | 31510 |+yC20.273,20.308
GIn-8 119.260 | 56.405 | 30.699 | yC 33.745,¢eN 109.509
Asn-9 118211 | 54265 |38.564 | 86N 110.569
Gly-10 | 108.305 | 46.296
GIn-11 | 119.243 | 57.998 | 28.322 | yC 33.635, &N 108.983
Thr-12 | 116.188 | 65.130 | 69.054 | yC 20.837
Ile-13 121.566 | 64.083 | 37.805 | y’C 16.290,yC 27.831,8C 12.068
Phe-14 | 119.839 | 59442 |38.749 | ¢C 131.308, 131.265
Ser-15 114.637 | 60.698 | 63.096
Ala-16 125230 | 54.614 | 17430
Gly-17 | 104.998 | 44.547
GIn-18 | 119.695 | 57.581 | 28.455 |+yC 33.483,eN 110.456
Lys-19 | 119.570 | 58.060 | 32.229 | yC 24.424,8C 28.636,cC 41.727
Leu-20 | 119.651 | 56405 | 41.998 | yC 26.705,86C 23.756,22.604
Gly-21 106.007 | 46.296
Asn-22 | 117.737 | 56.386 | 38.564 | 8N 110.868
Met-23 | 118.387 | 56.666 | 32.684 |+yC 31.738,¢C 15.931
Val-24 118.610 | 63.986 |31.696 | vyC 20.395,20.457
Gly-25 | 110.051 | 44.797
Lys-26 | 118.604 | 55.881 | 32.985 | yC 24.599,8C 28.636, ¢C 42.005
Ile-27 118.632 | 61.127 | 38.833 | y°C 16.664,yC 26.883,8C 11.976
Val-28 121.843 | 58.938 | 32.871 |+vyC 19.556,19.453
Pro-29 62.522 | 30.748 | yC 26.557,C 50.207
Leu-30 | 121.353 | 52425 | 42378 |yC26.711,8C 24.446,22.439
Pro-31 63.314 | 30.635 | yC 26.481,0C 49.721
Phe-32 | 116271 | 55.050 | 39.100
Gly-33 | 110.901 | 46.296
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Table 7.9. '"H Chemical shift assignments for CbnY in 50% trifluoroethanol

HN Ho Hp Others
Ser-1 4291 |4.230,4.106
Ala-2 8.909 | 4396 | 1.500
Ile-3 7.712 | 4020 | 1.847 vCH, 1.514, 1.321,yCH, 0.947, 6CH; 0.933
Leu-4 7.666 | 4.191 | 1.656,1.752 | yCH 0.943, 6CH, 0.884
Ala-5 7.517 | 4078 | 1.525
Ile-6 8.158 | 3.846 | 1.899 vCH, 1.767, 1.174,yCH, 0.925, 8CH, 0.867
Thr-7 7.960 | 3.887 |4.356 yCH; 1.211
Leu-8 8.417 | 4263 | 1.879,1.621 |yCHO0.911,8CH,0.898,0.884
Gly-9 8.045 | 3.929
Ile-10 8.330 | 3.872 | 2.035 vCH, 1.811, 1.126, yCH, 0.853, 8CH, 0.850
Phe-11 | 8319 | 4380 | 3.288
Ala-12 | 8937 | 4.165 | 1.616
Thr-13 | 8.033 | 4.153 | 4.388 yCH; 1.327
Gly-14 | 8.239 | 3912
Tyr-15 | 8.198 | 4.331 | 2.694,2.194
Gly-16 | 8.090 | 3.891
Met-17 | 8.356 | 4.268 eCH; 2.091
Gly-18 | 8.343 | 3.863
Val-19 | 7935 | 3.736 |2.113 vCH; 0.889
GIn-20 | 8014 | 3955 | 2.165 yCH, 2.497,2.386,eNH,7.052,6.512
Lys-21 | 8.104 | 4.024 | 1.961 vCH, 1.492, 8CH, 1.740, ¢CH, 3.023
Ala-22 | 7.888 | 4.153 | 1.544
Ile-23 7.789 | 4461 |1916,1.841 |yCH,1.767,1.174,yCH, 0.925, 8CH; 0.867
Asn-24 | 8226 | 4508 |2.860,2.922 | 8NH,7.581,6.788
Asp-25 | 8.391 | 4.592 | 2.908,3.017
Arg-26 | 7.861 | 4281 | 1.968 yvCH, 1.821, 1.839, 6CH, 3.237
Arg-27 | 7.894 | 4318 | 1.894 yvCH, 1.527, 8CH, 3.020
Lys-28 | 7940 | 4292 |1.975 vCH, 1.742,8CH, 1.839, ¢CH, 3.228
Lys-29 | 7.906 |4.338 |1.836,1.956 |yCH,1.505,1.602,8CH, 1.740,¢CH, 3.039
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Table 7.10. Nitrogen and carbon chemical shift assignments for CbnY

N Ca CB Others
Ser-1 56.675 | 63.272
Ala-2 124.972 | 54.063 | 17.799
Ile-3 115.450 | 63.085 | 37.903 | yC 28.285,y’C 16.608, 6C 11.956
Leu-4 123.558 | 57.821 | 41.638 | yC 23.782, 8C 22.002
Ala-5 119.876 | 55.272 | 17.556
Ile-6 117.295 | 65.046 | 38.196 | yC 28.908, y°C 11.955, 6C 12.176
Thr-7 115.236 | 67.028 | 69.012 | yC 20.559
Leu-8 120.305 | 57.922 | 41.464 | yC 24.116, 8C 23.099, 21.962
Gly-9 105.812 | 46.736
Ile-10 123.652 | 64.445 | 37.866 | yC 28.355,y’C 16.306, 6C 12.569
Phe-11 120.524 | 60.797 | 38.571
Ala-12 121.021 | 54.990 | 17.911
Thr-13 | 111.768 | 65.185 | 69.240 | yC 20.645
Gly-14 109.143 | 46.736
Tyr-15 | 119.399 | 57.859 | 32.131
Gly-16 107.357 | 46.639
Met-17 | 122.025 | 60.634 €C 16.085
Gly-18 106.464 | 46.639
Val-19 122.128 | 66.083 | 31.866 | yC 20.452
GIn-20 | 117.500 | 59.107 | 28.178 | yC 33.871, ¢N 108.950
Lys-21 118.950 | 59.250 | 32.283 | yC 24.564, 6C 28.834, ¢C 42.130
Ala-22 121.627 | 54.990 | 17.322
Ie-23 117.558 | 64.554 | 38.196 | yC 28.389, y’C 12.190, 6C 12.390
Asn-24 | 118.098 | 55.863 | 38.609 | 8N 111.143
Asp-25 | 118.158 | 55.127 | 38.463
Arg-26 | 118.925 |56.795 | 30.311 | yC 27.054,8C 43.215
Arg-27 | 120.113 | 56.852 | 32.936 | yC 24.557,8C 42.130
Lys-28 118.605 | 56.746 | 30.311 | yC 27.071, 8C 28.908, ¢C 43.215
Lys-29 123.445 | 56.357 | 32.972 | yC 24.785, 8C 28.908, ¢C 42.130
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7.4.10. Structure calculations

CYANA 2.1%** was the software used to calculate the structures of CbnX and CbnY,
utilizing a combination of automatically and manually assigned NOE restraints from the
'H,'"H-NOESY and 'H,”’N-NOESY-HSQC spectra, and angle restraints obtained from
TALOS?®. Seven cycles with 10,000 steps per cycle were run for each calculation.
Simulated annealing calculated 100 conformers, and the 20 lowest energy conformers
were used for further analysis. Coordinates for CbnX and CbnY were deposited in the

Protein Data Bank with accession numbers SUJR and 5UJQ, respectively.

7.4.11. Isothermal titration calorimetry

Dr. Kaitlyn M. Towle conducted the isothermal titration calorimetry and
permeability experiments. An MCS isothermal titration calorimeter (Microcal,
Northampton, MA, USA) was used to study the binding interaction of CbnX and CbnY.
Solutions of CbnX (1 mM) and CbnY (0.1 mM) were prepared in 1:1
trifluoroethanol:phosphate buffer (pH 6.9). The solutions were degassed by stirring in
vacuo for 5 min. The microcalorimetric cell was filled with the CbnX solution, and the
cell temperature was equilibrated to 25 °C. Ten pL aliquots of CbnY were then titrated
into the cell every 5 min with constant stirring. The change in heat per injection was

measured. Origin®7 software was used to process the data.
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7.4.12. Permeability experiments

7.4.12.1. Vesicle preparation

Vesicles were made by dissolving 16 mg 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) and 4 mg 1,2-dioleoyl-sn-glycero-3-phospho-(1’-race-
glycerol) (DOPG) in 2 mL chloroform. The solution was vortexed until it turned cloudy
and opaque. The solvent was then removed under reduced pressure. The sample was
desiccated under high vacuum for 2 h and suspended in 2 mL 50 mM sodium phosphate
buffer (pH 8). Ten microliters of a 2 mM 2'.7'-bis-(2-carboxyethyl)-5-(and-6)-
carboxyfluorescein acid (BCECF) solution was added under reduced light, and the
resulting solution was vortexed and placed into a cryovial. The sample was freeze-thawed
five times by submerging in liquid nitrogen and thawing at 37 °C, with thorough shaking
(vortex) in between each cycle. An Avanti Mini-Extruder (Avanti Polar Lipids Inc.,
Alabaster, AL, USA) with gastight syringes was used to extrude the sample through a 100
nm pore filter. Extrusion was done twenty times. The sample was passed through a G-50
size-exclusion column to remove excess BCECF dye using 50 mM sodium phosphate
buffer (pH 8) as eluent. The vesicles were eluted in the dead volume of the column and
were stored at 4 °C. Fluorescence studies were performed within one week of preparation

of the vesicles.
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7.4.12.2. Fluorescence spectroscopy

A 75 XE PTI fluorescence spectrophotometer was used for fluorescence
measurements. The excitation wavelength was set at 500 nm, while the emission was at
525 nm. All slits on the instrument were opened to 1 mm and measurements were
collected every second. Felix32 software facilitated real-time observation of results, which
were exported and analyzed using Microsoft Excel. The prepared vesicles were added to
2 mL of potassium phosphate buffer (50 mM, pH 6) and equilibrated with stirring. Once
the fluorescence reading was stable, the peptide samples were added, and the fluorescence
was recorded until it was once again stable. After which, fluorescence was quenched by
adding 50 pL of a 5% Triton X-100 solution. Decreased fluorescence upon addition of the
peptide solution indicates that protons are able to permeate the membrane and quench the
BCECF acid dye, signifying vesicle disruption. The peptide solutions that were tested are

16 uM, 8 uM, 4 uM and 2 uM of CbnX and CbnY separately and combined.
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7.5. Experimental Procedures for the Biosynthetic Studies of PneJg

7.5.1. Construction of pRSFDuet-PneM-PneAl and pRSFDuet-PneM-PneA?2

Synthetic genes of PneM, PneAl, and PneA2 that were codon-optimized for E. coli
expression were purchased from BioBasic Inc. and obtained as pUCS57 derivatives,
pUCS57-PneM, pUC57-PneAl, and pUCS57-PneA2, respectively. The pRSFDuet-1
expression vector was purchased from Novagen (EMD Millipore). Each of the constructs
was transformed in chemically competent E. coli DH5a, and transformants were stored in
20% glycerol at -80 °C. For plasmid isolation, a 5 mL LB broth was inoculated with the
glycerol stock and grown at 37 °C with shaking at 225 rpm. Ampicillin (100 pg/mL) was
used for selective pressure for the pUCS57 plasmids, while kanamycin (50 pg/mL) was
used for pRSFDuet-1. Plasmids were isolated using the QIAprep Spin Miniprep Kit
(Qiagen).

The pUC57-PneM and pRSFDuet-1 plasmids were digested with FastDigest Ndel
and Xhol (Thermo Scientific) restriction enzymes. The digests were purified by agarose
gel electrophoresis, and the desired bands were extracted using QIAquick Gel Extraction
Kit (Qiagen). The cut pneM insert was ligated to the cut pRSFDuet-1 vector using T4
DNA ligase (Invitrogen). The ligation mixture was transformed into chemically competent
E. coli DH50, and plasmids from transformants were sequenced to screen for the desired
pRSFDuet-PneM plasmid.

The isolated pRSFDuet-PneM plasmid, and the purchased pUCS57-PneAl and
pUCS57-PneA2 plasmids were digested with FastDigest EcoRI and HindIIl (Thermo

Scientific), and ran on an agarose gel. The desired bands were extracted using QIAquick
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Gel Extraction Kit (Qiagen). The cut pneAl and pneA2 genes were each ligated to the cut
pRSFDuet-PneM vector using T4 DNA ligase (Invitrogen). The ligation mixture was
transformed into chemically competent E. coli DH5a, and transformants were sequenced
to screen for the desired pRSFDuet-PneM-PneAl and pRSFDuet-PneM-PneA2 plasmids.
The resulting constructs introduced an N-terminal His-tag to PneA1 or PneA2, but not to

PneM.

7.5.2. Construction of pETDuet-PnelJg

The synthetic gene of Pnelp that was codon-optimized for E. coli expression was
purchased from BioBasic Inc. and obtained as a pUCS57 derivative, pUCS57-Pnelg.
Plasmids pETDuet-1 and pUC57-Pnelg were transformed in chemically competent E. coli
DH5a and transformants were stored in 20% glycerol at -80 °C. A’ 5 mL LB broth (with
100 pg/mL ampicillin) was inoculated with the glycerol stock and grown at 37 °C with
shaking at 225 rpm. Plasmids were then isolated from the overnight culture using the
QIAprep Spin Miniprep Kit (Qiagen). Both constructs were digested using FastDigest
Ndel and Xhol (Thermo Scientific). The digests were separated by agarose gel
electrophoresis, and the desired bands were extracted using QIAquick Gel Extraction Kit
(Qiagen). The pneJp insert was ligated to the digested pETDuet-1 vector using T4 DNA
ligase (Invitrogen), and the ligation mixture was transformed into chemically competent E.
coli DH5a. The transformants were sequenced to screen for the desired pETDuet-Pnelp

plasmid.
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7.5.3. Expression of PneMA1 and PneMA2 with and without PneJp

Chemically competent E. coli BL21 (DE3) was transformed with either pRSFDuet-
PneM-PneAl or pRSFDuet-PneM-PneA2 with and without pETDuet-Pnelg. For all
expression systems, the isolated transformants were inoculated into 50 mL LB broth
containing the appropriate antibiotic(s) (50 pg/mL kanamycin for the pRSFDuet vector,
and 100 pg/mL ampicillin for pETDuet), and grown at 37 °C, 225 rpm, overnight. A liter
of LB broth with the appropriate antibiotic(s) was inoculated with 1% (v/v) of the starter
culture, and incubated at 37 °C, 225 rpm, until the ODsoo of the culture reached 0.5-0.6.
Two induction conditions were tested for gene expression. For cultures induced with 0.1
mM IPTG, the samples were first cooled on ice for 30 min prior to addition of IPTG.
Induction was done at 18 °C for 20 h. For cultures induced with 0.5 mM IPTG, induction
was done at 37 °C for 3 h. The induced cultures were then centrifuged (5,000 x g, 10 min,

4 °C) and the supernatant was decanted.

7.5.4. Purification of expressed PneMA1 and PneMA2

The cell pellet obtained from protein expression was resuspended in 30 mL lysis
buffer (50 mM NaH,PO,, 500 mM NaCl, 10 mM imidazole, pH 8.0), passed once through
a Constant Systems Cell Disruptor (Constant Systems Ltd.) operated at 23 kpsi, and
centrifuged (23,700 x g, 30 min, 4 °C). Based on SDS-PAGE, the peptides with the
expected molecular weight were found in the soluble fraction. Hence, the supernatant
from the lysate was purified by Ni-NTA affinity chromatography. One mL Ni-NTA
(Qiagen) resin was added, and the mixture was shaken at 50 rpm for 1 h at 8 °C. The

sample was then loaded into a fritted column and allowed to flow by gravity. The resin
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was washed with increasing amounts of imidazole in a buffer containing 50 mM sodium
phosphate (pH 7.4) and 500 mM NacCl. The fractions were run on an SDS-PAGE gel to
confirm elution of the desired peptide. The band at the expected molecular weight was
excised, subjected to in-gel trypsin digestion, and submitted to Jing Zheng for tandem
mass spectrometric analysis. Ni-NTA-purified fractions were subjected to RP-HPLC using
C8 and C18 columns, and water-acetonitrile (both with 0.1% TFA) as solvent system. The
solvents were programmed using both isochratic and gradient methods; however, there
was no success in resolving the mixture of precursor peptides that were modified
incompletely at various extents. HPLC fractions were analyzed by MALDI-TOF MS, and
fractions containing peptides within the expected molecular weight range were submitted

to Jing Zheng for high resolution MALDI-TOF MS analysis.

7.5.5. Construction of truncated pRSFDuet-PneM-PneA1l and pRSFDuet-PneM-
PneA2

To address the problem on the inseparable mixture of precursor peptides with
varying extents of modifications, truncated versions of the precursor peptides that
eliminate other sites of modifications were designed. The genes for the truncated precursor
peptides were amplified using primers JZA07 (5’-GAATTCAATGACGAACTTCAACA
GCAACG-3’) and JZA08 (5’-AAGCTTTTAAGCAGATTTCAGGATAATCGGGG -3°)
for pUCSP-PneAl, and JZA09 (5’-GAATTCAATGAAAAACGACTTCGTGATCGG-3’)
and JZA10 (5’- AAGCTTTTACAGCGTAGCAGAACAGATAATGG -3’) for pUCSP-
PneA2. The PCR products were run on an agarose gel, and purified using QIAquick Gel

Extraction Kit (Qiagen). The pRSFDuet-PneM plasmid and the PCR products were
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digested with FastDigest EcoRI and HindIII (Thermo Scientific), ran on an agarose gel,
and the desired bands were extracted with QIAquick Gel Extraction Kit (Qiagen). The cut
pneAl(truncated) and pneA2(truncated) genes were each ligated to the cut pRSFDuet-
PneM vector using T4 DNA ligase (Invitrogen). The ligation mixture was transformed
into chemically competent E. coli DH5a, and plasmids from transformants were
sequenced to screen for the desired pRSFDuet-PneM-PneA I(truncated) and pRSFDuet-

PneM-PneA2(truncated) plasmids.

7.5.6. Expression and purification of truncated PneMA1 and PneMA2

Chemically competent E. coli BL21 (DE3) was transformed with either pRSFDuet-
PneM-PneAl(truncated) or  pRSFDuet-PneM-PneA2(truncated).  The  isolated
transformants were inoculated into 50 mL LB broth containing 50 pg/mL kanamycin, and
grown overnight at 37 °C, 225 rpm. LB broth (400 mL) with 50 pg/mL kanamycin was
inoculated with 1% of the starter culture, and incubated at 37 °C, 225 rpm until the ODsoo
of the culture reached 0.5 — 0.6. The culture was cooled on ice for 30 min and added with
0.5 mM IPTG. Induction was done at 25 °C for 20 h. Protein expression was monitored
using SDS-PAGE, and no significant band at the desired molecular weight was observed
in both the soluble and insoluble fractions. To further confirm this, the pellet was lysed
and purified by Ni-NTA chromatography as in section 7.5.3, and monitored using SDS-

PAGE and MALDI-TOF MS after clean-up with a C18 ZipTip.

7.5.7. Construction of pET SUMO-PnelJp

Instead of TA cloning, the EcoRI and HindIII restriction sites on the cyclized pET
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SUMO vector (Invitrogen) were utilized for cloning. SUMO-Pnels gene that was codon-
optimized for E. coli expression was purchased from BioBasic Inc. The plasmid was
transformed in chemically competent E. col/i DH5a and transformants were stored in 20%
glycerol at -80 °C. Plasmid pUC57-SUMO-PnelJg was isolated using the QIAprep Spin
Miniprep Kit (Qiagen) from an overnight culture of 5 mL LB broth (with 50 pg/mL
kanamycin) that was inoculated with the glycerol stock, and grown at 37 °C with shaking
at 225 rpm. A cyclized pET SUMO vector and pUC57-SUMO-Pnels were digested using
FastDigest EcoRI and HindIII (Thermo Scientific). The digests were separated by agarose
gel electrophoresis, and the desired bands were extracted using QIAquick Gel Extraction
Kit (Qiagen). The SUMO-Pnelp insert was ligated to the digested pET SUMO vector
using T4 DNA ligase (Invitrogen). The ligation mixture was transformed into chemically
competent E. coli Machl, and plasmids from transformants were sequenced to screen for
the desired pET SUMO-PnelJg plasmid. The resulting pET SUMO-PnelJg plasmid was

transformed into competent E. coli BL21 (DE3) for protein expression.

7.5.8. Expression of SUMO-PneJp

LB broth (400 mL) containing 50 pg/ml kanamycin was inoculated with an
overnight starter culture (1% v/v), and grown at 37 °C with shaking at 225 rpm to an
ODgoo of 0.6 — 0.8. The cultures were cooled on ice for 20 min, added with 0.5 mM IPTG,
and incubated at 25 °C for 24 h at 225 rpm. The cultures were centrifuged (5,000 x g, 15
min, 4 °C), and the cells were resuspended in 30 mL lysis buffer (50 mM NaH,PO4, 500
mM NaCl, 10 mM imidazole, pH 7.4) and passed once through a Constant Systems Cell

Disruptor (Constant Systems Ltd.) operated at 23 kpsi. The lysate was centrifuged (23,700
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x g, 30 min, 4 °C) and the supernatant was collected for the subsequent Ni-NTA affinity

chromatography.

7.5.9. Purification of SUMO-PnelJg

Ni-NTA (Qiagen) resin (I mL) was added into the supernatant containing His-
tagged SUMO-PnelJg. The mixture was shaken (50 rpm) for 1 h at 8 °C, and then loaded
into a fritted column and allowed to flow by gravity. The resin was washed with 50 mL
buffer A (50 mM NaH,PO,, 500 mM NaCl, pH 7.4) containing 20 mM imidazole, 25 mL
of 50 mM imidazole in buffer A, and 5 mL each of 100 mM, 150, mM, 200 mM, 250 mM,
and 300 mM imidazole in buffer A. The fractions were run on an SDS-PAGE gel to
confirm elution of the desired protein. The fraction containing SUMO-PnelJ was dialyzed
against 3 L of water overnight at 8 °C. Protein sample that was not used for SUMO
protease digestion was concentrated using an Amicon Ultra-15 Centrifugal Filter Unit

illipore), and stored at - in 18% glycerol.
EMD Milli d d at-80 °C in 18% gl 1

7.5.10. SUMO protease digestion

The SUMO tag on the fusion proteins was removed by treatment with His-tagged
SUMO protease (McLab) using 10 U protease per 20 pg fusion protein and following the
buffer conditions indicated in section 7.1.6. Overnight cleavage trials were performed with
or without the detergent IGEPAL® CA-630 (Sigma-Aldrich) either at 8 °C or 25 °C, and
monitored using SDS-PAGE. The cleaved His-tagged SUMO protein and His-tagged
SUMO protease were then removed by treatment with 0.5 mL Ni-NTA (Qiagen) resin for

1 h, and collecting the supernatant.
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