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Abstract

The race towards uncovering and developing novel antibiotics requires a
multipronged, interdisciplinary approach. Highlighted in this thesis are biochemical
and structural studies on peptides, small naturally occurring molecules that have
innate bioactivities, such as antimicrobial characteristics. These include: faerocin
MK, a potent anti-listerial molecule; teixobactin, a peptide with the ability to inhibit
Gram-positive bacteria; tridecaptin A;, an inhibitor of Gram-negative bacteria; and
microcin J25, a lasso peptide with activity against Gram-negative foodborne

pathogens.

Faerocin MK was uncovered after the genome sequencing of a newly discovered
probiotic bacterium, Enterococcus faecium M3K31. The sequence encoding for
faerocin MK contained two components: a structural gene and an immunity protein.
Heterologous expression studies led to the production, isolation, and characterization
of this new peptide. These studies showed that this peptide is active against Gram-
positive organisms, with potent activity against Listeria species, a genus of foodborne

pathogens responsible for listeriosis.

Teixobactin is a peptide isolated in 2015 and has gained much attention due to its
potent activity against Gram-positive bacteria and unique structural features. With the
use of analogues, the binding of teixobactin and its bacterial target, lipid II, a
peptidoglycan precursor present within bacterial membranes, was investigated.
Furthermore, the activity of teixobactin was expanded to reach Gram-negative

organisms through synergistic assays with membrane-disrupting peptides.
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Tridecaptin A; is part of a class of peptides which are potent against Gram-negative
bacteria. They are known to bind to lipid II, the same peptidoglycan precursor
targeted by teixobactin and a number of other antimicrobial peptides. In order to
better understand the tridecaptin A; mechanism of action, in particular its interaction
with lipid II at the bacterial membrane surface, nuclear magnetic resonance
experiments were employed. The structures of tridecaptin A; and lipid II were studied
in a new series of membrane-mimicking micelles. These micelle-forming
dodecylphosphocholine compounds were synthesized, with heteroatom replacements

at strategic positions, and structural data were compared amongst analogues.

Microcin J25 is a lasso peptide from Escherichia coli active against Gram-negative,
foodborne pathogens such as Salmonella species and E. coli. The unique structure of
this class of peptides, wherein the C-terminus is threaded through an N-terminal
macrocycle, confers on them desirable attributes such as thermal stability and
protease resistance, along with potent innate activities against bacteria and viruses.
The lasso shape has long been regarded as a valuable scaffold for pharmaceutical
development, yet these peptides have thus far been accessed through biological means
as a facile synthetic approach has not yet been developed. A method to synthesize this
interlocked, stable structure was initiated, providing a potential means of accessing

microcin J25 and other lasso peptides in the future.
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Preface

Parts of this thesis have previously been published while some work is still ongoing
and therefore unpublished research. Sections of Chapter 2 have been published as:
Chiorean S, Vederas JC, and van Belkum MJ. Identification and heterologous
expression of the sec-dependent bacteriocin faerocin MK from Enterococcus faecium
M3K31. Probiotics Antimicrob Proteins, 2018, 10, 142-147. The work was mostly
completed by myself (75%) and Dr. van Belkum (25%), who assisted in the

heterologous gene cloning and operon annotation.

The majority of Chapter 3 has been published as Chiorean S, Antwi I, Carney DW,
Kotsogianni I, Giltrap AM, Alexander FM, Cochrane SA, Payne RJ, Martin NI,
Henninot A, and Vederas JC. Dissecting the binding interactions of teixobactin with
the bacterial cell wall precursor lipid II. ChemBioChem, 2020, 21, 789-792. The
research was performed by myself (75%) with synthetic contributions from Drs.
Carney and Henninot (10%) for teixobactin analogues along with Mr. Antwi (10%)

and Dr. Cochrane (5%) who both aided in the synthesis of lipid II and analogues.

At the time of this thesis preparation, Chapter 4 and Chapter 5 remain unpublished.
Chapter 4 was a collaborative effort with Mr. Antwi; | performed the structural
elucidation experiments and data analysis using materials synthesized by Mr. Antwi.
The modelling in Chapter 5 was performed with advice from Dr. Kaitlyn Towle and

the outlined residue synthesis was completed by myself.
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Chapter 1: Introduction

1.1 Bacteria: The good, the bad, and the useful

Since the discovery of “animalcules” in 1676 by Antonie van Leeuwenhoek,' this
domain of organisms have left their mark on humankind. From the devastating effects
of infectious diseases to the indulgence of wine and cheese, the role bacteria play in
our society is an intricate balance of good and bad, dangerous yet beneficial. More
recently, studies looking at large bacterial aggregations have yielded interesting
results. Investigating the community of cells found in the human gastrointestinal tract
(gut microbiome) and the network bacteria can form when adhered to a surface

(biofilms) has reinforced the idea that bacteria play a useful role in our society.”

Studies have linked the gut microbiome, and the natural products produced by these
organisms, to a person’s physiological and psychological wellbeing. Gut bacteria
believed to contribute positively to human health, commonly termed probiotics, arrive
in the gastrointestinal tract via the food we consume, including breast milk as infants.
For example, a probiotic formulation containing Lactobacillus helveticus has been
shown to reduce anxiety in mouse models as well as in human volunteers.® Often
viewed as harmful and difficult to remove, biofilms and the mechanisms by which
bacteria colonies form them can be hijacked and repurposed. An interesting facet of
research has looked at manipulating the contents of the extracellular matrix excreted
by bacteria to create purposefully designed biofilms. These biofilms can be used to
form biomaterials for the textile industry, clean polluted waters, perform desired
biocatalytic reactions, and even colonize the gastrointestinal tract in patients with

chronic inflammatory diseases to reduce swelling.*



Bacteria have evolved mechanisms to assemble the basic building blocks of life and
create natural products with a kaleidoscope of targeted functions. Amino acids, lipids,
sugars, nucleic acids, and small molecules have been anabolized by bacteria into
secondary metabolites and natural products with specific purposes. Through the
isolation, characterization, and study of these natural products, scientists have been
able to apply and adapt the compounds’ original function to benefit society. Bacterial
natural products have proven useful in several industries including agriculture, food,

beauty, medicine, and research.’

One such native purpose of these natural products is to target and kill competing
bacteria vying for the same resources in their ecological niche. This innate activity
can be exploited and applied in areas such as bacterial infection remedies and food
preservation.” This avenue of research is of particular interest as the rise in
antimicrobial resistance (AMR), the ability of bacteria to survive antibiotic

treatments, is a growing concern in modern medicine.’

Since the discovery of penicillin by Alexander Fleming in 1928,° a golden age of
antibiotic natural products emerged and subsequently vanished. Each decade since the
1940s, when treatment of World War II soldiers with penicillin showed success in
preventing bacteria-infected wounds,” has seen the discovery of 20 — 30 new drug
candidates.” Regrettably, bacteria found ways to fight back and developed resistance,
prompting scientists to expand upon the natural products and produce synthetic
derivatives of penicillin and other antibiotics.” In response, bacteria once again
evolved pathways to withstand these newly developed antibiotics, now at seemingly

faster rates. Presently, it is estimated by the Infectious Diseases Society of America



that more than 70% of pathogenic bacteria have become resistant to antibiotics
currently on the market (Figure 1.1)** Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter species, known as the ESKAPE pathogens, have been classified by the
World Health Organization (WHO) as the most alarming due to their multidrug

resistance.>
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Figure 1.1 Antibiotics on the market with documented resistance



The consequences of leaving this issue unaddressed are dire — it is projected that over
10 million annual deaths will be caused by untreatable bacterial infections; a
fourteen-fold increase from the 700,000 annual deaths observed worldwide in 2019.
Concurrently, the world economy is also impacted by the strain caused to medical
systems. Current trends predict an annual deficit of 10 billion USD if the issue of
antimicrobial resistance is not addressed.” Peptides, a subclass of bacterial natural
products, are a promising alternative to currently available antibiotics.® They are
compatible with biological systems and have specific bacterial targets, making them

generally recognized as safe for human consumption.®

1.2 Antibacterial peptides

Peptides with the ability to kill bacteria are often called antimicrobial peptides
(AMPs) or, more specifically, antibacterial peptides. AMPs have been isolated from
various organisms, including bacteria, fungi, and mammals. This designation
encompasses a broad range of peptide-derived compounds which have various sizes,
shapes, properties, and targeted activities. While different, these compounds do share
a few common features. AMPs tend to be amphiphilic or hydrophilic and cationic,
characteristics which help guide them towards bacteria’s anionic membranes, and of
relatively small size (< 60 amino acids).” Though a detailed mode of action has yet to
be elucidated for each peptide, it is proposed most of these peptides interact with the
membrane or receptors on the membrane surface, disrupt the membrane, and form
pores.'® This membrane perturbation results in cell components leaking out, which in

turn leads to cell death. In certain cases, these peptides can also target a particular
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cellular function that inhibits the target bacteria’s ability to survive. For example, a
peptide can bind within the bacterial ribosome complex, prevent the biosynthesis of

essential proteins, and eventually lead to the cell’s demise.'’

Due to the similar topology of bacterial membranes and the parallels between their
cellular function, AMPs synthesized by bacteria have the potential to be self-harming
and attack the producer. Therefore, the producing organism has a clever counter
measure: an immunity protein that is capable of defending the producer against its
own AMP."? Although not much is known about each protein’s exact mechanism, the

immunity protein is able to counteract the effects exerted by the AMP.

In order to utilize these peptides in relevant applications, one must first study and
understand their properties, their structures, and their mode of action.
Interdisciplinary approaches which combine native production of peptides with
synthetic methods and spectroscopic techniques fill a valuable crevice in the quest to
uncover structural insights of AMPs. Of focus in this thesis are peptides which are

biosynthesized by bacteria, in one of two ways described in the following pages.

1.2.1 Ribosomally synthesized AMPs

Ribosomally synthesized peptides (RSP) are widespread throughout nature; they are
present in bacteria as well as fungi, plants, and animals."® In line with more traditional
biosynthetic machinery of larger proteins, ribosomally synthesized peptides are made

from the standard 20 amino acids with the help of the ribosome and can then undergo



a series of post-translational modifications to further diversify and embellish their

structures.

1.2.1.1 Biosynthesis of RSPs

In short, upon the detection of a stimulus, the encoding DNA, which may be located
on the chromosome or a plasmid,'* is transcribed to messenger RNA (mRNA)."” The
ribosome then reads and translates the mRNA into the encoded protein material.'
The number of genes required for the biosynthesis of AMPs varies. In Gram-positive
bacteria they range from as few as two to as many as twenty-one genes,'*'® depending
on the complexity of the downstream processing required. At minimum, two genes
encode for the precursor peptide and the immunity protein. The precursor peptide

(Figure 1.2) contains the core peptide, which will be modified into the final, active

peptide, and sometimes a leader sequence, typically found at the N-terminus. "
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Figure 1.2 Example of a biosynthetic pathway of ribosomally synthesized AMPs



The leader peptide helps the sequence to be recognized by the enzymes which
perform the post-translational modifications, often by the export proteins which will
secrete the active peptide into the external environment.'” The additional genes
account for all the modifying enzymes required to process the core peptide to the
desired product.”® As previously alluded to, some RSP gene clusters do not contain
any modifying enzymes and therefore undergo little to no post-translational
enzymatic processing. For example, the formation of a disulfide bridge between two
Cys can be an enzyme-less peptide modifications. On the other hand, some peptides
require several enzymes and become almost unrecognizable from their original

primary amino acid sequence (Figure 1.3).">"*
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Figure 1.3 Examples of unmodified (top) and highly modified (bottom) RSPs



Additionally, in some cases, a series of auxiliary proteins and enzymes required for
the secretion of the mature peptide are also encoded within the peptide’s gene
cassette. If RSPs cannot be excreted by the sec-pathway, the general secretory
pathway ubiquitously used by bacteria to transport the majority of their protein to or

8 an alternative mechanism must be used. A common

outside of the rnembrane,1
alternative used by RSPs is translocation facilitated by the adenosine triphosphate
(ATP)-binding cassette (ABC) transporters.'” The ABC transporters are a family of
membrane transport protein complexes which use ATP hydrolysis to actively
transport molecules across membranes.”’ In addition to exporting RSPs to the
extracellular matrix, the ABC transporters may also have catalytic functions. The
transporters recognize and cleave a double Gly sequence at the C-terminus of the
leader peptide, freeing up the core peptide.”' This keeps the peptide in its precursor,

inactive form while within the cell, only becoming the mature, active peptide once the

ABC transporter has recognized it and proceeded to expel it outside of the cell.

1.2.1.2 Structural properties and classification of RSPs

The group of AMPs that are ribosomally synthesized by bacteria are commonly
referred to as bacteriocins, which are further subdivided based on whether they are
produced by Gram-positive or Gram-negative bacteria as well as their structural
features. Literature has bestowed several designations to these molecules over the
decades, some of which are now obsolete as new RPSs are uncovered and their
structures elucidated. For this thesis, the designations in Table 1.1 will be introduced

and used throughout.?



Table 1.1 Classifications of bacteriocins®

Gram-positive origin

Designation Structural features and properties Example
Class I (modified)
Lantibiotics (Methyl)lanthionine residues Nisin A
. . N-terminal fatty acid, avionin moiety -
Lipolanthines (aminovinylcysteine-labionin hybrid) Avionin
Lmea‘r gzol(ln)e- Thiazole and (methyl)oxazole rings, ..
containing . Plantazolicin
o linear backbone

bacteriocins

. . 6-membered nitrogen heterocycle, . .
Thiopeptides azol(in)e rings, dehydro residues Nosiheptide

: Macrocyclic amidine, decarboxylated C- .
Bottromycins terminal thiazole, B-methylated residues Bottromycin A2
Sactibiotics Cysteine sulfur to a-carbon bridges Subtilosin A
N-terminal amine to y-acid residue
Lasso peptides cyclization, C-terminal tail threaded Sviceucin
through ring
Glycocins Contain glycosylated residue(s) Glycocin F
Head-to-tail cyclized N- to C-terminal cyclization Carnocyclin A
bacteriocins
Class Il (unmodified)
éﬁgg};ﬂonf YGNG consensus motif, minimum one Faerocin MK,
ning disulfide bridge, antilisterial Leucocin A

bacteriocins
Two-peptide Two peptides acting together for Carnobacteriocin
bacteriocins synergistic activity XY
Leade.rles.s Produced with no leader sequence Aureocin A53
bacteriocins
Other 1 fnear Not YGNG-like, linear peptides Lactococcin 972
bacteriocins

Class Il (large, heat-labile)

Bacteriolysins Large polypeptides, bacteriolytic Lysostaphin
Non-lytic large . . ..
bacteriocins Large polypeptides, not bacteriolytic Caseicin 80
Tailocins Mult}-proteln complex, bacteriophage Diffocin

tail-like

Gram-negative origin

Designation Structural features and properties Example
Modified Contain post-translational modifications  Microcin J25
Unmodified Unmodified, generally 10 kDa or smaller Microcin V
Large Generally larger than 20 kDa Colicin A
Tailocins Multi-protein complex, bacteriophage Pyocin

tail-like




Bacteriocins from Gram-positive organisms are filed under three main classes based
on whether they are post-transitionally modified (Class I), unmodified (Class II), or
large and heat-labile (Class I1).? Class 1 contains the bacteriocins which require
extensive enzymatic help for the core peptide to reach its final, mature form. At
present, nine subclasses exist, including lasso peptides such as microcin J25. Class II
contains bacteriocins which have no or minimal (ie. removal of leader peptide) post-
translational modifications. Four subclasses exist, including YGNG-motif containing
bacteriocins such as faerocin MK and leucocin A. Class III contains the bacteriocins
which are heat-labile and large, approaching protein-level molecular weights. Three
subclasses exist, including tailocins which are phage-like protein complexes that form

. . . .. . 2
pores in bacterial membranes in a similar manner as bacteriophages.”

Bacteriocins from Gram-negative organisms contain a less complex classification
system, dividing the RSPs into four categories: modified, unmodified, large, and
multi-protein tailocins. This is largely due to their lower abundancy compared to
Gram-positive bacteriocins; of the many reported bacteriocins, only about 10% are of
Gram-negative origin.”* These are microcins (low molecular weight, < 10 kDa) which
are either modified or unmodified,” colicins (medium molecular weight, 20 to 80
kDa),”® and tailocins (high molecular weight, multi-peptide complexes).”’
Structurally, some of these peptides resemble those in the Gram-positive
classification and were in fact isolated from Gram-negative organisms first before
their identification in Gram-positive bacteria; microcin J25 is one such peptide.
Bacteriophage-like tailocins is another example of a class that has been found in both

bacterial types.
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This thesis will discuss two bacteriocins: faerocin MK in Chapter 2 (YGNG-
containing bacteriocin of Gram-positive origin), and microcin J25 in Chapter 5 (a
lasso peptide of Gram-negative origin) in more detail. An advantage of RSPs is that
genetic manipulation can be employed to design and express native peptides as well
as related analogues, or to isotopically label peptides via relatively inexpensive means
through bacteria grown on labelled media. Ribosomal synthesis, however, limits the

functional groups present in peptides to those accessible by this biosynthetic pathway.

1.2.2 Nonribosomally synthesized AMPs

Another route bacteria may take to biosynthesize antibacterial peptides is via
nonribosomal peptide synthetases (NRPSs), multi-domain enzyme complexes, which
produce correspondingly named nonribosomal peptides (NRPs). Arguably the most
famous compound which falls under this label is penicillin, the first uncovered
antibiotic.! The existence of NRPSs was first alluded to in 1963 with a study into the
biosynthesis of tyrocidine, a cyclic antimicrobial peptide isolated from Bacillus
brevis.”™® This cyclic decapeptide contains ornithine and D-amino acids, features
which piqued the curiosity of researchers to investigate the matter further as these
residues were not previously identified elements in known proteins. This initial study
fed the producing bacterium aureomycin and chloramphenicol (ribosome inhibitors)
and concluded the production of tyrocidine must be autonomous from the known
protein synthesis relying on the ribosome. Further work, mostly involving gene

knockouts, enzyme isolations, and feeding assays with isotopically labelled
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substrates, allowed for a clearer picture to emerge regarding this ribosome-

independent biosynthetic pathway.”

1.2.2.1 Biosynthesis of NRPs

The popularity of genome sequencing and, more recently, genome mining, has
allowed for the development of powerful database tools to search and identify gene
clusters within various organisms that encode for NRPSs.*® Numerous bacteria, as
well as fungi (Table 1.2), contain genes that encode for these large enzyme

complexes responsible for producing antimicrobial NRPs.”

Table 1.2 Antimicrobial nonribosomal products from bacteria and fungi

Bacteria
Class Species Example
Amycolatopsis orientalis Vancomycin
Actinobacteria Streptomyces antibioticus Actinomycin
Streptomyces roseosporus Daptomycin
Streptomyces venezuelae Chloramphenicol
Bacillus subtilius Bacitracin & Surfactin
Bacilli Brevibacillus brevis Tyrocidine & Gramicidin
Paenibacillus polymyxa Polymyxin & Tridecaptin
Fungi
Phylum Genus Example
Penicillium Penicillin G
Ascomycota
Acremonium Cephalosporin

Often all the elements required to synthesize and secrete a single molecule are within
one gene cluster. This includes the enzymes responsible for subunit synthesis and
attachment of other functionalities, secretion proteins, a self-protecting immunity

factor, and of course at least one NRPS.*! NRPS are mega protein complexes
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composed of a series of modules with dedicated catalytic roles performed in a
collinear biosynthetic process. Each elongation module links a designated amino acid
to the growing peptide chain in the assembly line and performs any necessary
modifications to that residue. In order for the module to perform its predictated task,
it has a set of domains (minimum 3), each responsible for part of the job. The
required domains are: an activation domain (A) which initiates the process by
adenylation of the desired amino acid with ATP, a thiolation domain (T, also known
as PCP or peptidyl carrier protein) which keeps the growing chain of the peptide
tethered to the NRPS, and a condensation domain (C) which ligates the next residue
via an amide bond to the growing chain. The first module in the sequence lacks a
condensation domain and the last module in the sequence contains a thioesterase (TE)
domain, which releases the peptide from the T domain though hydrolysis or
macrocyclization. Additionally, modification domains such as epimerization (E),
cyclization (Cy), oxidation (Ox), and methylation (M) can also be found within the
corresponding module.>’ Outside of the NRPSs responsible for assembling the core
peptide, a series of other tailoring enzymes may also be present. This allows for
modifications such as halogenation, oxidative crosslinking, lipidation, and

glycosylation.*

Vancomycin, a glycopeptide isolated from Amycolatopsis orientalis (previously
known as Streptomyces orientalis), is a nonribosomally synthesized antimicrobial
peptide that requires three NRPSs, encoded for by Vps4ABC, containing a total of
seven distinct modules (Figure 1.4).%2'?? Interestingly, a single halogenase installs

both chlorine atoms on residues 2 and 6; a process which has been proposed to occur
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in parallel with the NRPS assembly, prior to the completion of module 7.%
Additionally, three distinct P450 enzymes are responsible for the oxidative cross-
linking of the linear peptide. These enzymes, encoded for by OxyB, OxyA, and OxyC
link residues 6 & 4, 4 & 2, and lastly 7 & 5, respectively, to supply the polycyclic
product. Finally, a set of glycosyltransferases install the two saccharide units at the

hydroxyl group on residue 4 to yield the active vancomycin.
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Figure 1.4 Biosynthetic pathway of vancomycin, a NRP
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1.2.2.2 Structural diversity and classification of NRPs

A significant number of peptide drugs currently on the market stem from NRPs and
are used as antimicrobials as well as immunosuppressants, antifungals, and antitumor
treatments.”’ As alluded to by the plethora of NRPSs and tailoring enzymes, the
variety of structural features present in NRPs is significantly more diverse than that
found in RSPs. The incorporation of elements such as heterocycles and D-amino acids
confer a higher degree of variance compared to those achievable by the 20 canonical

amino acids. These features help facilitate NRP activity against bacteria (Figure 1.5).

The largest group is often considered to be cyclic NRPs, which include head-to-tail
cyclized peptides (gramicidin S) and macrocycle containing peptides (bacitracin).
Peptide ring constraints have been shown to be both stringent, in that they form a
predefined structure primed for target selectivity, and flexible, which allows for
malleability that can optimize binding surface interactions with their target.> Another
major type of NRPs are lipopeptides, peptides that possess an acylated lipid to their
N-terminus, often including both D- and L-residues, and can exist as linear peptides
(tridecaptin A;) or with a cyclic component (polymyxin B). Lipidation, particularly in
the context of membrane-interacting AMPs, is believed to endow attributes that
promote peptide insertion into bacterial membranes as well as confer stability.*® More
complex NRP classes include B-lactams (penicillin G and its many derivatives) and
glycopeptides (vancomycin), which are both engineered by nature to suit their
bioactivity with precision. B-lactams mimic their target’s natural substrate and
irreversibly bind in its active site.”’ In the case of vancomycin, the saccharides align

the peptide hydrogen bonding network to maximize target interaction.*®
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A literature consensus on a concrete classification system has not been reached as
new classes are continually being uncovered. Unlike RSP-encoding genes, which can
be relatively straightforward to transcribe and predict, NRPSs and tailoring enzymes
are not as intuitively perceived. Genome sequencing, genome mining, and
bioinformatics tools have allowed for previously unidentified NRPs’ biosynthetic
gene clusters to be analyzed.*” The “great plate count anomaly’ is another factor that
contributes to the ever-growing classes of NRPs. The ability to culture
microorganisms in laboratory settings where they can be studied is limited to known
techniques, established practices, and available media and materials.”’ It has been
predicted that in a given sample obtained from the natural environment, current
methods have successfully cultured only about 1-2% of organisms, with as little as
0.01% for marine-origin samples.*' This limits the biodiversity of bacteria isolated

and sequenced, and therefore the classes of known and characterized NPRs.

Advances in computational tools have cleared the way for more facile predictions of
NRPS-encoding gene products and the design and the use of metagenome library
screening has enabled the discovery of genes from bacteria without the need to
culture the producer.”” Through the identification, heterologous expression, and
purification of predicted NRPs, a series of new antimicrobial peptides have been
uncovered in the last five years alone (Figure 1.6). A metagenome screening
technique was developed which uses a tag sequence to uncover novel epoxyketones,
potent protease inhibitors.** After the success of this initial study, the technique was
used to expand the search, leading to the discovery of calcium-dependent, acidic,

antimicrobial lipopeptide families malacidins and cadasides.
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Figure 1.6 Antimicrobial NRPs discovered from metagenome library screening

Although proven a fantastic tool in recent years, the drawback of this screening
requires prior knowledge of the NRPS system. For example, to uncover the
malacidins, the A-domain responsible for installing the first amino acid in the core
motif of other acidic lipopeptides was determined to be the most conserved and used
43b

as the tag to search for other, related NRPSs.
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New methods of collecting, purifying, and culturing previously uncultured bacteria
have also been developed and proved useful in uncovering novel NRPs and other
secondary metabolites. One such technique is the isolation chip (iChip) technology
which uses several diffusion chambers to collect bacteria, along with nutrients from
their native environment, and segregate each cell into its own individual channel.*
This allows the bacterium to be purified, but not isolated from its much needed native
nutrients, and to grow into a colony with adequate DNA available for sequencing.
Although not perfect, this method is able to culture close to 50% of bacteria from
their native environment, which is a significant increase over the usual 1-2% achieved
previously.** In 2015, the iChip was used in the discovery of teixobactin (Txb), a
NRP from Eleftheria terrae, a newly identified species of B-proteobacteria.*
Teixobactin is an AMP with a strong activity against Gram-positive organisms and
interesting structural features (Figure 1.7). This depsipeptide contains four D-amino

acids out of eleven residues, a methylated N-terminus, a 13-membered lactone

formed by the C-terminal residue Ile;; and Thrg, and an enduracididine at position 10.
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Figure 1.7 Structure of teixobactin

Teixobactin (Chapter 3) and tridecaptin (Chapter 4) are NRPs which will be described

in this thesis. The structural complexity afforded by this biosynthetic pathway
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increases the chemical space that these peptides can fill compared to RSPs. Adding
unique features, such as noncanonical amino acids, heterocyclic rings, N-methylated
amino acids, saccharides, and fatty acids, often increases the peptide stability and
improves desired targeted activity.’' This has brought NRPs to the forefront as
starting point scaffolds for pharmaceutical development to combat microbial
infections as well as tumors and autoimmune complications.”’ However, unlike
ribosomally synthesized peptides that can be made by readily-available, recyclable
cellular machinery, each NRP requires the expression of a unique mega enzyme

complex; a process that adds a costly metabolic load to the producing organism.

1.3 Limitations of natural antimicrobial peptides

Although nature has evolved for thousands of years to produce these unique peptides
with diverse structures and activities, there are numerous limitations which need to be
addressed in order for these compounds to have practical applications in our world.
Of emphasis here are AMPs which may be promising alternatives to currently
administered antibiotics. As highlighted earlier, the growing threat of resistance to
existing antibiotics on the market is a continuous battle fought in the last several
decades.® As a result of overuse and misuse of antibiotics in our society, resistance is
now developing at faster rates than previously documented.™ Additionally, the
transition of these compounds from a research setting to a feasible drug candidate

. . . . 46
requires other parameters, such as pharmacokinetics, to be optimized.
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1.3.1 Bacterial antibiotic resistance mechanisms

Even prior to human discovery, bacteria have been engaging in vicious biological
warfare, creating substances to advance their own survival by diminishing the
livelihood of competitors vying for the same ecological niche. In response to this
attack, bacteria have developed mechanisms to counteract the effects of antimicrobial
compounds. Antimicrobials target different cellular processes, leading to different
approaches adapted by bacteria to become resistant.*’ These approaches can be
categorized in one of three main mechanisms of resistance (Figure 1.8).

i. antibiotic

ii. blocking iii. target
modification i

antibiotic pathway modification

_"‘\,__-_____

_____R_- |

decrease expression
of porins

I J';"‘ modify or cleave i

\L U antibiotic via enzymes

i active export through
efflux pumps

Figure 1.8 Mechanisms of antibiotic resistance developed by bacteria
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i. Antimicrobial agent modification

Due to their specificity and relatively small size, any slight change or alternation of
an antimicrobial may render it completely or partially inactive. Several examples of
modifications facilitated by enzymes have been uncovered; bacteria may decorate
intrusive antimicrobials with additional functional groups.*’ This leads to disruptions
in the compound-target binding interface, likely due to steric hindrance and
interfering interactions from the newly introduced moieties. For example, a slew of
modifying enzymes have been identified for aminoglycoside antibiotics:
acyltransferases, phosphotransferases, and acetyltransferases attach their
corresponding moiety to the hydroxyl or amino group of aminoglycoside to render the
antimicrobial inactive.”® Moreover, bacteria may have genes that encode for P-
lactamases, a family of enzymes that recognize and hydrolyze B-lactam rings,
destroying antimicrobials such as penicillins, cephalosporins, and carbapenems.®
These genes are often encoded on plasmids, allowing for bacterial strains to share this

mechanism of resistance with other bacteria through horizontal gene transfer.*’

ii. Inhibiting the antimicrobial’s ability to reach the target

The first requirement of the antimicrobial to exert its activity is the ability of the
compound to reach its intended target. Natural protectors, such as the double
membrane of Gram-negative organisms, prevent certain antimicrobials from
penetrating into the cells. The expression of porins, transmembrane proteins used by
B-lactams and tetracyclines to enter cells, can be downregulated to limit the influx of

unwanted antimicrobial intruders.”® In addition to preventing passive permeability,
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certain cells have also evolved efflux pumps which actively transport toxins out of the

cell.’!

There are nominally five families of transmembrane pumps, differentiated by
the type of bacterial membrane they are found in (Gram-positive or Gram-negative),
the conformation they take, the energy source they require, and the varieties of
compounds they are capable of exporting (broad or narrow spectrum).’” A plethora of
genes that encode efflux pumps which can remove some [-lactams, nisin,

tetracyclines, erythromycin, and linezolid have been reported.*’>

iii. Target modification

The last stage of the antimicrobial journey is binding to its target and causing the
adverse effects it was designed to instigate. Bacteria have developed ways of
modifying the target beyond the antimicrobial recognition or simply bypassing the
use of that target altogether.”” Modification of the target can be achieved through
genetic changes, which result in fluctuations to protein expression levels or mutated
proteins, or through chemical alterations catalyzed by enzymes. Both of these
approaches result in targets that are no longer susceptible to antimicrobials or targets

with decreased affinity for their antimicrobial ligand.™

Resistance to ciprofloxacin, a fluoroquinolone that disrupts DNA replication by
binding to important enzymes in the pathway, has developed at the chromosomal
level. Mutations in the genes encoding for the target enzymes, DNA gyrase and DNA
topoisomerase IV, result in enzymes with mutated subunits. These mutant enzymes
are no longer recognized by ciprofloxacin, lowering or even abolishing its ac:tivity.54

Similar systems have been uncovered for linezolid, a oxazolidinone which attaches at
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the peptidyl transferase center of the 50S bacterial ribosomal subunit and causes cell
death by preventing protein synthesis.”> The chromosomal modifications result in
mutant ribosome proteins that are no longer high affinity targets for the linezolid
family of antimicrobials. Erythromycin, an antimicrobial which binds to the peptide
exit channel of the 50S ribosomal subunit, has also become redundant against some
species due to target modifications. Bacteria have evolved several enzymes that can
interfere with erythromycin’s capability of binding in this pocket of the 50S subunit.
Methyltransferases catalyse the addition of mono- or di-methyl units to an adenine
residue (A2058) in the 23S rRNA that is located at this binding site, thus impairing

the antimicrobial activity of erythromycin.®

In some cases, bacteria can entirely bypass the need of a certain target. The
prevalence of methicillin-resistant Staphylococcus aureus (MRSA) has risen in part
due to these bacteria utilizing an exogenous protein in place of penicillin binding
proteins.”’ Vancomycin, along with a series of other peptides, targets a peptidoglycan
precursor known as lipid II. The antimicrobial specifically recognizes and binds to a
dipeptide region (D-Ala, D-Ala) present on this lipid.”® To circumvent this,
vancomycin-resistant enterococci (VRE) have biosynthesized lipid II analogues to
bypass the need for the original target. Bacteria created these new molecules by
replacing the targeted D-Ala with D-lactate or D-Ser, which completely or partially

prevent vancomycin from binding, respectively.

Several previously mentioned antimicrobials and the corresponding mechanisms of

resistance developed by various bacterial strains are listed in Table 1.3. '
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Table 1.3 Antimicrobials and their mechanisms of resistance

Antimicrobial Peptides

Antimicrobial Target Mechanism of Resistance

Agent modification, decreased cell

Penicillins penicillin binding proteins permeability, target modification
Methicillin (DD trans- carboxy- endo- Agent modification, decreased cell
. permeability, bypass target
peptidases) ; .
Ceftriaxone Agent modification, decreased cell
permeability, target modification
Vancomycin (P);:_Ijilljong?/;?; Target modification
. Agent modification, efflux pumps,
Nisin A (Pefgl(lil%gsly}f:tlz) decreased cell permeability,
PYTOphosp target modification
Other Antimicrobial Agents
Antimicrobial Target Mechanism of Resistance
Ciprofloxacin DNA topoisomerase Decreased cell permeability,
p (gyrase) target modification
Chlortetracvcline 30S ribosomal subunit ~ Decreased cell permeability, efflux
Y (A-site) pumps, target modification
. 50S ribosomal subunit  Efflux pumps,
Erythromycin (exit tunnel) target modification
Linezolid 50S ribosomal subunit  Efflux pumps,

(peptidyl transferase center) target modification

As showcased in the table above, bacteria often use more than one approach outlined
to neutralize the effect of antimicrobials. In addition to navigating through the various
resistance tactics, antimicrobials must also display favourable pharmacokinetics with

human bodies to be considered as drug candidates.

1.3.2 Implementing AMPs as effective therapeutics
In addition to bacteria finding mechanisms of resistance, there are a series of
considerations that must also be addressed to successfully bring a peptide therapeutic

to market. Nominally the behaviour of these compounds in biological systems is not
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ideally suited to that of a drug candidate. Peptides may be inherently unstable; they
are susceptible to proteolytic degradation by mammalian proteases, they may be
oxidized or hydrolyzed, and they have the tendency to self-aggregate. ® In assessing
administration pathways, the oral availability of peptides is also a hurdle as the
gastrointestinal tract is filled with proteolytic enzymes. Peptides also have high renal
clearance, short half-lives in blood plasma, and low membrane permeability.®
Challenges also exist in the production of these peptides, with the cost of production

and purification being relatively high. ®

Despite these few drawbacks, peptides are one of the fastest-growing contenders in
the therapeutic drug market.* In 2011, approximately 60 peptide drugs had been
approved with 140 others in clinical trials and 500 in preclinical development. This
constituted a global market worth 14.1 billion USD at the time.*® In under a decade,
this number has reached 197 approved drugs with another 807 peptides undergoing
clinical trials, in a market worth 28.15 billion USD as of 2019. Current trends have
predicted this market will continue to increase and reach a net worth of over 60

billion USD in the next five years.**

The keen interest growing in these compounds as therapeutic candidates is not
unwarranted. Peptides, especially when compared with larger proteins, tend to be less
immunogenic, making them safe and tolerated in mammalian systems.® The amino
acid residues are readily metabolized and cleared, ensuring low tissue attrition and

lower toxicity.®

AMPs have evolved to optimally interact and bind to their
designated target, making them highly potent and selective compounds with limited

adverse off-target effects.®> Advances in chemical strategies to synthesize and modif
g g y y
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these peptides has lowered the cost of their production and increased the scope of

achievable functionalities.®’

1.3.3 Synthetic AMPs

The previous section outlined the two ways in which bacteria can biosynthesize
native AMPs. Synthetic peptides, compounds made through the chemical
manipulations of starting materials into desired polymers, are necessary to address
concerns about resistance and pharmacokinetic behaviour as well as to optimize or
fine-tune properties.®® Strategic chemical modifications of key structural elements of
peptides has been shown to improve the original activity and to add new, desired

properties (Figure 1.9).

As mentioned beforehand, the penicillin class of molecules has been a victim of
numerous resistance pathways limiting its use. Efforts to design analogues which can
bypass the resistance protocols have produced a series of compounds such as
flucloxacillin.®’ This compound, an isoxazole penicillin, is active against p-lactamase-
producing Staphylococci. Arylomycins, a class of AMPs latently active against
Gram-positive bacteria, has also been extensively studied in this regard. A series of
analogues which can expand the activity scope to include Gram-negative organisms
through variation of the lipid tail have been synthesized.®® Another commonly
administered antibiotic, vancomycin, has also seen upgraded analogues on the market

which can withstand developed resistance.®
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Figure 1.9 Native AMPs and their modified synthetic counterparts
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Optimizing the features of native peptides has become a well-defined workflow
through the use of Structure-Activity Relationship (SAR) studies.*® Once a natural
product has been identified, whether through isolation from nature or a library
screening, a series of chemical approaches can be taken to better understand the
peptide composition and modify it as desired.*® The first step is usually to determine
the minimum sequence needed to maintain activity by creating a series of truncated
analogues. This would ensure extra residues and moieties which may be expensive or
time consuming to synthesize can be omitted if they do not contribute to the desired
activity. From the sequence which remains, the critical residues can be pinpointed by
synthesizing a series of analogues, with each residue in turn being replaced by a non-
offensive residue, such as Ala. This is now commonly known as an alanine scan and a
routine experiment performed to probe the biological significance of each amino acid

residue in peptides and proteins.”

If the AMP will be applied in a mammalian system, the roadblocks mentioned above
need to be circumvented by increasing the stability of the peptide in the human body.
To prevent degradation by exopeptidases, the termini of the peptide can be protected.
This can be achieved through the acylation of the N-terminus or installing a primary
amide at the C-terminus.”’ Endopeptidases, particularly ones which target amide
bonds, are also an issue. Backbone modifications such as methylation of the amide
bonds, using D-residues over L-residues, or entirely replacing the amide bond in
favour of another non-native linkage can decrease proteolytic degradation by

preventing recognition from endogenous proteases.”” There have also been many
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examples where cyclization, either of the entire molecule head-to-tail or macrocycles,

tends to lend itself to stability and increased endurance against proteases. ="

Lastly, the peptide can be optimized for activity by installing unconventional residues
and functional groups at positions which are not detrimental to activity. If information
about the target or binding pocked is available, rational design can help increase the
number of attracting forces, such as hydrogen bonding or hydrophobic interactions, to
strengthen binding.”* Another factor that can be addressed to optimize activity is
solubility, ensuring the compound can dissolve in biological media at high enough
concentrations to exert its desired effect. The addition of hydrophilic charged residues
or the limitation of hydrophobic regions not necessary for activity can help in this

4
regard.*°

1.4 Thesis overview

Nature has brought us this far; now it is up to researchers to build on the scaffolds we
have been provided and design peptides with improved efficacy, stability, and which
can be readily accessible. To take advantage of this innate antimicrobial activity, one
must first understand the modus operandi of AMPs. Multipronged, interdisciplinary
studies can help paint the bigger picture by giving insights into peptide expression
systems, target binding affinities, and three-dimensional structures. The following
chapters will recount in chronological order the advancements my projects have made

in our understanding by analyzing the properties, activities, and structures of AMPs.
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Chapter 2 will introduce faerocin MK (FaeMK), a newly uncovered peptide with
potent antilisterial activity. A putative YGNG-containing peptide gene was observed
in the genome of a bacterium isolated by our group and the sequence was used to

express, purify, and study this peptide. Structure elucidation efforts are also outlined.

Chapter 3 will summarize the studies on teixobactin (Txb), a depsipeptide with an
intriguing sequence and strong activity against Gram-positive organisms. The study
of Txb and its receptor, lipid II (LII) were achieved using a series of analogues and
isothermal titration calorimetry. Additionally, efforts to expand Txb’s activity to

include Gram-negative organisms are discussed.

Chapter 4 will highlight the endeavours of NMR structure elucidation of tridecaptin
A (TriA;) with its target, LIL, in lipid membrane mimics. Often these membrane-
interacting peptides undergo a structural change when they encounter a lipid-based
solvent system or their intended target. Changes in the conformation of the peptide as
it moves from an aqueous system to a lipid environment can give insights into the
structural components that play key roles in membrane recognition, receptor binding,

and peptide activity.

Chapter 5 will outline a unique approach to the synthesis of lasso peptide microcin
J25 (MccJ25). Chemical access to the lasso-shaped peptides has been so far
unreported as previous attempts led to unthreaded, and therefore inactive, peptides.
The synthesis of two new building block residues allows for the formation of a
temporary disulfide bridge, forming the hairpin-shaped peptide on resin. Future plans

to cyclize and desulfurize the final peptide will also be proposed.
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Chapter 2: Isolation and characterization of faerocin MK

2.1 Background

As highlighted earlier, ribosomally synthesized and post-translationally modified
peptides are a large class of natural products that may have potent antimicrobial
activity. Those biosynthesized by bacteria that are antimicrobial, are appropriately
termed bacteriocins and fall under defined classes. YGNG-motif containing
bacteriocins, also called type Ila or pediocin-like bacteriocins in previous literature,
are a subtype of class II unmodified bacteriocins. The characteristics of this group are
well defined: they are overall cationic, possess an N-terminal amphipathic a-helix,
contain a conserved N-terminal region of residues (YGNG), and have at least one
disulfide bond five amino acids apart.”> These bacteriocins also possess a non-
conserved C-terminal tail that is believed to fold back onto the helix and this area is
often a flexible random coil. A couple select examples of this class are shown below
in Figure 2.10, where the blue marks the conserved YGNG-motifs and the black

marks the disulfide bridges.

- N\ N\

NS
CAVA W VY
Leucocin A Enterocin HF
(PDB: 1CW6) (PDB: 2N4K)

Figure 2.10 Structures of (A) leucocin A and (B) enterocin HF, two YGNG-motif

containing bacteriocins
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The YGNG-motif containing bacteriocins are generally excreted by an ABC
transporter which cleaves the leader peptide (recognizing a Gly-Gly sequence).
Leaders that do not contain the double Gly sequence are proposed to be a signal
peptide for the sec-pathway. Their antimicrobial activity is exclusively observed

against Gram-positive bacteria, with strong, nanomolar inhibition towards Listeria.”

Often the discovery of new AMPs in recent years comes from genome mining and
dataset searching using software such as Basic Local Alignment Search Tool
(BLAST). Isolating a novel genome and sequencing it allows one to search
previously identified and annotated genomes in deposited databanks against a data set
of interest. This comparison can be used to begin deciphering the metabolites of the

bacterium under investigation prior to performing further studies.

The efforts of our group’s collaborative work led to the isolation and genome
sequencing of a novel bacterium, Enterococcus faecium M3K31, isolated from Gyps
fulvus (Griffon vultures) in 2015.7° Analysis of these data indicated the genome
contained sequences encoding for three bacteriocins: enterocin HF, enterocin P, and
an unknown peptide. The sequence of this unknown peptide, which I named faerocin
MK (FaeMK), showed an 85% similarity to a previously reported YGNG-motif

containing bacteriocin, SRCAM 602.”

SRCAM 602 was isolated from Paenibacillus polymyxa NRRL B-30509. However,
the genome of this Paenibacillus strain was sequenced by our group and the
corresponding gene was not discerned.”®’”” Rather, it appears as if the activity
originally attributed to SRCAM 602 was from a lipopeptide.*® Further studies

discussed below support this hypothesis.
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Sequence similarities between FaeMK and known YGNG-motif containing
bacteriocins, such as the presence of concerted residues YGNG followed by two Cys
residues at n and n+5 in the N-terminal region, % led us to believe FaeMK is also a
bacteriocin of this class. This group of peptides has been extensively studied and is
proposed to interact with the mannose phosphotransferase system (Man-PTS), a
transmembrane sugar transport protein complex present within the cytoplasmic
membrane of bacteria.®' The results below summarize the efforts taken to confirm the

classification of FaeMK by determining its activity and structure.

2.2 Results and discussion

2.2.1 Peptide sequence analyses

A comparison of FaeMK and SRCAM 602 mature peptide sequences with a series of
other bacteriocins of this class was performed using Clustal Omega software.*” The
sequence alignments of select bacteriocins can be found in Figure 2.11 below, with
the conserved YGNG region at the N-terminus highlighted in blue and the two Cys

residues at n and n+5 positions in green (the leader sequences are omitted).

Carnobacteriocin B2: VNYGNGVSCSKTKCSVNWGQOAFQERYTAGINSEFVSGVASGAGSIGRR
Durancin GL: ATYYGNGVYCNKQECWVDWNKASKEIGKI IVNGWVQHGPWAPR
Hiracin IM79: ATYYGNGLYCNKEKCWVDWNQAKGEIGKIIVNGWVNHGPWAPRR
Faerocin MK: ATYYGNGVYCNKQKCWVDWNKASKEIGKIIVNGWVQHGPWAPR
SRCAM 602: ATYYGNGLYCNKQKHY TWVDWNKASRETIGKITVNGWVQH

Figure 2.11 Peptide sequence alignment of YGNG-motif containing bacteriocins

The bacteriocins chosen include a peptide studied previously by our group,

carnobactericin B2,83 as well as durancin GL* and hiracin JM79.% Both of these
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showed very high sequence homology, 98% and 86% respectively, with the proposed
FaeMK sequence. While the conserved sequence at the N-terminus is present in all
five peptides shown above, SRCAM 602 is lacking a second Cys residue at position
n+5. The lack of the second Cys residue at this position, or anywhere else along the
reported sequence, means this peptide would be unable to form a disulfide bridge.
The presence of a disulfide bridge, or a non-covalent interaction such as pi stacking,
is key in this class of bacteriocins.”> Without this interaction, and presumably the 3D

structure conformation that results from it, the peptides are largely inactive.*®

2.2.2 Antimicrobial activity bioassays

To determine if the activity profile matches that of known bacteriocins of this class,
both FaeMK and SRCAM 602 were chemically synthesized and purified for these
trials. Using a solid-phase approach on an automated peptide synthesizer, the two
peptides were obtained in moderately good yields and purified by HPLC to
approximately 95% purity. Next, assays were performed on both peptides to
determine the minimum inhibitory concentrations (MICs) for each; MICs are reported
in pM in Table 2.4." Previously mentioned YGNG-motif containing bacteriocins are
known to have potent activities against Gram-positive bacteria, specifically Listeria,
with activity seen at low pM and nM concentrations.””A panel of bacterial indicator
strains were selected for spot-on-lawn assays and encompassed both Gram-negative

and Gram-positive bacteria, including two Listeria species.
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Table 2.4 Minimum inhibitory concentrations of FaeMK and SRCAM 602

MIC (uM)
FaeMK SRCAM 602

Indicator Strain

Gram-positive organisms

Brochothrix thermosphacta ATCC 11509 — —

Carnobacterium divergens LV13 0.125 —
Carnobacterium maltaromaticum UAL26 0.25 —
Enterococcus faecalis ATCC 7080 0.5 —
Enterococcus faecium BFE 900 1 —
Latilactobacillus sakei 706 2

Lactococcus lactis ssp. cremoris HP 16 —
Listeria monocytogenes ATCC 15313 0.031 —
Listeria monocytogenes UAFM 1 0.125 —

Staphylococcus aureus ATCC 25923 — —

Gram-negative organisms

Escherichia coli DH5a — —

Salmonella enterica serovar Typhimurium ATCC 13311 — —

Salmonella enterica serovar Typhimurium ATCC 23564 — —

—, no noticeable inhibition at 64 uM (highest tested concentration)

The initial screening contained a maximum concentration of 32 uM and only six
organisms: three Gram-negative and three Gram-positive bacteria. Neither peptide
was active against the Gram-negative bacteria, but FaeMK was active against all
three Gram-positive strains tested in this initial trial. These results supported our
hypothesis that the lack of disulfide bond would render SRCAM 602 inactive. To
ensure this was not an isolated result, the modest scope of indicator strains was
extended to include all those listed in Table 2.4 above and the maximum
concentration tested was increased to 64 uM. The activity of FaeMK matched those
of other bacteriocins in this class, with low MIC values against most Gram-positive
bacteria and potent (MIC of 31 nM) activity against Listeria. However, no inhibitory
activity was observed for SRCAM 602 towards any of the bacterial strains tested.
Encouraged by these results, the structure of these peptides became my next point of

investigation.
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2.2.3 Circular dichroism

Optical activity can be used to characterize the relative portions of proteins and
peptides which are folded into the two most commonly recognized secondary
structures, a-helix and B-sheets, as well as random coil.¥’ Proteins, in particular this
class that is believed to interact with a membrane-bound receptor, can remain
relatively unstructured in aqueous systems and undergo conformational changes when
they encounter their ‘[arget.88 To this end, 2,2,2-trifluoroethanol (TFE) has been used
as a structure inducing solvent as it promotes the formation of secondary structures of
peptides and proteins.® It has been proposed that this occurs due to the ability of TFE
to compete for water molecules and form hydrogen bond networks, freeing up the
peptide amide backbone and side chain residues to self-interact and fold into their

predisposed secondary structures.”

Circular dichroism curves were collected at room temperature over wavelength scans
from 185 to 250 nm for both peptides (Figure 2.12) using three solvent systems.
These peptides were predicted to be a-helical like others in the class and the relative

a-helicity of each peptide was calculated for all solvents systems using the equation

3000655,

9000 % 100%.”" For example, in the 50% mixture of TFE in water (purple trace

spectrum), FaeMK demonstrated 28% a-helicity while SRCAM 602 only showed a
16% a-helical character. This further supported our proposal that SRCAM 602 does
not take the expected structure, resulting in a lack of bioactivity. On the other hand,
FaeMK proved to have characteristics similar to other YGNG-motif containing

peptides.
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A. Faerocin MK CD Spectra
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Figure 2.12 Circular dichroism spectra for (A) faerocin MK and (B) SRCAM 602

To ensure the observed trend is true, a fourth solvent system (75% TFE in water) was
assayed for FaeMK. Combining this with earlier data showed an increase from 12%
to 19% to 28% to 39% o-helicity at 0, 25, 50, 75% TFE in water, respectively, for
FaeMK. Although some a-helical character is calculated for SRCAM 602, this does

not compare with the strong and clear trend observed for FaeMK.
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2.2.4 NMR structure elucidation trials

Encouraged with activity and CD data, I embarked on trying to determine the 3D
structure of FaeMK using multi-dimensional NMR techniques. A solution of 1:3
TFEqs:water was chosen to be the solvent system as the TFE could help induce the
formation of the desired o-helix while the water would ensure any exchangeable

protons, particularly those in the amide backbone, would remain non-deuterated.

The initial data collected were a one-dimensional proton NMR ('"H NMR), which
showed some overlap of peaks, but relatively sharp signals and a very pure sample.
Next, a temperature scan was performed using 'H NMR from 20 °C to 50 °C.
Although protein unfolding can occur at higher temperatures, bacteriocins,
particularly class II bacteriocins, have been known to survive undamaged at high
temperatures and highly acidic conditions.” It was decided that 40 °C provided the
best peak distribution and further experiments were performed at this temperature.
Optimizations were attempted with different solvent systems as well, including
dodecylphosphocholinegss (DPCg35) micelles; however, this resulted in broad peaks

that increased the observed overlap so TFE:water was the preferred system.

A selection of two-dimensional experiments (IH-IH COSY, TOCSY, NOESY) were
performed to acquire data required to assign the protons of FaeMK and allow for the
calculation of its structure. Regrettably, only approximately 70% of the resonances
could be assigned using 2D techniques due to the persistent peak overlap; the
assignment table is available in Chapter 7. This led us to return to the genome and

attempt to obtain isotopically labelled peptide from heterologous expression as a
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fusion product. This would allow for advanced 3D NMR techniques to be employed

in the quest for peptide structural elucidation.

2.2.5 Operon annotations

Based on the previously sequenced genome and with comparison to previously
mentioned YGNG-motif containing bacteriocins, the FaeMK operon was annotated
with aid from Dr. Marco van Belkum and is shown in Figure 2.13. The putative -35
and -10 promoter regions as well as the ribosome binding site (RBS) are underlined
along the nucleotide sequence. An inverted repeat, 13 base pairs in length and shown
in italics with a double underline, was observed in between the -10 promoter and the
RBS. Although its function was undetermined in this study, these inverted repeats
often result in a hairpin due to self-association of the DNA strand. This is often a
regulation mechanism used to control the expression of genes within that operon as

desired.”

The figure also includes the deduced peptide sequence of the two gene products
present in this operon: faeMK and fael, the structural precursor peptide and the
immunity protein, respectively. The green arrow indicates the cleavage site of the
faeMK parent peptide to produce the core peptide product. These annotations,
particularly for the predicted immunity protein and structural peptide, were confirmed

using heterologous expression as will be described in the following sections.

41



121

181

241

301

421

481

541

ACTTTTCTTTTGGAGRAAGCTATTTCTATTACAATTTTATTGTCATATTATATTTTGAATA
-35
TTTTTATCACGTTAAAAATCATATAAGCTTAGT TTATATGAATTTTTTAGEGRAGGACRR
-10 RBS
faeMK
TATGRAAGARA LA A TTTGTTAGTATTTTTATGATTTTAGGAATTGTTTTATTGAGTGTATC
M K K K F VvV 5 I F M I L 6 I VvV L L & WV 8

TACTTTAGGAATTACAGTAGATGCTGCAACTTATTATGGARATGGTGTATATTSTAATAR
T L ¢ I T VvV D A A T ¥ ¥ 6 N 66 V ¥ C N K

ACRARRRRATGTTGGGTRAGATTGGRATAAAGCTTCARRAGAAATAGGRRRARATTATTGTTAR
Q K € WV D WNZXU AS KETI G K I I V N

fael
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GTTCRRARAATARRACATGGATGCTATCCATGGGARATTCCTAGATGCTRAATCATTGGTAGT

Figure 2.13 Annotated nucleotide sequence of faerocin MK

The areas highlighted in grey show the nucleic acid bases which are different from

the durancin GL encoding operon, an extremely closely related YGNG-motif

containing bacteriocin.*® A single point mutation E14K differentiates FaeMK from

durancin GL. Additionally, the gene encoding for durancin GL is present on a

plasmid isolated from Enterococcus durans while faeMKI is present within the

chromosome of its producing strain.
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2.2.6 Recombinant FaeMK expression using SUMO

The next task was to express the peptide in a host organism grown in labelled
medium in hopes of accessing isotopically '°N and "*C labelled FaeMK in a relatively
economical way. With a peptide of 43 residues in length, regular synthetic approaches
using solid-phase would require large amounts of pricey, isotopically labelled amino

acid building blocks, making biological expression a promising alternative.

The expression system chosen for this was an Escherichia coli expression vector with
the peptide of interest fused at the C-terminus of a SUMO (small ubiquitin-like
modifier) protein. Proteins, particularly small peptides, are often expressed as fusion
proteins to improve the expression and increase the stability and solubility of the
peptide, or with tags to aid in their purification.”* This method makes use of a highly
specific SUMO protease which cleaves the SUMO sequence from the peptide of
interest without the addition or deletion of residues onto a relatively small peptide.
Also, the addition of a Hise tag to both the SUMO sequence and the SUMO protease

permits for facile affinity chromatography purifications using Ni-NTA resin.

With the aid of Dr. Marco van Belkum, the faeMK core peptide gene was cloned into
pET SUMO vector and the plasmid was transformed into E. coli BL21(DE3) via
electroporation. Bacteria were grown to desired optical density and expression of the
recombinant SUMO-FaeMK fusion protein was induced using IPTG. Purification of
the fusion product using Ni-NTA affinity chromatography (Figure 2.14A) yielded
approximately 14 mg SUMO-FaeMK per 1 L of cultured cells. This fusion protein
was treated with SUMO protease under various conditions (Figure 2.14B) to

maximize the yield of FaeMK, free from its SUMO tag.
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Figure 2.14 SDS-PAGE of (A) fusion protein and (B) cleavage trials

Along with SDS-PAGE monitoring, mass spectrometry analysis (MALDI-TOF) was
performed to ensure the molecular weights of the fragments observed in the gels
corresponded to those expected. The SUMO-FaeMK fusion protein was calculated to
weigh slightly over 18 kDa, with the FaeMK just under 5 kDa and SUMO tag a bit
over 13 kDa. The results of a 1 h cleavage can be found in Figure 2.15A, which
shows the fusion as well as the two desired fragments. The cleavage mixture was
filtered through a second Ni-NTA affinity column, this time with the unwanted
peptides, the SUMO fragment and the uncleaved SUMO-FaeMK, sticking to the
column and the FaeMK eluting out in the first wash (Figure 2.15B). Unfortunately, it
was at this stage that issues were noticed; in addition to the expected 5 kDa peptide,

two additional entities were observed in the mass spectra.
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Figure 2.15 MALDI-TOF MS spectra of (A) cleavage mixture and (B) post Ni-NTA

column purification of FaeMK

These entities, corresponding to 3.8 kDa and 2.7 kDa, were purified using RP-HPLC
on a C18 column. Each fraction was analyzed using LCMS/MS and it was realized

that the impurities are fragments of FaeMK with C-terminal deletions (Figure 2.16).

4966 m/z: ATYYGNGVYCNKQKCWVDWNKASKEIGKIIVNGWVQHGPWAPR
3764 m/z: ATYYGNGVYCNKQKCWVDWNKASKEIGKIIVNG
2700 m/z: ATYYGNGVYCNKQKCWVDWNKAS

Figure 2.16 Peptide sequences of fragmented FaeMK impurities
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Several avenues for optimization of the expression and purification process were
explored to try and limit these degradations. Numerous trials with varying incubation
times, temperatures, acidity, buffer contents, protease inhibitors, and purification
techniques were performed. Through extensive HPLC purification, a small amount of
purified FaeMK could be obtained, approximately 0.2 mg per 1 L of culture.
Regrettably, these yields would require an astronomical price tag for the media

needed to produce enough labelled material for NMR structural elucidation.

The origin strain, E. faecium M3K31 was also cultured in hopes of isolating FaeMK
from the producing organism. However, the production levels were either too low for
MALDI-TOF detection limit or the expression was not induced, so this avenue was

not pursued further.

2.2.7 Heterologous expression

Concurrently, the FaeMK operon was investigated using the cloning vector pMG36¢
for heterologous expression. The secretion pathway and the putative immunity
protein for FaeMK were probed using two bacterial strains: Carnobacterium
maltaromaticum UAL26 and Enterococcous faecium BFE 900. These two strains
were chosen as they are readily made into competent cells and showed high
sensitivity to FaeMK in my aforementioned bioassays. With the aid of Dr. Marco van
Belkum, the faeMKI operon was inserted behind the constitutive promoter of
pMG36¢ vector and transformed into the two strains. As a control, the same vector
bearing no relevant gene insert was also transformed into the same two bacterial

strains.
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The YGNG-motif containing bacteriocins are most often secreted with the help of a
dedicated ABC transporter, which also cleaves the leader sequence producing the
active, mature peptide.”” However, the operon for this peptide only contained two
genes: faeMK and fael. This led us to wonder if other bacteria, when provided with
these two genes, could produce and secrete active FaeMK. An assay was conducted
to test this theory using the corresponding bacterial strain, without any vector

transformation.

First, cells of C. maltaromaticum UAL26 transformed with pMG36¢ vector (top) or
with pMG36c-faeMKI (bottom) were spotted onto a hard agar plate and allowed to
grow overnight (Figure 2.17). FaeMK-sensitive C. maltarimaticum UAL26 was used
to inoculate and overlay soft media onto the plates, which were once again grown
overnight. In the case of the colony containing only the empty vector, void of any
FaeMK gene inserts, the presence of the spotted colony had no effect on the bacterial
lawn underneath. However, in the case of the colony transformed with pMG36c¢-
faeMKI, a very distinct zone of inhibition was observed. This zone was approximately
9 mm in diameter and formed a fairly even, circular shape around the colony. This
indicated that these bacteria were able to produce and secrete enough FaeMK to
inhibit the growth of any bacterial neighbours. The plates were kept for an additional

few days and the observed inhibition zone persisted.

This experiment was repeated with E. faecium BFE 900 to confirm our observations
with C. maltaromaticum UAL26. The results were similar, with an inhibition zone of
7 mm in diameter observed for the faeMKI containing colony; these results are found

in the right panel of Figure 2.17. The ability of both these bacteria to produce active
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FaeMK implies that leader cleavage and disulfide bond formation is something that
can occur through generic cellular machinery or perhaps through spontaneous
oxidation. The lack of ABC transporter gene, and the fact that the leader peptide of
the precursor does not resemble the double Gly type leader peptide, led us to deduce
that FaeMK is secreted through the general sec-pathway commonly used by

.1
bacteria.'®

A. B.

|

B pMG36c¢ (control)

o pMG36¢-faeMKI

BFE 900

Figure 2.17 Inhibition zones observed on plates growing (4) C. maltaromaticum

UAL26 & (B) E. faectum BFE 900 with empty vector or faeMKI-containing vector

The immunity protein properties were analyzed using the same set of four
transformed bacterial strains. Each of the bacteria were grown separately and plated
on solid media for a spot-on-lawn inhibition assay. A serial dilution of synthetically
obtained FaeMK was then spotted overtop. Zones of inhibition were analyzed after 24
h and the MICs (in pM) are reported in the Table 2.5. The last column highlights the
differences in sensitivity to FaeMK between cells which had the immunity protein
gene fael and those that did not. In the case of E. faecium BFE 900, the presence of

fael contributed to a 32-fold decrease in susceptibility to FaeMK. This trial supported
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our hypothesis that the gene product of fael is an immunity protein which can deter

the activity of FaeMK towards its producing host.

Table 2.5 Minimum inhibitory concentrations (uM) of vector transformed cells

Vector .
Indicator Strain pMG36¢ pMG36c-faeMKI  Difference
C. maltaromaticum UAL26 2 16 8x
E. faecium BFE 900 4 128 32x

It is important to note that the act of transforming a vector into a cell, done here
through electroporation, can have a detrimental effect on the cell’s membrane
integrity. For that reason, although still low, the pMG36c¢ transformed cells which
survived electropermeabilization exhibit slightly elevated MICs (approximately 4x
higher) than those reported previously in Table 2.4 for untransformed cells. Thus,

these controls were used as the threshold for comparison between sensitivity levels.

2.3 Conclusions and future directions

FaeMK was a suspected YGNG-motif containing bacteriocin encoded within the
genome of E. faecium M3K31, a novel bacterium isolated and sequenced in 2015.
Through the synthesis, activity assays, and circular dichroism studies of this gene
product, it was confirmed that this peptide belongs to the YGNG-motif containing
class of bacteriocins. The activity profile, strong activity towards Listeria and other
Gram-positive organisms, matches that of this bacteriocin class. The primary
sequence homology and the o-helicity character observed from CD spectra also

support the categorization of FaeMK into this group. Though unsuccessful in a full
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structure determination using multidimensional NMR, a partial assignment was
possible. The core FaeMK peptide was also heterologously expressed in E. coli as a
recombinant SUMO fusion protein and purified using an affinity tag. Additionally,
the gene products of faeMK and fael were investigated to pinpoint the sec-pathway as
the secretion method of this peptide and the ability of the immunity protein to confer
resistance to the host, respectively. In tandem, the reported SRCAM 602 sequence
was demonstrated to be inactive and did not possess significant a-helicity compared
to other peptides of this class. It is proposed the cause of this to be the lack of
disulfide bond, which contributes to non-random coil structure and, in turn, the

function of YGNG-motif containing bacteriocins.

Though the suspected target of this bacteriocin class is the Man-PTS, there has not
been extensive research done into the exact mechanism by which these peptides bind
their target and exert their antimicrobial properties. Future work could be dedicated at
analyzing the interactions between YGNG-motif containing bacteriocins and the
outer matrix protruding portions of Man-PTS. Future studies could also perform a
deeper analysis of the E. faecium M3K31 genome. In addition to FaeMK, the
bacterium encodes two other bacteriocins of the same class. A potent cocktail from
controlled gene expression of this bacterial strain could provide a bacteriocin-
producing probiotic. Although not studied at length here, probiotic bacteria are
attractive species to perform desired functions, such as excreting antimicrobials, as
they are innately safe for human use. This makes them great additives for
consumables such as food and beverage preservatives, as well as other topical

applications such as creams and serums in the beauty and health industry.
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Chapter 3: Activity and binding interactions of teixobactin

3.1 Background

Teixobactin (Txb) is a NRP produced by Eleftheria terrae that was identified as a
result of a new method of culturing bacteria, the isolation chip (iChip) technology.**
The iChip is a device by which bacteria from a certain environment can be gathered
and cultivated without necessarily removing the organisms from their native
environment. In the case of teixobactin discovery, a soil sample was collected and
diluted across the iChip, which has 192 tiny chambers. The dilution and the size of
the chambers force approximately one bacteria cell per chamber, which facilitates
easier purification for DNA analyses later on. The chambers are then covered with a
semipermeable membrane. The small pores of this membrane permit the passage of
nutrients and minerals required for the bacteria’s growth, while keeping the bacterial
cell trapped within its chamber. This device is then returned to the original
environment, in this case the soil of the state of Maine, and the bacteria were

incubated until a colony had grown.*

The device was then removed and collected colonies were tested for antimicrobial
resistance against Staphylococcus aureus. From the approximately 10,000 organisms
cultivated with this device, one showed potent activity. The bacterial strain within this
chamber was isolated, the genome was sequenced, and it was uncovered that the
organism in question is a Gram-negative strain from a new genus closely related to
Aquabacteria.®® This group of organisms had previously not been reported to contain
any antimicrobial peptides. However, activity-guided purification led to the isolation
of'a compound belonging to a new class of antimicrobials: teixobactin.

51



Genome sequencing confirmed the presence of two NRPS encoding genes, txo/ and
txo2, whose putative product matched the mass of the compound isolated from active
fractions. The biosynthetic pathway was thoroughly studied and an outline can be
found in Figure 3.18.°° It was confirmed that txol encodes for a NRPS with six
modules, responsible for the first six amino acids as well as the methylation of the

initial residue, D-Phe;. The #x0o2 gene encodes for a NRPS with five modules,

| txol
D-N-Me-Phe,; L-lle, L-Sers D-Gln, D-allo-Iles L-1166
S é S S S S
o /
\
| txo2
L-Ser D-Thrg L-Alag L-allo-End;, L-Ile;; & cyclization
S S S S S
o o=<> ¢l
:§_ j?..NHZ :§—NH2 SNH NH,
NH
H)QNH

Module Domains

NH2
H 0 >—>_/ A: activation
N N/\"/ \)J\Nn :/'//CNH T: thiolation
NH HN

C: condensation

\—§ M: methylation

o TE: thioesterification
Teixobactin (1)

Figure 3.18 Biosynthetic pathway of teixobactin
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responsible for the last five amino acids, as well as the cyclization using two tandem
thioesterase domains on the terminal module. Interestingly, a second condensation
domain with an unclear function exists on module 8. This module installs Thrg, the

amino acid responsible for the lactone portion of the macrocyclization.

More in-depth antimicrobial assays revealed that Txb is active against numerous
Gram-positive organisms, including methicillin-resistant S. aureus and vancomycin-
resistant enterococci such as E. faecalis.* Developing antibiotics against these two
bacteria is of high priority as they are part of the ESKAPE pathogen group of
concern.”’ Additionally, Txb was found to be active against Mycobacterium
tuberculosis and Clostridioides difficile, bacteria that cause tuberculosis and
gastrointestinal infections, respectively. Due to a potent, broad spectrum of inhibition
against Gram-positive bacteria, a more general mechanism of action was proposed
rather than a specific protein target. Indirect incubation studies with Txb and cellular
components were performed and, from these bioassays, it was proposed that Txb

binds a series of closely related lipid molecules.*

These lipid targets, namely lipid I, II, and III, are precursor molecules in the
biosynthetic pathway of peptidoglycan (Figure 3.19). Peptidoglycan is a
semipermeable polymer comprised of amino acids (peptido-) and sugars (-glycan)
that surrounds bacterial membranes and is vital for their survival.”® Through a NTP-
dependant enzymatic process, bacteria are able to anabolize and catabolize their
peptidoglycan layer. Briefly, an undecaprenyl phosphate molecule (Css-P) is
enzymatically linked to activated N-acetylmuramic acid pentapeptide phosphate, a

compound synthesized in the cytosol by a cascade of six enzymes, to form lipid 1.”’
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Figure 3.19 Peptidoglycan biosynthetic pathway
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A translocase then attaches a UDP-activated N-acetylglucosamine to lipid I to yield
lipid II (Figure 3.20), a molecule frequently targeted by AMPs. Lipid II (LII) is
translocated across the lipid bilayer membrane to the periplasm, a relocation believed
to occur with the aid of a flippase.” Here a series of oligomerization enzymes,
glycosyltransferases for the disaccharides and transpeptidases (also known as
penicillin-binding proteins) for the amino acids, work together to form the
peptidoglycan.'® Carboxypeptidases also further functionalize the growing polymer
according to the uniqueness of each bacterial species, often removing the terminal
Ala.®® The peptide stem has been found to vary,”® especially as new resistant
organisms are uncovered. Nevertheless, in general, Gram-positive (2a) and Gram-
negative (2b) organisms have similar LII molecules, save a difference at position 3: a
Lys or meso-diaminopimelic acid (DAP) residue, respectively.

NHAc 2aR:H (LI-Lys)

HO .
HOZg 2b R:COOH (LII-DAP)
HO

Lipid II (2)

Figure 3.20 Full structure of lipid 11, a peptidoglycan precursor

Once the undecaprenyl pyrophosphate has unloaded its peptidoglycan cargo, the
terminal phosphate group is removed and Css-P is translocated back into the
cytoplasm side of the membrane where it can be recycled.'” Interruptions to this
assembly line can be detrimental to cells, making this system a common target for
AMPs. Molecules that bind and inhibit the function of these lipid precursors, such as
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Txb, are attractive compounds to investigate as resistance is believed less likely to

develop,* due to cells’ reliance on these lipids to construct its peptidoglycan layer.

Interest in Txb also arose from its unique structural features, indicating the discovery
of a new class of antibiotics not previously reported (Figure 3.21). Txb is an eleven-
residue peptide with a 13-membered lactone macrocycle formed between residues
Thrg and Ile;; at the C-terminal end (green). The peptide also has a methylated N-
terminus (green), effectively protecting both termini of the peptide. Additionally, four
of the amino acids possess D configuration (blue) and the unnatural amino acid allo-

enduracididine (allo-End) is present at position 10 (purple).

L—Ilez D-G1H4 L-Ile6 D-Thr8 L-Ile”
NH2
@)
O
N/\n/ \)LNI' :/'/ NH
H 2 2 . /C NH
\ \ NH HN /” N
R H
< o}
N-Me-D-Phe; L-Ser; D-allo-Iles L-Ser L-Alag L-allo-End,

Figure 3.21 Unique structural features of teixobactin

In just five years since its discovery, 14 different synthetic routes have been
developed and hundreds of Tbx analogues have been synthesized.'®' The first report
of native Txb total synthesis used a linear approach, with the macrocycle bridge
residue, Thrg, attached on resin and the remaining residues linked using stepwise
fluorenylmethoxycarbonyl-based solid-phase peptide synthesis (Fmoc-SPPS) as
outlined in Scheme 3.1.'2 A seven-step synthesis was used to access a di-

carboxybenxyl (Cbz) protected L-allo-End and incorporated it at the appropriate
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Scheme 3.1 First total synthesis of teixobactin
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position in the SPPS process. The peptide was removed from resin using mildly
acidic conditions to preserve protecting groups. Lactamization between the carboxylic
acid of Thrg and amine of Alay was achieved using 4-(4,6-dimethoxy-1,3,5-triazin-2-
yl)-4-methylmorpholinium tetrafluoroborate (DMTMM-BF,) followed by global

deprotection to afford native teixobactin (1).

A year previous, a simpler Txb analogue was synthesized which bypassed the need
for allo-End by replacing this residue with Arg, a linear analogue of End.'® It was
discovered that although stereochemistry is important, the identity of the residue at
position 10 is less so — activity is maintained with amino acids such as Arg or Lys,
which are still cationic and hydrophobic. Multifaceted studies of various analogues
have methodically uncovered the roles of different residues in Txb (Figure 3.22).
Results of Ala scans and other mutation studies are summarized as low, mild, and
high sensitivity to modification in green, blue, pink, respectively.'”' Additionally,
studies also looked at the replacement of the oxygen in the lactone to nitrogen and
formed active azateixobactin, a lactam Txb derivative.'” Other backbone
modifications, such as amide methylation, were not very well tolerated and some
entirely abolished activity.'” Tt was recently elucidated that the backbone amines

highlighted in orange facilitate hydrogen bonding with the pyrophosphate of LII.'%

O<_NH,
j °>_>_/
A L e
e S48 Pastassieden

S o

Figure 3.22 Modification sensitivity of teixobactin structure
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At the time this work was initiated, little was known about the interactions of this new
and exciting peptide, Txb, with its lipid ligands. It was believed to interact with lipid
I, II and III but the exact binding conformations and the mechanism of action were
not yet revealed. This project was undertaken in hopes of elucidating the 3D solution-
phase NMR structure of teixobactin bound to its lipid targets and understanding more
about their interaction by developing a series of Txb and LII analogues. Along the
way, other properties such as binding affinities and antimicrobial synergistic activities

were investigated.

3.2 Results and discussion

3.2.1 Syntheses of necessary analogues

3.2.1.1 Teixobactin analogues

A total of four Tbx analogues (10-13) were synthesized during the course of this
study (Figure 3.32). Due to ease of synthesis and lower financial burden and labour,
analogues without enduracididine, TxbArg;p (10) and TxbLys;y (11), were
synthesized. These showed comparable bioactivities to native Txb (1) and the first

round of assays was performed with these three compounds.

As illustrated above, L-Ser; and, to a lesser extent, D-Glus are positions quite
amenable to modifications and substitutions. To deal with solubility issues
encountered, two additional Lys analogues, TxbLyssLysjo (12) and TxbLys4Lyso
(13) were synthesized as well, with both modifications maintaining the original

configuration.
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Figure 3.23 Teixobactin and its analogues studied

The synthesis of teixobactin analogues was undertaken by Dr. Antoine Henninot
following a slightly different method than the one illustrated previously (Scheme 3.2).
This approach also relied on Fmoc-SPPS strategy; however, in this case the residue
loaded on resin was Alag. The chain was extended to the orthogonally protected Thrg
and Ile;; (16) on resin, where the Fmoc-protected amine of Thr was substituted for
allyloxycarbonyl (Alloc) and amine of Ile was protected by nitrobenzenesulfonyl
(nosyl, Ns). The Alloc protection on Thr was removed and the chain was extended
by six residues using automated Fmoc-based SPPS to complete the linear N-terminal
portion. Next, the Ile amine was deprotected and di-Cbz protected, Fmoc-L-allo-End
(or the desired cationic residue) was attached. Mildly acidic conditions were
employed to cleave the peptide from resin while still maintaining orthogonal
sidechain protecting groups. The macrocyclization was achieved by coupling the
amine of Endjy to the -carboxylic acid of Alay wusing 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDCI). Global deprotection with trifluoroacetic

acid (TFA) yielded the fully deprotected Txb and its analogues.
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3.2.1.2 Lipid II analogues
Two major forms of LII exist in nature (Figure 3.24), those found in most Gram-
positive organisms (2a) and a majority of Gram-negative bacteria (2b). These two

analogues were synthesized by Isaac Antwi following literature protocols.'®’

NHAc HO
HgWO o}
o
HO o
AcHN o
oo
fo) P
HN

|
o
OH OH

2a LII-Lys (Gram-positive) H
2b LII-DAP (Gram-negative) CO,H

Figure 3.24 Lipid Il found in Gram-positive and Gram-negative organisms

The documented promiscuity of Txb for lipid I and III prompted us to investigate the
minimum moiety required for Txb to recognize and bind its target. A series of

truncated analogues (20 — 26) were synthesized for this purpose (Figure 3.25).

X

P _ _ x 2
HO~ \0 - HO/P\O = = =
20 R:CH; :OH 21 *:OH
22 R:C, Hgo :OH
23 R:CH;  :0PO;H, 24 X:0PO3H,
25 R:C,,Hgo :0PO;H,
26 R:CH; :OPO3;H-GIcNAc

Figure 3.25 Lipid Il analogues synthesized for this study
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The undecaprenyl tail of LII consists of 55 carbons or 11 isoprene units, the first 7 of
these units possess a cis configuration across the double bond and the terminal 4 are
trans. In addition to the natural undecaprenyl analogues (synthesized with
undecaprenol extracted by Dr. Stephen Cochrane and coworkers), shorter C;s lipid
tails were chosen for these analyses. These shorter, farnesyl lipids can circumvent the

07 as well as the

issues that arise from LII solubility in aqueous solvent systems'
relatively slower tumbling observed for large molecules in NMR experiments.'”®
Although the Z,Z-farnesol is needed to mimic the natural LII, the relative price of this
isomer is substantial. Commercial asking price for Z,Z-farnesol was approximately
1,631 CAD per 1 mg (now discontinued) while the trans isomer, E,E-farnesol, is only
42 CAD per 1 g. Trials were first done with the E,E isomer while the Z,Z isomer (31)

was synthesized from Z-nerol (27) over four steps (Scheme 3.3).'"”

PBr;, Et,0 K,COs3, Ace
X A _ NS X - NS X OEt
0,
-20-0°C, 12 h 65°C.4h

OH Br e}
27 28 29
o
1. 5N KOH, MeOH “ 1. (C4Hs);P*CH;Br, n-BuLi,
80°C,2h A THF, -78 °C _ S N
_ -
2. 2N HCI 2. s-BuLi, -78 °C, 1 h
3.CH,0,0°C,3h
,0°C, “
30 0 31 OH

Scheme 3.3 Synthesis of Z,Z-farnesol

The first set of truncated LII analogues, the lipid monophosphates (20 — 22), were
obtained by activating the corresponding alcohol with trichloroacetonitrile and adding

tetrabutylammonium phosphate.''® The lipid pyrophosphates (23 — 25) were obtained
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by converting the desired lipid alcohol to a chloro-intermediate and reacting this with

111

tris(tetrabutylammonium) hydrogen pyrophosphate.” The last truncated analogue

(26), containing a monosaccharide, was obtained by reacting the corresponding

monophosphate lipid (20) with a deprotected sugar-phosphate synthesized according

to an established literature protocol (Scheme 3.4).12

HO AcO OAc

1. EzN, ACN, 0 °C H,NNH, CH;CO,H, DMF
HO O 3 o AcO 1) 2 2 3 2 o
HO > AcO » AcO O
AcHN OH 2. (0] (0] C ACHN 2 h, 1t AcO
c OAc AcHN
OH
PPN

32 33 34

LA

'}l OAc
-PS
©/\o o/\© JAcO 0
C
AN 1 o Ohc
<47
1. tetrazole, DCM, 3 h, -40 °C P~ 20% Pd(OH),/C, DIPEA, H, AASQ%O
C
> AcHN o

2. mCPBA, 12 h, -78 °C MeOH, 2 h, rt £ o
g ©
35 3% ©

~

<}
vl

Scheme 3.4 Synthesis of protected N-acetylglucosamine phosphate

This collection of LII analogues was subjected to binding affinity assays against Txb

and the four Txb analogues discussed in the previous section.

3.2.2 Binding assays using isothermal titration calorimetry

Isothermal titration calorimetry (ITC) measures the heat released or absorbed by a
system upon the titration of one compound into a solution of a second. ITC is an
advantageous technique to study binding parameters between two interacting
molecules as it can determine multiple thermodynamic properties, such as affinity,

enthalpy, and stoichiometry, from just one experiment.'”® ITC was previously used by
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our group to study another AMP which targets LII, tridecaptin A, and a majority of
instrument parameters and buffer conditions were based on this experimental

design.'™*

Experiments were conducted at room temperature, in aqueous Tris buffer at pH 6.5,
with LII titrated into a solution containing Txb. Each titration was performed in
triplicate and a series of controls was included. Raw data were collected over a period
of approximately 3 h and parameters were calculated by Origin 7 software. An
example of data collected can be seen in Figure 3.26; the titration curve of LII-Lys
with Txb (A) and the buffer solution with Txb (B) as a control, which does not show

any significant temperature changes throughout.
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Figure 3.26 ITC data for (A) LII-Txb binding curve and (B) a negative control

The binding stoichiometry, or molar ratio, calculated varied from 1 to 2 with an
average of approximately 1.6:1 Txb:LII. This indicates that the binding is not an even
1:1 ratio, rather each LII molecule can bind more than one Txb peptide. These results

are consistent with previous data indicating two Txb molecules bind one lipid.*
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Dissociation constants (K4) for the ITC experiments of Txb with various truncated
lipid analogues, as well as native Gram-positive and Gram-negative LII were

calculated and are summarized in Table 3.6.

Table 3.6 Dissociation constants (uM) for Txb with LII and truncated analogues

Lipid Txb (1)
7,Z-Cy5-P (20) 11.26
E,E-Ci5-P (21) -
Css-P (22) 7.69
7,Z-Cys-PP (23) 0.92
E,E-Cy5-PP (24) 1.04
Css-PP (25) 0.82
7,Z-C5-PP-GlcNAc (26) 0.89

—, no thermal changes detected

The Z,Z-lipid monophosphates 20 and 22 had comparatively high K4 values while the
E, E-lipid monophosphate 21 had no significant thermal changes, with measurements
comparable to that of the negative buffer controls. While Txb could bind to the Z,Z
lipids (the configuration observed in the native LII), the monophosphate did not
facilitate as strong of an interaction as the pyrophosphates. All three pyrophosphate
lipids, 23 — 25, showed K4 values within the same range, regardless of the unsaturated
lipid tail configuration. This coordination with the pyrophosphate of LII has been
documented in other LII-binding AMPs, with the peptide macrocycles forming a
‘pyrophosphate cage’ through hydrogen bonding of the amide backbone.'" The
addition of a monosaccharide (26) resulted in a K4 of 0.89 uM. This is very similar to
the same lipid without the sugar (23), which has a K4 of 0.92 uM. The presence or
absence of sugar did not play a significant role in improving binding, indicating that

Txb is likely drawn to this pyrophosphate region of LII. This assumption was further
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supported by the fact that neither the configuration nor length of the lipid tails had a
significant effect on binding, as long as two phosphate groups were present.
Inversely, with the monophosphate lipid ITC trials, the configuration and length
played a more significant role in binding affinity. These findings are in line with
reports of Txb binding other peptidoglycan precursors such as lipid I and lipid III,

which both possess an undecaprenyl pyrophosphate.

The next set of lipid analogues to be analyzed was the native LII variants, LII-Lys
and LII-DAP. Dissociation constants (Kg) for LII-Lys and LII-DAP with Txb and the

four Txb analogues were calculated in uM and are summarized in Table 3.7.

Table 3.7 Dissociation constants (uM) of Txb analogues and native LIl

Compound Txb  TxbArg TxbLysio TxbLyssLys;g  TxbLyssLyso

€)) 10) a1 (12) 13)
LII-Lys (2a)  0.43 413 0.60 63.01 37.86
LII-DAP 2b)  1.36 0.06 0.90 1.68 2.30

As standard practice, stock solutions of peptides are made, degassed, and then diluted
out for each ITC trial. Regrettably, the aqueous buffer used for previous LII work
caused some solubility issues, particularly with TxbArg;,. As TxbLys;y showed
comparable bindings to native Txb and was more soluble, two additional analogues
12 and 13 were made that use Lys at position 10 rather than a/lo-End and also add an
additional cationic residue to aid with solubility. These two analogues were indeed
more soluble; however, they showed less potent binding towards both LII-DAP and,
more significantly, LII-Lys. These results were a bit surprising as substitutions at
these positions with Lys have shown comparable activities against Gram-positive

organisms and were used here for that reason."'°
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Overall, the binding affinities for LII-DAP, the Gram-negative variant, proved to be
comparable and in some cases stronger than those for LII-Lys, the Gram-positive
variant. Txb had been shown to be active against Gram-positive organisms but not in
Gram-negative bacteria. This was later explored through synergistic bioactivity
assays of the five Txb compounds. As LII-Lys and Txb had strong binding in these
ITC experiments, the next step was to uncover more details about their binding

conformations using NMR assisted structure elucidation.

3.2.3 NMR structure elucidation attempts

The original structure elucidation of Txb was determined in 100% DMSOd645 while
most NMR studies with LI were performed in aqueous phosphate buffers.''* A few
considerations had to be made for these experiments. Rather than the undecaprenyl
native LII, the truncated Z,Z-C,s LII-DAP (37 in Figure 3.27) was chosen for NMR
studies to prevent issues arising from lipid insolubility or larger macromolecule
tumbling speeds. Although peptide NMR is ideally conducted in acidic conditions to
limit the hydrogen solvent exchange of the amide backbone and sidechains,''’ the
prolonged exposure of the LII in acidic conditions resulted in pyrophosphate
cleavage. This was observed in trials with LII outlined in Chapter 4 and
characterized; the pyrophosphate was fragmented into the sugar-phosphate and lipid
phosphate segments at pH values lower than 6.5. For this reason, the pH of the

solvent systems tested was kept between 5.8 and 6.8.
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Z,Z-C,5 LII-DAP (37)

Figure 3.27 LII variant conducive to NMR experiments

Txb had already shown some solubility issues in the ITC aqueous buffer solutions. Of
note, the concentrations required for ITC are 10- or 100-fold less than required for
NMR; solutions of 100 uM lipid to 10 uM Txb were used for the titrations. To obtain
good structural data in NMR experiments, a minimum of 1 mM of peptide sample is
preferable. A larger complex, such as LII bound Txb, would ideally be a more
concentrated sample. Additionally, as it is believed binding occurs in a 2:1 ratio, the

intention was to reach this concentration with at least 2 mM:1 mM Txb:LIL

The first solvent system attempted was 1:1 water:DMSO pH 6.5, in the hopes that
both LII and Txb would be soluble and stable in their respective solvents.
Unfortunately, this system resulted in Txb precipitating out of the solution. Increasing

the DMSO concentration, up to 1:3 water:DMSO, was attempted with no success.
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Trials varying the temperature and pH were also not fruitful. A selection of other

unsuccessful solvent systems and conditions tested are listed in Table 3.8.

Table 3.8 Solvent system tested for Txb:LII NMR sample preparation

D,0:H,0 (1:9) DMSOg CD;CN CD;OH CiD,OH CDCl; pH Temp (°C)

1 1 6.5 25
1 3 6.5 25
1 1 6.5 40
1 1 5.8 25
1 1 6.5 25
1 1 6.5 25
1 1 6.5 25
1 1 6.5 25
1 1 2 6.8 40

During these ongoing tribulations, a collaborative effort of another research group
reported the structure of LII and Txb using solid-state NMR (ssNMR).'"® This
approach used BC and PN labelled Txb and Z,7-Cys LII-DAP (truncated lipid
analogue, although not the Gram-positive LII variant). Solution-phase NMR
experiments of Txb were performed in DPCgy33 micelles rather than simpler solvent
systems. The addition of LII to Txb in solution caused large aggregates to form,
resulting in too many missing peaks to allow for full structure elucidation from the
NMR data. Trials with various DMSO concentrations (as high as 1:4 water:DMSO)
were also attempted with similar results. Thus, the use of ssNMR was required for the
complete structure elucidation of the complex which could not be achieved in
solution NMR. They also proposed that the binding ratio is indeed greater than one,

likely at 2:1 Txb:LII.
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Subsequently, a series of studies investigating Txb and Txb analogues from Nowick
and coworkers indicated Txb aggregates as amyloids composed of antiparallel B-
sheets.'"” Figure 3.28, recreated here from the deposited Protein Data Bank accession
number 6E00, shows two TxbLys;o molecules aligned as antiparallel B-sheets, with
Phe; (purple) and the macrocycle (blue, Lys;o shown) coming together. The amide
backbones of these residues have now been shown to hydrogen bond with the

pyrophosphate of LII through the use of ssNMR.'*

Figure 3.28 Antiparallel p-sheets of TxbLys;9 amyloids

3.2.4 Synergistic assays to target Gram-negative organisms

The results of the ITC experiments indicated that Txb can bind both LII-Lys and LII-
DAP with comparable affinities, K4 values of 0.43 and 1.36 uM, respectively, even
though activity has only been documented for Txb against Gram-positive (LII-Lys)
organisms. This led to the hypothesis that if Txb is able to penetrate the outer
membrane of Gram-negative organisms and reach LII, it could also be an effective

antimicrobial against Gram-negative pathogens.
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Rather than using mechanical methods or harsher reagents to disturb the outer
membrane, a more chemical approach was chosen. Previous work with truncated
antimicrobial lipopeptides has shown that if the lipid tail is removed, the peptides are
no longer antimicrobial. Rather, they have only perturbative effects on the membrane
but cannot kill the bacteria cells. Two such membrane-disruptive peptides, unacylated
tridecaptin A; (H-TriA;)"*° and commercially available polymyxin B nonapeptide
(PMBN)"?! were selected for synergistic bioassays (Figure 3.29). Both of these
peptides are known to be highly potent against Gram-negative organisms; however, if

the lipid tail is removed or not added during synthesis, the peptides lose their potency.
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polymyxin B nonapeptide, PMBN (39)

Figure 3.29 Structures of outer membrane-disruptive peptides H-TriAd; and PMBN
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H-TriA; was synthesized using Fmoc-based SPPS and purified following
methodology used previously for tridecaptin and tridecaptin analogues.'*” PMBN is a
commercially available compound. The peptide’s identity and purity were confirmed
using LCMS and HRMS. It was then used for these studies without further

purification.

Synergistic effects of Txb with either H-TriA; or PMBN were determined by
collecting and comparing MICs using a microplate dilution assay. Synergy was
assessed using a 96-well plate, with a serial dilution of Txb performed in the X-axis
and a serial dilution of the membrane-disruptive peptide in the Y-axis. Bacterial
growth was monitored by optical density (ODggo) and assessed after the appropriate
incubation time for each strain. MICs were determined as the lowest concentration at

which no growth was observed, as compared to a negative control.

Table 3.9 shows a summary of synergistic assay results obtained for teixobactin and
its four analogues, along with vancomycin as a positive control, with membrane-
disruptive peptides against a series of Gram-negative bacteria. The MIC values

reported are an average of triplicates.
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Table 3.9 Comprehensive MICs from synergistic assays with H-TriAd; and PBMN

Organism Antibiotic MIC at [H-TriA,] in pg/mL MMD for MIC at [PMBN] in pg/mL MMD for
0 1.56 3.3 6.25 12.5 H-TriA, 0 325 7.50 15.0 30.0 PMBN

Txb 225 113 141 141 0.70 32x 225 11.3 563 5.63 5.63 4x

TxbArg) 90 45 225 225 225 4x 90 90 90 90 45 2%

E coli TxbLysig 45 45 225 225 225 2x 45 45 45 45 225 2%
ATCC 25922  TxbLyssLys;o 22.5 11.3 5.63 281 141 16x 225 11.3 113 113 281 8x
TxbLyssLysio 22.5 113 113 11.3 11.3 2% 225 225 225 225 225 0

Vancomycin 200 50 25 25 25 8x 200 100 50 25 25 8x

Txb 225 11.3 563 5.63 2.81 8x 225 11.3 563 5.63 5.63 4x

TxbArg) 45 225 113 113 113 8x 45 225 225 225 225 2%

E. coli TxbLysg 45 11.3 113 113 5.63 8x 45 225 225 225 113 4x
DH5a TxbLyssLysio 22.5 113 5.63 281 141 16x 225 113 113 113 113 2%
TxbLyssLysio 22.5 5.63 5.63 563 281 8x 225 563 563 563 5.63 4x

Vancomycin 50 25 125 6.25 3.13 16x 50 125 625 6.25 3.13 16x

Txb 225 113 563 141 0.18 125x% 45 113 113 113 113 4x

S enterica TxbArg: 9 225 112 1.41 0.09 1024x 90 45 225 225 225 4x
serovar TxbLysig 45 225 563 141 0.09 512x% 45 225 225 225 225 2x
Typhimurium  TxbLyssLysip 22.5 11.3 5.63 1.41 0.70 32x 225 11.3 113 113 113 2%
ATCC 13311 TxbLyssLysip 22.5 22.5 225 113 141 16x 225 563 563 563 5.63 4x
Vancomycin 100 50 12,5 25 6.25 16x 100 125 125 125 125 8x
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. o MIC at [H-TriA,] in pg/mL MMD for MIC at [PMBN] in pg/mL MMD for
Organism Antibiotic .
0 156 313 625 125 H-TriAv o9 325 750 150 30.0 PMBN
Txb 45 225 225 113 113 4x 45 563 5.63 563 5.63 8x
S enterica  TXbArgig — 90 45 225 113 > 8x — 225 225 225 225 > 4x
serovar TxbLys1o 90 90 45 225 225 4 90 225 225 225 225 4
Typhimurium  TxbLyssLysje 22.5 11.3 113 5.63 5.63 4x 225 113 113 113 113 2x
ATCC 23564  TxbLyssLysiy 45 225 113 113 5.63 8x 45 563 563 563 5.63 8x
Vancomycin 100 50 50 125 6.25 16x 100 25 125 125 125 >8x
Txb 45 225 113 563 5.63 8x 45 113 113 113 113 4
TxbArg;o 45 563 141 141 141 32x 45 225 225 225 225 2x
K. pneumoniae  TxbLys1g 45 281 2.81 281 28I 16x 45 45 45 45 45 -
ATCC 13883  TxbLys;Lys;o 45 225 113 563 141 32x 45 113 113 281 2381 16x
TxbLyssLysio 45 2.81 281 141 141 4x 45 45 45 45 45 -
Vancomycin 100 50 125 1.56 0.78 128x 100 25 25 25 25 4x
A. baumannii  Txb 225 225 225 225 225 0 225 225 225 225 225 0
ATCC 19606  Vancomycin — - - - 100 >0 - 100 100 100 50 > Dx
A. baumannii  Txb 225 225 225 225 225 0 225 225 225 225 225 0
ATCCBAA-1605  vancomycin 200 200 200 200 100 2x 200 100 100 100 100 2x

—, no inhibition observed at the highest soluble concentration of peptide tested; MMD: maximum MIC difference caused by the

addition of a membrane-disruptive peptide (H-TriA| in blue, PMBN in green)
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Initial trials used Escherichia coli DH5o and Salmonella enterica serovar
Typhimurium ATCC 23564, both known to be linked with foodborne infections.
With promising results, other strains of these two bacteria were also assayed, E. coli
ATCC 25922 and S. enterica serovar Typhimurium ATCC 13311. The scope was
then extended to include Gram-negative organisms that are part of the ESKAPE

pathogens of concern, such as Klebsiella pneumoniae and Acinetobacter baumannii.>

Every strain except for A. baumannii proved to be more sensitive towards Txb in
synergy with either membrane-disruptive peptide. S. enterica ATCC 13311 was the
most sensitive, particularly in combination with H-TriA;. Txb and analogue TxbArg;o
showed a 125- and 1024-fold decrease in MIC, respectively, when 12 pg/mL of H-
TriA; was added. Intriguingly, the presence of H-TriA; was overall a more significant
contributor to lowering the MIC over PMBN. The most pronounced improvement in
MIC noted with PMBN resulted in a modest 8-fold enhancement. Additionally, H-
TriA; appeared to have a proportional decrease in MIC with increasing H-TriA;
concentrations, while PMBN appeared to have a more consistent effect regardless if
concentration of the membrane-disruptive peptide was increased. The more potent
synergy of H-TriA; could be attributed to the relatively different mechanisms of
action. Previous work indicates that H-TriA; binds with its target, precursor of the
peptidoglycan layer LII, in a concentration-dependant manner.'*® On the other hand,
PBMN on a cell surface appears to reach a saturation point, a maximum concentration
after which more PBMN molecules do not bind to the same bacteria cell, thus its

synergistic effect would be limited to this concentration.'*
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Overall, synergistic studies showed that in most cases Txb can be made active against
Gram-negative organisms at MICs that are pharmacologically relevant. In particular,
H-TriA; can dramatically enhance Txb activity against foodborne pathogen S.
enterica as well as be quite potent against K. pneumoniae, an ESKAPE pathogen of

priority for the World Health Organization.

3.3 Conclusions and future directions

This work was aimed at better understanding the binding interaction between Txb and
LII through thermodynamic measurements, spectroscopic structure elucidation, and
bioactivity assays. A series of analogues of both peptide and lipid were synthesized,
with an emphasis on modifications to improve compound solubility, for these
investigations. Using these analogues, a number of ITC experiments were conducted
to determine the binding parameters of Txb against its lipid target. Native Txb was
titrated against a selection of truncated LII analogues to determine the minimum
moiety required for recognition. The binding affinities obtained from ITC indicated
that Txb is able to recognize the pyrophosphate head group of the LII. Although the
peptide prefers the Z Z-lipid isomer, the pyrophosphate was the more significant
contributor to binding and Txb bound to FE, E-lipid pyrophosphate isomer with
comparable magnitude. Based on averages from all ITC trials, it appears that Txb

binds LII in a 2:1 molar ratio.

Additionally, the LII variants found in most Gram-positive organisms (LII-Lys) and
in Gram-negative organisms (LII-DAP) both bound Txb and its analogues with

comparable affinities. This prompted a study using membrane-disruptive peptides,
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unacylated tridecaptin A; (H-TriA;) and polymyxin B nonapeptide (PBMN), as
synergistic additives. Results showed that the MICs could be dramatically reduced
with H-TriA; and moderately reduced with PBMN for a panel of tested Gram-
negative organisms, including S. enterica and K. pneumoniae, a foodborne disease-

causing bacteria and a pathogen deemed by the WHO as one of concern, respectively.

Regrettably, due to solubility issues caused by Txb precipitating out of solution, a
NMR solvent system that would keep both Txb and LII stable was not found. In the
meantime, other groups had bypassed this solubility problem by moving their
spectroscopy studies to solid state NMR. Through this means, the structure of LII
bound Txb as well as interesting scaffolds formed by Txb antiparallel B-sheets

stacking into amyloid fibrils were elucidated.'"’

The issues encountered with Txb aggregation or precipitation out of solution
prompted our collaborator, Dr. Antoine Henninot, and coworkers to develop new
analysis methods with practical industry applications.'” Since the conclusion of this
work, they have designed a high-throughput assay to determine aqueous solubilities
for proteins and peptides which have a high propensity to form gels or aggregates.123
This assay can be used to efficiently determine the conditions which instigate gelation
through rapid viscosity measurement screening. It has been used as an additional tool

for assessing peptides in the pharmaceutical workflow for issues related to solubility.
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Chapter 4: NMR structure investigations of tridecaptin A,

4.1 Background

Tridecaptins are a class of linear non-ribosomally synthesized lipopeptides found to
be active against Gram-negative bacteria. Interest in their studies arises from their
potent activity towards Gram-negative ESKAPE pathogens such as S. aureus, K.
pneumoniae, P. aeruginosa as well as foodborne pathogens Salmonella, E. coli, and
Campylobacter jejuni. This group of AMPs encompasses several 13-residue
lipopeptides, which differ in their amino acid composition or the lipid tail.
Tridecaptin A; (TriA;), the most studied member of this class, was first identified in
1978 from a Bacillus polymyxa strain'>* and the full structural assignment, including
the configuration of the lipid tail, was more recently determined by our group (Figure
4.30)."** Similar to the NRP teixobactin discussed previously, TriA| contains a few
noncanonical features such as three diaminobutyric acid (Dab) residues, six D-amino

acids, and a hydroxylated lipid tail at the N-terminus.

OH 0 Y~

mjwﬁmulfﬁaﬁﬁ&w
Tridecaptin A, (40)

Figure 4.30 Structure of native tridecaptin A,
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The putative biosynthetic gene cluster of tridecaptin A, was proposed'?’ following the
genome analysis of Paenibacillus terrae NRRL B-30644 by our efforts.”’ The gene
cluster contains five proteins: a putative thioesterase (TriA), two ABC transporter
proteins involved in secretion (TriB and TriC), and two NRPSs (TriD and TriE).'*
The role of the thioesterase (TriA) is not yet clear, although similar enzymes have
been found in NRPS biosynthetic gene clusters of surfactin and bacitracin AMPs.'?
In these pathways, thioesterases are believed to ensure the correct lipid has been

installed within the NRPS’s thiolation domain. If an incorrect lipid is detected, the

enzymes cleave the lipid and regenerate the misacylated NRPS.

The two NRPSs, TriD and TriE, are responsible for installing the first ten and the last
three amino acids, respectively (Figure 4.31). Along with the usual activation,
condensation, and thiolation domains, an epimerization domain is found within
several modules. This domain assists in the isomerization of desired residues into the
D-amino acids. Interestingly, perhaps as a result of vestigial evolution, domain 3
which installs a Gly residue also contains an epimerization domain, even though this
amino acid is achiral. The acylation of the N-terminal residue with (3R,6S)-3-
hydroxy-6-methyloctanoic acid is believed to be an enzyme-assisted process though

this has not been currently investigated to date.
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The initial study from our group involved the synthesis of all four possible
stereoisomers of TriA,’s lipid tail, derived from the two stereogenic centres at the 3-
hydroxyl and 6-methyl positions, to confirm the configuration of the peptide isolated
from P. tarrae. Subsequent studies further explored tolerable substitutions of this N-
terminal acylation through the synthesis and activity testing of various analogues.'?’
This yielded H-TriA;, the unacylated peptide used in the previous chapter as an outer
membrane-disrupting peptide, which has a greater than 30-fold decrease in activity
compared to native TriA;. Although a lipid tail appears vital for activity, its
substituents and exact configuration seem to play a lesser role. An unsubstituted
eight-carbon acyl chain was used to synthesize octyl-tridecaptin A; (Oct-TriA |, 41), a
simpler and cheaper analogue with comparable activity to that of native TriA; (Figure

4.32).

wg*mr ﬁ“gﬁﬁwg* J;GJLIT ﬁ e

Octyl-Tridecaptin A, (41)

Figure 4.32 Structure of a simpler TriA; derivative, Oct-TriA,

During the same study, our group also showed TriA; is capable of disrupting the
proton motive force across a cell’s membrane which eventually leads to cell death.'™
The essential nature of the lipid tail noted in activity assays supported the proposal
that TriA, targets the cell membrane, an interaction greatly enhanced by the presence
of the acyl chain. Bioassays showed a difference in activity for the four lipid tail

isomers, implying that chirality may play a role in target recognition and the mode of
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action involves a specific target rather than a general mechanism. It was shown that,
like several AMPs, the bacterial target of TriA; is the peptidoglycan layer precursor
lipid II (LII). Contrasting teixobactin which is promiscuous amongst LII analogues,
TriA; selectively binds LII-DAP, the variant of LII found in most Gram-negative

. 114
organisms.

Structural NMR studies of TriA;, conducted with and without LII-DAP, in DPCygsg
micelles showed a conformational change (Figure 4.33). Upon exposure to LII, TriA;
moves from a closely packed U-shaped strand with all hydrophobic residues on one
face to a more open V-shape which brings residues Trps and Phey (green) in close

enough proximity to engage in m-stacking.''*

This covalent brace likely supports the
peptide’s more open conformation for optimal binding with LII. Dabg (blue) has been
pinpointed as a critical residue'® and docking studies with LII-DAP suggest TriA,’s

114

Dabg amine interacts with the e-carboxylate of DAP;. ™ This would explain the lack

of binding observed for LII-Lys, which has no carboxylate at this position.

A. B.

Figure 4.33 Structure of Trid; in DPC (A) without and (B) with LIl
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Although it is postulated the lipid tails of TriA; and LII are inserted within the DPC
membrane mimic, the exact position of this peptide-target complex within the
membrane is not known. A common mechanism of action found for AMPs is
insertion into the membrane, whether through binding a target or a general
interaction, and causing the formation of a pore. As a continuation of work previously
done within our group, we next sought to investigate the orientation of TriA;-LII
within DPC micelles. Our approach aimed to install heteroatoms along the DPC lipid
tail, creating a series of depths within the micelle. These modifications would result
in a change to the local environment experienced by molecules interacting at the
surface or inserting within the micelle (Figure 4.34). We opted to exchange
methylene carbons with oxygen in hopes of promoting changes experienced by the
protons of the TriA;-LII complex interacting with the DPC micelles, changes which

would be detectable via NMR chemical shift monitoring.

A.

D PD DD DD DD DPD D Q DD gEDs ok\z/é‘.
D ,P\)S(N—CD3
I D D R R S

—2
OD DbObDODODDD © 0 b ‘;7\.
DPCyss ]

DDDDDD DDDD ©CDs ..Q\\\\V&,‘-o
oS g g, N
€D, /IR

0b0 b0 bD bO D %0

e
7N

Figure 4.34 DPC forming micelles (A) without and (B) with oxygen depth gauge
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4.2 Results and discussion

4.2.1 Syntheses of required compounds

Syntheses of truncated Gram-negative LII variant (Z,Z-C;s LII-DAP, 37) and
simplified Cg acylated TriA; (Oct-TriA;, 41) were completed by Isaac Antwi
following previously developed methods (Figure 4.34).''*'?" These analogues were
preferentially used as they are simpler and cheaper to make or are more conducive to

NMR studies, while conferring similar activities to wild-type compounds.

Z,Z-C 5 LII-DAP (37)

e Bt

Octyl-Tridecaptin A, (41)

Figure 4.35 Structures of LIl and TriA; analogues used for NMR studies
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Next, a series of deuterated DPC analogues were synthesized by Isaac Antwi with a
designated methylene group along the lipid chain replaced with an oxygen atom
(Figure 4.36). The deuterated oxygen DPC analogues (oxoDPCgyss) chosen were
30x0DPCy3s (42), 50x0DPCy36 (43), 60x0DPCg36 (44), and 100x0DPCgy3 (45). The
oxygen label of these compounds was strategically placed near the head group (the
surface of the micelle), in the middle, and near the tail (close to the centre of the
micelle). Additionally, analogues 43 and 44, differing by a single position, would
theoretically be present on the two different faces of each DPC molecule. These
analogues would ensure a comprehensive survey of the spatial arrangement within a

DPC micelle formed by these analogues.

DDDDDDDD o D3 D DD DD D DDDD O DD ,CDs

1] @1
*M /34 N c0s 0 XM 00 X B M -on,
CD3 D o0 CDj

O

DDDDDDDDD D DDD DD DD DD D D D
30x0DPC 43 (42) SoxoDPCy36 (43)
DDDDDDDDDDDD DD DD DD DD DD D D3
W W )S<N CD3 >I)/ W &N CD,
dbro b b0 b b CDs bdbd b0 D b CDs

60x0DPC 434 (44) 100x0DPC 434 (45)

Figure 4.36 Structures of the four oxygen-embellished DPC3s analogues

129 The initial

The synthesis of these four analogues was completed by Isaac Antwi.
steps required a metal-catalyzed deuteration of each lipid chain segment. Taking
50x0DPCg36 as an example, this would require the synthesis of deuterated 1-
bromoheptane 49, butane-1,4-diol 52, and 2-hydroxy-N,N,N-trimetylethane-1-
aminium 56; this was done as outlined in Scheme 4.5. Starting from the appropriate

chain lengths, the segments required for the other three analogues were also

synthesized by this approach, with a 97% average deuteration for the whole molecule.
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Scheme 4.5 Synthesis of necessary deuterated lipid segments of DPC

With the deuterated segments in hand, the assembly of the full-length DPC was done
by Isaac Antwi as shown in Scheme 4.6. The bromine of deuterated 1-bromoheptane
49 was displaced by butane-1,4-diol 52 to yield the 11-carbon DPC tail 57. The
terminal alcohol of 57 was reacted with diphenylphosphoryl chloride to yield 58,
which was deprotected to yield the free phosphate DPC tail 59. Finally, deuterated 2-
hydroxy-N,N, N-trimetylethane-1-aminium 56 was coupled to 59 wusing

triisopropylbenzenesulfonyl chloride to yield SoxoDPCysc 43.
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Scheme 4.6 Synthesis of S5oxaDPC 35 analogue 43
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4.2.2 Oct-TriA; in deuterated oxoDPC analogues

Samples were prepared in an aqueous phosphate buffer system (pH 6.1), with 4 mM
Oct-TriA; and 180 mM DPC. Circular dichroism scans of Oct-TriA; in the presence
of all four oxo analogues, conducted by Isaac Antwi, showed relatively similar
spectra compared to the native DPC. This indicated that Oct-TriA | maintains a similar
structural conformation in the presence of all four analogues. Encouraged by this
consistency, samples were prepared with the same concentration ratio (1:45

peptide:lipid) in 300 uL of 9:1 H,O:D,0O for NMR experiments.

Unfortunately, two issues arose during NMR data acquisition. The oxoDPC
analogues, although highly deuterated, still had a small percentage of protons along
the lipid chain. Due to the large amount of DPC required to form micelles in NMR
studies, these aliphatic proton signals overlapped with the chemical shifts of the octyl
tail as well as the hydrophobic residues of TriA,. In particular, the middle of the Cg
tail and Valyj, allo-1le;,, Ala;s had significant overlaps and could not be discerned at

times.

Secondly, the prepared NMR samples had a tendency to form gels over time. Initial
experiments, particularly with 60xoDPCy3s and 100xoDPCg36, had no significant
issues. However, in the case of 30xoDPCy36 (the analogue with the oxygen closest to
the micelle surface) the gels formed almost immediately. Freeze-drying and
subsequent resuspension allowed for TOCSY and NOESY experiments to be
conducted within a 10 h timeframe, but 2D carbon-correlation experiments were not
possible. High temperature scans up to 60 °C were also conducted; however, this

approach was not useful in maintaining a gel-free solution-phase sample in the
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30x0DPCg36 matrix. Another tactic, to lower the amount of DPC, was also employed.
Using CD, a scan of Oct-TriA; in various DPC concentrations (145, 120, 90, and 70
mM DPC) was performed. At 70 mM, the spectrum shape of Oct-TriA| changed, thus
a DPC concentration above this threshold would be more ideal. Between the 90 and
120 mM trials, which appeared similar based on CD scans, the observed gel-
formation timeline was similar. It was decided to adjust the initial ratio and use a 120
mM solution of DPC (making a 1:30 peptide:DPC ratio) in further NMR experiments.
Interestingly, the addition of Oct-TriA; to commercial DPCgy3g showed the formation
of a gel over time as well, suggesting the gel formation may be linked to the exposure
of TriA to zwitterionic lipids in this aqueous buffer system rather than to the specific

modifications of the oxo analogues.

Nevertheless, the structure of Oct-TriA; in DPC micelles was determined for the four
oxoDPCgy36 analogues using a series of NMR experiments. The full table of
assignments for Oct-TriA; in the four oxoDPCy36 analogues as well as commercial
DPCgss can be found in Chapter 7. The chemical shifts of Oct-TriA; in each analogue
were compared to the chemical shifts of Oct-TriA; in commercial DPCysg (Figure
4.37). Changes are shown throughout this chapter in shades of blue: dark navy blue
indicates a difference of 0.01 ppm, medium ocean blue indicates a change of 0.01 —

0.04 ppm, and differences of 0.05 ppm or higher are shown in light aquamarine blue.

As highlighted in Figure 4.37, the octyl tail showed modest differences in all of the
oxoDPCys6 systems, making it hard to ascertain how deep the lipid tail penetrates into
the micelle. Also, it appears that, on average, Oct-TriA; chemical shifts are most

different in 50xoDPCg36 micelles. Discounting 30xoDPCg3 due to solubility issues,
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this DPC analogue is found closest to the surface of the micelle. The overall
widespread distribution of chemical shift changes observed for Oct-TriA; could be
indicative of a more fluid system, where the peptide is dynamic in its affiliation with

the micelle, rather than a more static, well-defined binding surface interface.
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Figure 4.37 2D representations of changes in Oct-TriA; chemical shifts observed in

(A) 30x0DPCy36 (B) 50x0DPC 36 (C) 60x0DPCy36 and (D) 100x0DPC 35 micelles
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4.2.2.1 Oct-TriA in 30x0DPCgy3¢

In the case of 30xoDPCg36, where the propensity of gel formation was greatest, a
partial assignment was possible. Residues Gly; and Gluy, the lipid tail, as well as the
alpha protons of Sers, Dabg, Pheo, and Val;; were not discerned. It could be possible
that these residues are involved in interactions which led to the formation of the

observed gel, making the protons inaccessible by solution-phase NMR.
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Figure 4.38 Oct-TriA; in 30x0DPCyssas (A) 2D and (B) 3D representations

Once again using shades of blue to indicate differences (lighter blue denoting greater
chemical shift change), Figure 4.38 illustrates a two- and three-dimensional

91



representation of Oct-TriA; in 30x0DPCyse; the lipid tail was coloured in pale green
in all structures for ease of orientation. One of the biggest observed changes occurs at
the alpha protons of the Val, and Dab, residues, with modest changes observed for
the rest of the attached sidechains. These two amino acids are the ones closest to the

lipid tail, and could be the closest membrane-interacting segments of Oct-TriA;.

4.2.2.2 Oct-TriA; in SoxoDPCg3

The chemical shift changes observed for Oct-TriA; in 50x0DPCy36 are illustrated in
Figure 4.39. This analogue of oxoDPC exerted the largest overall changes observed in
Oct-TriA; compared to the other analogues, as is illustrated by a higher occurrence of
light (A 0.05 or greater ppm) and medium blue (A 0.01 — 0.04 ppm). In addition to the
change observed for Val; and Dab, as in the 30x0DPCg36 discussed previously, there
are also larger changes observed in Glys, the backbone amides of Trps and Phey, and
the alpha proton of Glu;y and sidechain of alle;,. Additionally, modest changes are
observed in the areas surrounding the amide protons of the aromatic residues,
particularly in Sers and Dabg. Looking at the three-dimensional fold (Figure 4.39B),
the noted chemical shift changes correspond to protons on one face of the peptide.
Rotating the structure another 90° allows for a side-view (last panel) of Oct-TriA,
where it can be noted that the left side of the structure contains more grey hydrogens
while the right hand side is noticeably more colourful, with several hydrogens
coloured in medium or light blue. It could be possible that, after the lipid tail of the
Oct-TriA; is inserted into the micelle, the rest of the tridecaptin folds into a ‘boat’

structure; wherein one surface of the molecule floats on top of the membrane, while
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the other face (which experienced significant chemical shift differences) becomes
submerged within the micelle lipids (and therefore closer to the oxygen label). This
scenario would have the lipid tail on one side and Trps on the other as two membrane-

anchors, keeping the tridecaptin within this orientation.

°?3};gim“# ? f g effw raxs

90°

Figure 4.39 Oct-TriA; in 50xoDPCyssas (A) 2D and (B) 3D representations

4.2.2.3 Oct-TriA; in 60x0DPCgy3

The next analogue in the sequence, in 60xoDPCgss, contains the oxygen atom
modification just one position further into the micelle than 50xoDPCy36, yet shows
surprisingly different results. The proton chemical shifts of Oct-TriA; in 60x0DPCysg
do not show changes as significant as those observed in the previous analogue (Figure
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4.40). The aromatic residues noted in the previous analogue, Trps and Pheo, still
maintain some modest changes, with the amide and alpha protons of these two
residues as well as the backbone protons of neighbouring residues showing modest
(0.01 — 0.04 ppm) changes. Compared with the S0xoDPCgyse, there are also fewer
substantial differences noticed in the chemical shifts of residues Glu; and alle;,. The
changes in shifts observed at Val; and Dab, are consistent throughout these studies,
supporting the notion that the lipid tail of Oct-TriA; inserts into the membrane for all

ox0DPCgy36 analogues.

A.
NH NH
0 y o H H ﬁﬁ(
© © OH © G\OH
NH»
B.

180°

Figure 4.40 Oct-TriA; in 60xoDPCyssas (A) 2D and (B) 3D representations
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4.2.2.4 Oct-TriA; in 100x0DPCgy3

Differences in proton chemical shifts observed for Oct-TriA; in the last analogue,
100x0DPCys6, are displayed in Figure 4.41. Overall, the changes noticed in this case
showed a relatively similar pattern to that observed for 60xoDPCg36. Although the
oxygen label is believed to be significantly further from the surface and close to the
centre of the micelle, the chemical shifts differences noted in Oct-TriA; were

moderate when compared to the peptide in commercial DPCgss.

Figure 4.41 Oct-TriA; in 100xoDPCy3sas (4) 2D and (B) 3D representations
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The most significant changes observed in Oct-TriA; chemical shifts throughout this
study were when the peptide was immersed in 50xoDPCg36 micelles. This analogue
contains the oxygen label in the top third of the micelle, making it the second closest
to the micelle surface. It is possible greater changes would have been observed for
30x0DPCy36, however in this analogue the peptide was too prone to gel formation to

allow for a full structural assignment.

4.2.3 Z,7Z-C,5s LII-DAP in deuterated oxoDPC analogues

Unlike the Oct-TriA; experiments, the addition of LII to the oxoDPC micelles did not
propagate the formation of a gel, even after extended periods of time. However, a
different issue was observed with the LII after prolonged exposure to the slightly
acidic solvent system. The LII molecule appears to be cleaving at the pyrophosphate
connection, splitting the molecule into the pentapeptide-disaccharide phosphate and
the C;s lipid phosphate fragments (confirmed by HPLC and HR-MS). A pH scan of
the LII in phosphate buffer was conducted and it was determined that an optimal pH
for LII is above 6.7 in aqueous buffer systems. However, as the hope was to study the
Oct-TriA; and LII complex, moving the experiments closer to the neutral was not

ideal as this would broaden the chemical shift peaks of the peptide amide backbone.

NMR experiments of Z,Z-C;s LII-DAP in the four oxoDPCg36 analogues as well as
commercial DPCy33 were conducted and tables of assignments can be found in
Chapter 7. Figure 4.42 indicates the changes in chemical shift observed for each
analogue as compared to Z,Z-C;s LII-DAP in commercial DPCgy3s. Differences are

shown in blue of increasing brightness: dark blue means a change of 0.01 ppm,
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medium blue indicates a difference of 0.01 — 0.04 ppm, and changes of 0.05 ppm or

greater are in light blue.
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Figure 4.42 2D representations of changes in Z,7-C;s LII-DAP chemical shifts
observed in (4) 30xoDPC 35 (B) 50x0DPCy36 (C) 60x0DPCy36 and (D) 100x0DPC ;34

micelles

The disaccharide moiety of the Z,Z-C;s LII-DAP appears to be uniformly behaved in
terms of chemical shift differences across all experiments with the various oxo
analogues. On the other hand, there are some differences observed in the pentapeptide

and terpene tail when exposed to the four oxoDPCg36 analogues.
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4.2.3.1 Z,Z-C15 LII-DAP in 30x0DPCgy36

Figure 4.43 shows the changes observed in Z,Z-C;s LII-DAP chemical shifts when in
30x0DPCy36 vs DPCyss; the sugars are coloured in pale yellow and the phosphate
groups are in pale pink to help in visualizing the transition from two- to three-
dimensional representation. As this analogue is found closest to the micelle surface, it
is not surprising that there are some changes observed within the terpene tail as,
presumably, this portion is embedded within the micelle. The pentapeptide, in

particular the backbone amide of Glu, and Alas also show some differences in shift.

HO

NHAc
A. %\ Z;%O

Figure 4.43 7,7-C;5 LII-DAP in 30xoDPCyssas (A) 2D and (B) 3D representations
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4.2.3.2 Z,Z-C5 LII-DAP in 50x0DPCg36

Chemical shift differences noted for Z,Z-C;s LII-DAP when in 50x0DPCgys6 are
relatively widespread (Figure 4.44). The terpene tail shifts, when compared to the
previous analogue, show that the methylene at C6 and methyl on C9 are affected
more by this analogue. In contrast, the amide backbone is relatively less affected in
50x0DPCg36 than in 30x0DPCys6, with the changes at Glu, and Alas not as prominent.

Instead, the alpha proton of Ala, and the sidechain of Glu, show moderate changes.

H HO
A NHAc

HHWG 0
HO Y
cHN 0

Figure 4.44 7,7-C5 LII-DAP in 50x0DPCyssas (A) 2D and (B) 3D representations
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4.2.3.3 Z,Z-C15 LII-DAP in 60x0DPC 36

The most significant changes observed for Z,Z-C;s LII-DAP chemical shifts occurred
in experiments with 60xoDPCg3s (Figure 4.45). As observed for 30xoDPCysg,
chemical shift difference exists along the terpene tail with the exception of C4 and C9
methyl groups. The backbone protons of all five residues in the peptide chain showed
some changes, with the most significant being observed for the amides of Glu, and

Alas, once again similar to the data gathered of Z,Z-C,s LII-DAP in 30x0DPClgsg.
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Figure 4.45 7,7-C5 LII-DAP in 60oxoDPCyssas (A) 2D and (B) 3D representations
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4.2.3.4 Z,Z-C15 LII-DAP in 100x0DPCgy36

Although it would have been expected that Z,Z-C;s LII-DAP in 100xoDPCg36, the
analogue with oxygen furthest away from the micelle surface, would contain the most
modest changes, that was not the case. Chemical shift differences observed for Z Z-
Cis LI-DAP in 100xoDPCy3s as compared to the commercially available
unoxygenated DPCgy35 are shown in Figure 4.46. Changes along the terpene tail and
within the pentapeptide are consistent with shifts observed in S0xoDPCg36, with the

exception of Glu, and Alas amide protons which here have a medium change.
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Figure 4.46 Z,7-C;5 LII-DAP in 100xoDPCyssas (A) 2D and (B) 3D representations
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4.2.4 Oct-TriA; and Z,Z-C;5 LII-DAP in deuterated oxoDPC analogues

Following the data acquisition of the peptide and lipid in the four oxo analogues
individually, the subsequent step was to perform titration experiments of Oct-TriA
into Z,Z-C;s LII-DAP containing oxoDPCgy3s micelles. The goal was to titrate
tridecaptin at three various concentrations, and track any changes using NMR at these
three different molar ratios. A tridecaptin:lipid ratio of 1:2 was first tried in
100x0DPCys6, keeping the oxoDPCgy36 concentration consistent at 120 mM, with 2
mM of Oct-TriA; being added to 4 mM of Z,Z-C;s LII-DAP. These data were
relatively tough to distinguish and assign as the concentration of lipid overpowered
the tridecaptin signals. The second concentration set, a 1:1 ratio of tridecaptin:lipid of
4 mM each, provided much better data and could be used to assign the structure of
each component in the following section. Lastly titration of a 2:1 ratio of
tridecaptin:lipid was analyzed; however, by the time all the data were acquired for

this sample, significant degradation of the Z,Z-C;s LII-DAP was observed.

Thus, subsequent experiments were performed with a 1:1 ratio of tridecaptin:lipid in
the remaining oxoDPCgy3 analogues. Data were gathered for 100xoDPCgys¢ and
60x0DPCy36 and assignment tables of Oct-TriA; and Z,Z-C,s LII-DAP can be found
in Chapter 7. Regrettably, trials performed in 50x0DPCg436 and 30xoDPCg36 resulted in
poor data due to gel-formation and lipid degradation occurring faster than the

timescale required for data acquisition of two-dimensional NMR experiments.
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4.2.4.1 Oct-TriA; & Z,Z-C15 LII-DAP in 60x0DPCgy36

The chemical shift changes observed for Oct-TriA; and Z,Z-C;s LII-DAP complex in
60x0DPCg36 as compared to the solo compounds can be found in Figures 4.47 and
4.58, respectively. As done previously, protons are coloured in increasingly lighter
shades of blue to depict the scale of change observed. Dark navy blue means a change
of 0.01 ppm, medium ocean blue indicates a difference within 0.01 — 0.04 ppm, and
light aquamarine blue highlights changes of 0.05 ppm or greater. In the case of
structure analyses performed in 60xoDPCg36, which showed significant changes, pink
circles highlight areas of note. Tridecaptin’s lipid tail is shown in pale green; LII’s

disaccharides are in yellow and its phosphates are in pale pink.

Figure 4.47 Oct-TriA; in 60xoDPC36 with Z,7Z-C;s LII-DAP

Two major pockets within the three-dimensional structure of Oct-TriA; showed a
noticeable change, with great (light blue, 0.05 or more ppm) differences observed for

several protons in these regions. In addition to the expected shifts in Dabs, the residue
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modelled to interact with the carboxylic acid of LII,'*

changes are also observed in
residue Glujo and the area closest to the lipid tail. Specifically the alpha proton of
Val;, the amide protons of Dab, and Glys, and the sidechain methylene of Ser,, all of
which face towards each other in this pocket, experience a substantial chemical shift

change. Other protons around this pocket also show moderate (0.02 — 0.04 ppm)

chemical shift differences in the presence of Z,Z-C;s LII-DAP in 60x0DPCgs.

Figure 4.48 7,7-C5 LII-DAP in 60xoDPCy35 with Oct-TriA;

Changes observed for Z,Z-C;s LII-DAP are also relatively significant for this
analogue. In particular residues Glu, and, more significantly, DAP; experience
significant changes upon interacting with tridecaptin. This is consistent with the
models previously outlined, which predicted that DAP; interacts with Dabsg,
accounting for the selectivity observed for Gram-negative vs Gram-positive LII (LII
DAP vs LII-Lys).'"* The terpene tail of the lipid shows some significant changes

upon binding of Oct-TriA;. Although this region is believed to be embedded into the
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membrane and not interact with the peptide, it is possible that the lipid tail of

tridecaptin, also believed to be in the membrane, may find itself in close proximity.

4.2.4.2 Oct-TriA| & Z,Z-C5 LII-DAP in 100x0DPCgy3
The chemical shift changes observed for Oct-TriA; and Z,Z-C;s LII-DAP in
100x0DPCys6 can be found in Figures 4.49 and 4.50, respectively. On average, these

changes were less significant as those observed for the previous analogue.

Figure 4.49 Oct-TriA; in 100x0DPC 36 with Z,Z-C ;s LII-DAP

The chemical shift changes of Oct-TriA; with and without ZZ-C;s LII-DAP
constitute a similar pattern as those observed for the compounds in DPCg35. Changes
in shift are observed along Val; and Dab,, residues close to the lipid tail, and in the C-

terminal end at residues alle;,.
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Figure 4.50 Z,7Z-C;5 LII-DAP in 100x0DPCy35 with Oct-TriA,

The chemical shift changes observed for Z,Z-C;s LII-DAP in the presence of Oct-
TriA; were not very significant for 100xoDPCg36 micelles. The amide and sidechain
protons of DAP; showed the biggest difference, with medium (0.01 — 0.04 ppm) or

small (0.01 ppm) changes.

4.3 Conclusions and future directions

TriA; is a lipopeptide with potent activity against Gram-negative ESKAPE and
foodborne pathogens. It is known to selectively interact with the Gram-negative
variant of LII, LII-DAP, located within bacterial cell membranes. The structure of
Oct-TriA; undergoes a conformational change when exposed to LII in DPC
membrane-mimicking micelles. Four deuterated DPC analogues with oxygen
replacing a methylene at various locations were synthesized for this purpose. NMR

structure elucidations of Oct-TriA; and Z,Z-C;s LII-DAP were completed in the four
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ox0DPCgy3¢ analogues. The structures of both components in 60xoDPCgy36 and

100x0DPCy36 were also elucidated.

Regrettably, the TriA;-LII system came with a few challenges which prevented the
complete study of the complex in all four oxoDPC analogues. Stability and solubility
issues, perhaps coupled with a very dynamic relationship with the micelles, limited a
comprehensive structure elucidation in DPC analogues that possess an oxygen label
closer to the surface. An assumption made for this study is that micelles contain
uniformly distributed DPC molecules. While the lipids would likely maintain the
general orientation of having the lipid chain pointing towards the inside of the micelle
and the phosphate head group located on the micelle surface, the location of the
oxygen atom of the synthesized analogues may not be at a uniform depth throughout.
Unsaturated hydrocarbon chains may kink or bend and the oxygen atoms may repel

one another, preventing uniform stacking within the micelle.

The use of oxoDPC analogues to analyze the spatial arrangement of membrane-
interacting peptides with receptors may yet prove viable. An alternate approach, using
a larger, more structurally-rigid, lipid-free, isotopically labelled peptide, could be
tried in the future. For example, leucocin A, a YGNG-motif containing bacteriocin
which is proposed to interact with the maltose phosphotransferase protein complex,
has been previously expressed as a C,"*N labelled peptide by our group.® Its
structure is well-defined in DPC micelles and the peptide is robust and quite stable for
long-interval NMR experiments. Furthermore, the labelled material would be more
easily distinguished from any potential interference encountered from chemical shifts

overlap with oxoDPC.
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Chapter 5: Steps towards microcin J25 total synthesis

5.1 Background

Lasso peptides are a class of ribosomally synthesized natural products found in
bacteria, named after their threaded lasso, or lariat knot, 3D structural conformation.?
This unique topology stems from the formation of a N-terminal macrocycle through
which the C-terminal tail is threaded, creating a lasso shape. Currently known lasso
peptides vary in function, finding potential applications as antibacterial and antiviral

agents or as receptor antagonists linked to diabetes and blood pressure.'**

Peptides of this class undergo post-translational modifications to obtain their active,
lasso structure. The N-terminus, which is often a Gly or in some cases Cys or Ala, is
suspected to be exposed following enzymatic cleavage of the leader sequence from
the precursor peptide.”*' The core peptide is then enzymatically modified to form a
macrolactam ring between the N-terminal amine and the carboxylate of a Glu or Asp
residue at position 7, 8, or 9."°° This yields the final, active lasso peptide, which

possesses a C-terminal tail hairpin encompassed by this N-terminal macrocycle.

Microcin J25 (Mccl25), arguably the most studied lasso peptide bacteriocin, was first
discovered in 1992 as a product of an Escherichia coli strain cultured from infant

132
feces.

The peptide showed activity towards several Gram-negative bacteria,
including foodborne pathogens E. coli, Salmonella, and Shigella. MccJ25 was found
to be interacting with and inhibiting the activity of E. coli RNA polymerase.'”
Without this enzyme, the bacteria are unable to translate their DNA and eventually

die. Unexpectedly, this mode of action is not the cause of death for Salmonella
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newport. Mccl]25 has quite a different approach for S. newport, interfering with the
membrane permeability, disrupting the membrane potential, and producing
superoxide.'** Heightened superoxide production was later also found in E. coli,
illustrating that MccJ25 appears to have two separate modes of action: Mccl25
interacts with the membrane or is transported into the cytosol and binds RNA

1
polymerase. 3

McclJ25 was initially thought to contain just 20 amino acids, have a blocked N-
terminus, and found to be extremely stable to a wide range of pH (2 to 12) and high
temperatures (including autoclaving at 120 °C for 15 min). 132 Subsequent work less
than a decade later revealed the N-terminus was blocked due to a cyclization, at the
time suspected as an N-to-C terminal or head-to-tail cyclization, and the amino acid
sequence was revealed to contain 21 residues.’® The unusual characteristics,
particularly the stability of this cyclic peptide yet relatively simple amino acid
primary sequence (nearly 30% of the peptide being Gly), prompted researchers to
synthesized the head-to-tail peptide.””” Surprisingly, this compound did not possess a
well-defined structure in numerous solvent systems and was inactive against Gram-
negative strains. Further investigations into the naturally isolated compound led to the

elucidation of MccJ25’s true structure (Figure 5.51)."

Insights obtained through proton NMR spectra analyses indicated that the N-terminal
Gly; (black) is found in close proximity to the sidechain of Glug (blue), suggesting
that a backbone-to-sidechain linkage may be the true form of MccJ25. Interactions
between C-terminal tail and macrocycle residues (purple) were also observed in NMR

studies, supporting the idea of a threaded loop."*” Bulky residues along the C-terminal
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tail, Phe;9 and Tyry (green), on either side of the macrocycle are suspected to act as
blockers or plugs which prevent the unthreading of the lasso peptide.'*’ This proposed
structure of MccJ25 was supported by digestion and mass spectrometry analyses, and

this lasso motif has since been found in a plethora of other lasso peptides analyzed

31

since the initial unveiling of MccJ25’s true strucure.'

A. HN //0

Figure 5.51 MccJ25 sequence (A) and structure (B)

The biosynthetic gene cluster of MccJ25 was found to contain four gene products,
encoded for by mcjABCD (Figure 5.52)."*® The precursor peptide is produced from
the structural gene mcj4 as a 58 residue polypeptide, with a 37 residue N-terminal
leader sequence and a 21 residue core peptide. Two enzymes, the gene products of
mcjB and mcjC, are required for the production of mature, active MccJ25."*’ The

linear peptide is first modified by mcjB, a cysteine protease with high homology to
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transglutaminase, which cleaves the leader sequence. The core peptide is cyclized by
mcjC, an ATP-binding enzyme that activates the carboxylate of Glug for nucleophilic
attack by the now free N-terminal amine of Gly,."** The last component of this gene
cluster, mcjD, encodes for an efflux pump which is part of the ABC transporter
protein family."”® Unlike other ABC transporters used by bacteriocins that can
recognize the inactive precursor peptide, mcjD recognizes the mature, active peptide
for transport. As such, this protein also acts as a self-immunity protein by expelling

McclJ25 from the producer cell through active transport.

meii mic  —{ mgb >

l Transcription & Translation

Leader | Core Peptide | ¥ | m¢jB | mcjC mcjD
\ J \ J
\ Y / Y - -
precursor peptide modifying enzymes exporter & immunity
protein

l mcjB | Leader sequence cleavage

Core Peptide

l mcjC | Gly, & Glug cyclization

Microcin J25

Figure 5.52 Biosynthetic pathway of MccJ25

Identification of the two modifying enzymes mcjB and mcjC, along with the rest of
the gene-cluster, has invoked a herculean genome mining effort to uncover lasso

peptides and other post-translationally modified peptides.'* Close to 1500 putative
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lasso peptide gene clusters have been uncovered, several which have been
heterologously expressed to confirm the production and identity of the suspected

141 Notably, genome mining only provides the genetic information of

lasso peptide.
possible lasso peptides, it does not give any hints as to whether these peptides will

have useful biological applications. Their activities and potencies can only be

ascertained through expression and isolation of the predicted structural proteins.

Most efforts towards the assembly of lasso peptides with desirable activities have
involved extensive genome manipulations as well as trial and error through targeted
mutagenesis. Certain enzymes required in lasso peptide biosynthesis, such as mcjC
from MccJ25 biosynthesis, are quite amenable to sequence changes, tolerating
mutations as long as the two positions required for cyclization, Gly; and Glug, are
undisturbed.'* These mutations may lead to partially active peptides but are limited
in their modification scope to the 20 canonical amino acids and existing

functionalities.

The biosynthesis of a lasso peptide with modified activity has put this structural motif
in the spotlight as a scaffold of interest for pharmaceutical development.
Heterologous expression of a chimera MccJ25 peptide, which contained a three-
amino acid mutation, produced a lasso peptide with antagonistic activity towards
integrins.'*’ A later example showed the fusion of lasso peptides to other proteins, to
produce stable, active recombinant proteins using the native assembly enzymes.'*
Despite the tremendous advancement in genome mining efforts and recombinant
expression systems,'*' the design of the peptide is ultimately at the mercy of the

biosynthetic machinery of host organisms. The ability to access the lasso scaffold
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through synthetic means would provide a platform to create improved analogues with

diverse, noncanonical functionalities and thus more feasible therapeutic applications.

5.2 Results and discussion

5.2.1 Alternative approach to creating hairpin fold

Several studies performed on this class of intriguingly shaped peptides have given
insights into the features most vital for activity and stability — the overall structural
conformation of the macrocycle encompassed C-tail hairpin. Synthesis of untreated or
linearized peptides, though containing the appropriate amino acid sequence, do not
spontaneously fold into the desirable shape and are inactive.'*"*” Alternatively, the
digestion of MccJ25 by thermolysin, a thermostable metalloproteinase which cleaves
the amide bond between Phe; and Val,, yields a cleaved but tightly interlocked two-
peptide cornplex.146 This complex did not become unthreaded even in extreme
thermal conditions. It also maintained partial activity, even though the binding of
RNA polymerase is believed to occur around positon Val;; of the MccJ25 hairpin,

where the peptide had been cleaved by thermolysin.'*

Using MccJ25 as a model system, we envisioned an approach which folds the linear
peptide into the desired hairpin shape (Figure 5.53). By installing a thiol group on two
amino acids which are in close proximity, a disulfide bridge can be formed. This bond
would bring the middle and the C-terminus of the peptide together, in the inherent
hairpin conformation. Macrocyclization can then be facilitated between the N-

terminal Gly; and the carboxylate of Glug, ideally encompassing the pre-folded
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hairpin, to yield the desired lasso peptide shape. The final step will require

desulfurization of the non-native disulfide bond, a procedure which has been

extensively used in peptide synthesis,'*’

to yield the native MccJ25.

MccJ25 with thiol- MccJ25 with

linoar MccJ25 containing Glu & Tyr disulfide bridge

cyclized MccJ25 with

disulfide bridge desulfurized MccJ25 lasso

Figure 5.53 Proposed strategy of MccJ25 total synthesis

Looking at the coordinates of the NMR-derived structure of MccJ25 (PBD 1Q71),"’
Dr. Kaitlyn Towle initially analyzed possible sites of modification and identified Glug
and Tyry as the two most promising locations to install the disulfide bridge. Residue
Phe,q is found too far from Glug and thus adding a linkage here may distort the natural
hairpin shape. Using PyMOL, several measurements and models of an inserted
disulfide bridge between these two residues were taken and analyzed. Based on the

distance between various atoms as well as the predicted space required for a disulfide
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bond, the pro-R-H of the B-position of Glug and the same location on Tyr,y were the
two locations chosen for the installation of the thiol groups (Figure 5.54). Within a
distance of approximately 4.8 A, a sulfur to sulfur bond (2.05 A) as well as the two
longer carbon to sulfur bonds vs the native carbon to hydrogen bonds (1.82 A vs 1.10
A) could be accommodated without substantial disruption to the native hairpin
shape.'” The y-position of Glug was also considered; however, the distance was
decidedly too short and this would put the disulfide bond in closer proximity to the e-
acid of Glug required for lactamization. Thus, I embarked on synthesizing the
required R-B-thiol derivatives of Tyr and Glu with Fmoc-SPPS compatible protecting

groups as neither residue is commercially available.

Figure 5.54 Measurements between proposed thiol insertions for MccJ25 residues

5.2.2 Synthesis of protected B-thiol Tyr
The modified amino acid B-thiol Tyr has not been previously synthesized. The closest
relative to this was found in the synthesis of B-thiol Phe and this literature protocol

was used to develop the synthetic scheme proposed below.'*
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Scheme 5.7 Proposed synthetic pathway to Fmoc-SPPS compatible p-thiol Tyr

A mixture of B-hydroxyl isomers 61a and 61b were accessed from the reaction of
Garner’s aldehyde, with the in situ prepared Grignard reagent from 1-bromo-4-tert-
butoxybenzene. These two isomers were separated and the undesired isomer, the syn

B-hydroxyl 61a, was oxidized using freshly prepared manganese(IV) dioxide to the
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ketone intermediate 62. From there, the bulky DIBAIH reducing agent was used to
selectively convert the carbonyl to the desired anti B-hydroxyl 61b. Mesylation of the
hydroxyl created a good leaving group, allowing for the "'SCN to displace the
hydroxyl and afford the protected [B-thiol intermediate 63 with inversion of
configuration. Initially, this substitution reaction was particularly low yielding and
several conditions were attempted to optimize this step. Using para-toluenesulfonic
acid (p-TsOH ) to hydrolyze the five-membered ring freed the N and C termini of the
B-thiol intermediate to yield 64. This step also required optimization as the Boc-group
appeared to be sensitive to p-TsOH. The primary alcohol was then oxidized to the
carboxylic acid using pyridinium dichromate (PDC) for the synthesis of intermediate
65. The remaining steps will involve the exchange of protecting groups found on the
thiol and the amide. Specifically, orthogonal strategy of using tert-butylthiol as a thiol
protecting group should allow for selective deprotection with phosphine and

formation of disulfide while still attached to resin. '

Lastly, the Boc protecting group
could be removed and replaced with Fmoc to yield the final desired B-thiol Tyr 67 as

a fully protected, Fmoc-SPPS compatible residue.

5.2.3 Synthesis of protected p-thiol Glu
The B-thiol Glu was also unknown and existing literature was consulted to propose an

approach to its synthesis (Scheme 5.8)."*%'>>

The use of the Crimmins chiral auxiliary
(8)-4-benzylthiazolidine-2-thione was employed as it offers good stereo control and

can be cleaved under mild conditions as desired. Synthesis of the previously known

N-acylated auxiliary 69 by acylation of (S)-4-benzylthiazolidine-2-thione with acetic
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anhydride was achieved in excellent yields. This precursor was then linked to the (R)-

Garner’s aldehyde under a TiCly catalyzed aldol condensation to stereoselectively
access the B-hydroxyl intermediate 70.

S (0] OH
Boc” S
_
pyridine,

o) MsCl, EiN, 0 °C,
N DCM, 1 h
—_— Boc |\ trtommosmessees
TiCly, (—)-sparteine,
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Scheme 5.8 Proposed synthetic pathway to Fmoc-SPPS compatible p-thiol Glu

118



Subsequently, I propose that mesylation of the B-hydroxyl of 70 will serve to activate
the hydroxyl functionality as well as differentiate it from the free hydroxyl of 72. The
Crimmins auxiliary could then be cleaved from the mesylated B-hydroxyl
intermediate 71 by reduction with NaBHy to yield 72. The primary alcohol may then
be protected with TES and the secondary mesylated alcohol should be displaced by
SCN to give B-thiol 74. Exchanging the thiol protecting group with tertbutylthiol
should yield the B-SStBu intermediate 75, which could then be converted to the
desired e-carboxylic acid. The terminal alcohol could be deprotected by tris(2-
carboxyehtyl)phosphine (TBAF), followed by oxidation to the carboxylic acid with
PDC to afford intermediate 77. The carboxylic acid may be alkylated with
TMSCHN,/MeOH to give a protected B-thiol intermediate 78. Next, the deprotection
of the amino acid could be achieved using the same method as the previously
discussed for Tyr. p-TsOH could be used to cleave the oxazolidine ring followed by
and PDC oxidation of the free alcohol to the a-carboxylic acid to access the Boc-
protected B-thiol compound 79. The Boc-protected amine could be deprotected and
protected with FmocCl as outlined previously to yield Fmoc-SPPS compatible fully

protected B-thiol Glu 80.

5.3 Conclusions and future directions

MccJ25 along with other compounds in the lasso peptide family have gained
substantial interest in the last decade. Their unique three-dimensional fold and
interlocked structure provide a scaffold with potent activity and high stability. The

resistance to proteases and high temperatures are attractive features from a
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pharmaceutical and food industry perspective. Using MccJ25 as a model system, a
novel approach to its total synthesis was undertaken. This method takes advantage of
a bond commonly found in peptides and proteins, a disulfide bridge, to form the
hairpin shape of the lasso peptide. This would ensure the peptide is pre-folded into its

mature form before attempting the macrocyclization.

Based on the structural orientation and distances between atoms in the NMR structure
of MccJ25, residues Glug and Tyryo were chosen as the amino acid residues onto
which to install the necessary thiols for a disulfide bridge formation. Specifically, it
was determined that the optimal location is the B-carbon of both residues and that R-
configuration at this position would position the two thiols facing each other.
Synthetic schemes for the synthesis of the two required B-thiol amino acids, Tyr and
Glu, were proposed as these compounds are not commercially available and were not
synthesized previously. The first several compounds of the pathway were synthesized
and the methods were optimized for the amino acids of interest; syntheses outlined in

the remaining steps are currently underway.

With these two residues in hand, the peptide can be synthesised on resin using Fmoc-
SPPS chemistry. The B-thiol groups of Glug and Tyryy can be orthogonally
deprotected and the disulfide bridge can be formed on resin. Cleavage off resin and
lactamization of Gly, and Glug should afford a bicyclic compound, which may
possess partial activity if the overall fold is homologous to native MccJ25. Lastly,
desulfurization of the peptide should afford the thiol-free native MccJ25 as a product

of total synthesis.
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The difficulty in handling the Tyr compounds prompts the consideration of an
alternate model system. For example, the lasso peptide caulonodin IV, a peptide

1 . . .
1,** contains a Phe residue in place of

identified in the genome of Caulobacter sp K3
Tyr at this position. B-thiol Phe has been successfully synthesized previously and thus

could provide a more direct route to testing if our disulfide hairpin approach is

feasible.

121



Chapter 6: Summary and future outlook

The world of natural products has provided scientists with a wealth of fascinating
structures and functionalities. Investigating these compounds has led to great
discoveries that have contributed to the betterment of society. Antimicrobial peptides
are a subset of great interest as they may prove to be the compounds employed to
tackle the ever-growing antimicrobial resistance seen throughout the globe. Four

peptides with potential in this area were investigated in this thesis.

Faerocin MK was studied for its possible application as a potent anti-listerial peptide,
specifically of interest as it was discovered in the genome of a probiotic strain of
Enterococci. Based on sequence homology to YGNG-motif containing bacteriocins, it
was predicted this peptide may belong to the same class. Activity and structural
studies were conducted to confirm that this peptide is active against Gram-positive
bacteria and possesses an a-helical conformation. Additionally, a previously reported
peptide with high homology, SRCAM 602, was synthesized and tested using the same
methods to uncover that it was inactive and unstructured. Structure elucidation using
NMR was attempted; however, due to peak overlap and low yielding expression in
labelled media, this was unsuccessful. The operon of the relevant FaeMK genes was
cloned and heterologously expressed to identify the immunity gene (fael) as well as
the parent core peptide (faeMK). This led to the deduction that FaeMK is excreted by
its producer and heterologous hosts through the general sec-pathway. Further studies
could look at the genome of Enterococcus faecium M3K31, which contains two other
bacteriocins, and test its use as a probiotic strain in the food production industry for

prevention of listeriosis, a Listeria-born gastrointestinal infection.
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Teixobactin is a NRP discovered owing to the development of a novel way of
culturing soil bacteria. The potent activity against Gram-positive pathogens and
unusual structural features drew the interest of researchers to further study this
peptide and its mechanism of action. Through thermodynamic measurements
obtained from isothermal titration calorimetry, the binding of Txb and four analogues
to lipid II and several truncated analogues was assessed. It was uncovered that Txb
recognizes and binds the lipid-pyrophosphate moiety of LII, leading to its promiscuity
towards other lipid phosphate intermediates in the biosynthesis of the peptidoglycan
layer. Regrettably, due to solubility and capability issues, the structure elucidation of
this complex was not possible with solution-phase NMR. Additionally, Txb showed
comparable affinity for LII-Lys and LII-DAP, the lipid variants found in most Gram-
positive bacteria and a majority of Gram-negative bacteria, respectively. This led to
the expansion of Txb’s activity spectrum, using outer membrane-disruptive peptides
(unacylated tridecaptin A; and polymyxin B nonapeptide) to include Gram-negative
bacteria such S. enterica and K. pneumoniae. Future work may investigate alternative
application of this peptide as a topical antimicrobial. For example, the observed
formation of amyloid gels, while not compatible with a mammalian system, could be
used to coat high contact surfaces in hospitals or food-preparation facilities to prevent

the spread of susceptible pathogens.

Tridecaptin A; is a NRP extensively studied by the Vederas group throughout the last
few years following its isolation from Paenibacillus terrae. TriA; is active against
Gram-negative bacteria listed as ESKAPE pathogens of concern by the World Health

Organization as well as common foodborne pathogens such as Escherichia coli. 1t is a
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selective binder of Gram-negative lipid II and undergoes a conformational change
when interacting with its target in DPC micelles. NMR structure elucidation studies
were conducted with tridecaptin, lipid 11, and a peptide-lipid complex in the presence
of DPC micelles formed by oxygen-labelled DPCg36 analogues. The strategy of using
oxygen-enriched DPC analogues to study membrane interacting peptides and their

receptors could be extended to other AMPs such as leucocin A.

Microcin J25 is a staple example of lasso peptides, a class of structurally unique
peptides found in bacteria. It is a potent inhibitor of E. coli and can tolerate several
substitutions along its sequence, while still maintaining its unique lasso structure.
Completion of the two modified amino acid synthesis is currently underway. The
linear peptide can be assembled on resin through Fmoc-based SPPS and the thiols can
be orthogonally deprotected to form the disulfide bridge. Lactamization and
subsequent desulfurization will be optimized to form the macrocycle and then remove
the additional disulfide to yield the fully synthetic Mccl25. If successful, this
approach could be extended to other lasso peptides as well as be used to synthesize

lasso peptides with noncanonical amino acids in the future.

This thesis covered four examples of potent antimicrobial peptides and the advances
made towards understanding their behaviours, elucidating their structural
conformation, and developing a method for their synthesis. A wide variety of
interdisciplinary approaches were utilized in hopes of providing a full picture of this
interesting class of molecules. Insights into the structural features and binding
properties of these compounds continue to provide vital information in the quest to

develop potent and safe antibiotics for widespread applications in our society.
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Chapter 7: Experimental methods

7.1 General synthetic procedures

7.1.1 Reagents and techniques

Compounds used were purchased from Millipore-Sigma Canada Ltd., Fisher
Scientific Ltd., Chem-Impex International Inc, VWR International, Bio-Rad
Laboratories Inc., Cambridge Isotope Laboratories, and used as delivered unless the
method states otherwise. All solvents were of American Chemical Society (ACS)
grade and used without further purification. For moisture-sensitive reactions, solvents
were distilled under positive argon pressure immediately prior to use. DCM, dioxane,
ACN were distilled over calcium hydride, THF and diethyl ether were distilled over
sodium with benzophenone indicator, and MeOH was distilled over magnesium.'*
Solvents used for liquid chromatography were filtered and degassed before use.
Filtered water for aqueous reactions was obtained from a MQ water purification
system (Millipore Co., Milford, MA). Solutions of NaHCO;, NH4Cl, HCl, NaOH,
brine (sat. NaCl), Tris (tris(hydroxymethyl)aminomethane), NH4sHCO3 and NaH,PO4
refer to aqueous solutions. For air and moisture sensitive reactions, a positive pressure
system using flame-dried glassware was prepared and all solvents used were distilled
as mentioned previously. Organic solvents were removed in vacuo utilizing a Biichi

rotary evaporator and aqueous mixtures were concentrated by lyophilization of flash-

frozen samples.
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7.1.2 Compound purification: Flash chromatography

Flash column chromatography was performed utilizing silica gel (SiliaFlash®
Irregular Silica Gel, P60, 40 - 63 um, 60 A) and fractions were monitored using thin-
layer chromatography (TLC) with silica-coated glass plates (500 microns, Merck 60
F254). Visualization was done with UV absorption and, where required, by staining
with permanganate (KMnO4:K,CO3;:NaOH:H,O, 1.5 g: 10 g: 120 mg: 200 mL),
phosphomolybdic acid in EtOH (10 g in 100 mL), or para-anisaldehyde in EtOH

(H2SOy4:p-anisaldehyde, 2.5 mL: 15 mL in 250 mL) and heating with a heat gun.

7.1.3 Compound purification: High-performance liquid chromatography

Reverse-phase high-performance liquid chromatography (RP-HPLC) was performed
on one of two systems optimized for i) analytical scale and ii) preparative or semi-
preparative scale: 1) was performed on a Gilson chromatograph equipped with model
322 pumps, a 77251 Rheodyne injector with a 1 mL sample loop, a 171 diode array
detector, and a FC 203B fraction collector and ii) was performed on Gilson

chromatograph with model 322 pumps, UV/VIS-150 detector, GX-271 liquid handler.

Method A: Was conducted with a Phenomenex C;g column at a 10 mL/min flow rate;
UV detection monitoring at 220 nm. Gradient elution was obtained using eluent A:
MQ H,O (0.1% TFA) and eluent B: ACN (0.1% TFA). Starting from 20% eluent B
for 8 min, ramping up to 55% B over 30 min, ramping up to 95% B over 3 min,
maintaining 95% B for 3 min, and ramping back down to 20% B over 2 min,

maintaining 20% B for 5 min.
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Method B: Was conducted with a GraceVydac Protein and Peptide C;g column (100
mm, 10 micron) at a 10 mL/min flow rate; UV detection monitoring at 220 nm.
Gradient elution was obtained using buffer A: MQ H,O (50 mM NH4HCO3) and
buffer B: MeOH. Starting from 100% buffer A for 8 min, ramping up to 100% B over
35 min, maintaining 100% B for 3 min, and ramping back down to 0% B over 2 min,

maintaining 0% B for 5 min.

Monitoring of HPLC fractions was achieved with the use of mass spectrometry.
Small molecule compounds were analyzed using LCMS and larger molecules and
peptides were analyzed using MALDI-TOF. For MALDI, fractions with high organic
content were concentrated by solvent evaporation under vacuum until only 20% or
less organic solvent remained. Next, a 0.1% TFA in water solution was prepared and
a two-layer matrix method was used. Smaller, non-hydrophobic compounds were
analyzed using o-cyano-4-hydroxycinnamic acid (HCCA) while larger, hydrophobic
compounds were analyzed with the help of 3,5-dimethoxy-4-hydroxycinnamic acid,
commonly called sinapinic acid (SA). Briefly, a thin layer of the matrix 1 (10 mg/mL
SA in 4:1 Ace:MeOH or 10 mg/mL HCCA in 9:1 MeOH:H,0) was pipetted onto a
well of the stainless steel plate and allowed to dry. Next, a 1:1 solution of
compound:matrix 2 (10 mg/mL SA in 1:1 ACN:H,O (0.1% TFA) or 10 mg/mL
HCCA in 1:2 MeOH:H,O (0.1% TFA)) was mixed and then pipetted overlaying

matrix layer 1.
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7.1.4 Compound purification: Ion-exchange chromatography

Compounds with phosphate or pyrophosphate functional groups were purified using
an ion-exchange chromatography technique in lieu of silica flash chromatography.
Resin (DOWEX 50WX8, 100-200 mesh resin) was presoaked for 1 h in DI water;
approximately 1 g of resin was used for 10 mg of the crude mixture to be separated.
The resin was then transferred to a glass column with a faucet bottom and peristaltic
pump. The column was flushed with water (5 mL/min flow rate) until elute was clear
and reached a neutral pH of 7.0. The resin was charged with ammonium counter ions
by flushing with NH4OH (4 x column volume) and then brought back to neutral pH
using water. The elution buffer (49:1 25 mM NH4HCO;:IPA) was used to prime the
column (2 x column volume) and the flow rate was adjusted to 1 mL/min. Crude
sample was loaded and appropriate sized fractions were collected. Fractions
containing compound of interest was frozen and lyophilized to yield the ammonium

salt of the desired compound.

7.1.5 Compound characterization: NMR, IR, MS, OD

Nuclear magnetic resonance (NMR) spectra were obtained on a Varian Inova 400,
Varian Inova 500, Varian Inova 600 MHz (equipped with a triple-resonance HCN
probe), or Agilent VNMRS 700 MHz spectrometer (equipped with a triple-resonance
HCN cold probe and a z-axis pulsed-field gradients) at 27 °C unless otherwise
indicated. Chemical shifts are reported in parts per million (ppm) and spectra were
referenced to the residual proton and carbon resonances or internal standards. 'H

NMR chemical shifts were referenced to: CDCl; 8 7.26, toluenegg 6 2.09, DMSOy¢ 6
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2.50 and CD;OD & 3.30; '*C NMR chemical shifts were referenced to: CDCl; &
77.06, toluenegg & 20.4, DMSOgy6 6 39.5, and CD3;0D & 49.1. For spectra in aqueous
buffers, DSS or TMS were added as internal standards (spectra were referenced to o
0.0 ppm); water signal was suppressed by excitation sculpting ('H, COSY, TOCSY,

NOESY) or through presaturation during the relaxation delay (HSQC, HMBC).'*

Mass spectra were recorded on an Agilent Technologies 6220 orthogonal acceleration
time-of-flight (TOF) instrument (Santa Clara, CA) equipped with +ve and —ve ion
electrospray ionization (ESI) source, and full-scan, high-resolution MS with two-
point lock mass correction. Samples were separated on an Agilent Technologies 1200
SL HPLC system with a Cg or C;g analytical column prior to injection into the mass
spectrometer. Infrared spectra (IR) were recorded on a Nicolet Magna 750
instrument. Cast film refers to the evaporation of a solution on a NaCl plate. Optical
rotations were measured on Perkin Elmer 241 polarimeter with a microcell (10 cm, 1

mL) at 23 °C unless otherwise stated.

7.1.6 Solid-phase peptide synthesis

Solid-phase peptide synthesis was completed on a PreludeX Peptide Synthesizer
(Gyros Protein Technologies, Uppsala, Sweden) with nitrogen flow and UV
monitoring capabilities. Resin was preloaded with the first amino acid (0.1 mmol
loading) and proceeding amino acids were prepared as Fmoc-protected solutions (0.2
M) in DMF. Peptide coupling was achieved using PyBOP (0.99 equiv to aa), HOBt
(0.99 equiv to aa) and DIPEA (2 equiv to aa) in DMF (2 h shake, rt). Unextended

chains were end-capped using a solution of acetic anhydride and DIPEA in DMF
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(1:1:3, 30 min shake, rt). Deprotection of Fmoc groups was achieved using 20%
piperidine in DMF; UV monitoring (301 nm) confirmed deprotection efficiency by
the formation of side product dibenzofulvene-piperidine. A wash of DCM (3 x 5 mL)

and DMF (3 x 5 mL) was employed in between each step.

Peptides were cleaved from resin by shaking for 1 h at rt in a TFA:TIPS:H,O
(95:2.5:2.5) solution. Crude mixture was filtered through glass wool into an
Eppendorf tube (1.5 mL), rinsed with TFA:TIPS:H,O solution, and concentrated in
vacuo. Peptides were precipitated with cold diethyl ether (2 x 1 mL) and tubes were
briefly centrifuged (13 200 rpm, 1 min) to pellet the peptide material. The solvent was

evaporated and crude peptide was resuspended for further HPLC purification.

7.2 General biological procedures

7.2.1 Media preparation

Unless stated otherwise, all media and media supplements were purchased from
Becton Dickinson and Company (BD, Franklin Lakes, NJ). Sterile conditions were
used when handling biological experiments; materials were either filter-sterilized
(0.22 um) or autoclaved (121 °C, 15 min). Liquid or broth media was prepared
following the manufacturer’s recommendations. Soft agar was produced with 0.75%
(w/v) agar dissolved in appropriate broth media and aliquoted into a 5 mL per test
tube prior to autoclaving the whole set. Solutions were stored in a 4 °C fridge until
use, when they were warmed to 25 °C prior to being inoculated. Hard agar was

produced with 1.5% (w/v) agar dissolved in appropriate broth media and autoclaved
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as a stock solution. The solution was cooled to 60 °C and approximately 15 mL was
dispensed into each sterile Petri dish inside a laminar flow cabinet and allowed to dry
and harden for 20 min. Plates were stored inverted in a 4 °C fridge until use, when

they were warmed to optimal bacteria growth temperatures for 30 min.

7.2.2 Glycerol stocks

Glycerol stocks were used to maintain easily accessible bacterial strains. All bacteria
strains, indicators, and producers, were stored in -80 °C freezers as 20% glycerol
solutions. Plastic tubes (2 mL) with screw caps containing 80% glycerol (0.8 mL)
were autoclaved and allowed to cool. To this tube, a fresh liquid bacterial culture (0.2
mL) was added to a total volume of 1 mL and mixed to give a 20% glycerol stock
solution. Tubes were flash-frozen in liquid nitrogen and stored in -80 °C freezers long
term. Inoculation of fresh cultures of desired bacteria was achieved by the aseptic
transfer of a bit of frozen stock into fresh liquid media. Thawing of the stocks was

limited by using a cooling block to store tubes while in use outside the freezer.

7.2.3 Bacterial culture growth

In general, Gram-positive strains were grown in All Purpose Tween medium (Difco,
Sparks, MD) at 25 °C for 24 h and Gram-negative strains were grown using Luria-
Bertani Broth Base, Miller medium (Difco) at 37 °C for 24 h. Staphylococcus aureus
strains were grown on tryptic soy broth medium (Difco), Acinetobacter baumanii was

grown at 30 °C, and Klebseilla pneumoniae was grown for 48 h. Growth conditions
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for the various bacterial species are shown in Table 7.10 below. If required,
chloramphenicol (5 pg/mL for Carnobacterium maltaromaticum and 10 pg/mL for
Enterococcus faecium) or kanamycin (50 pg/mL for Escherichia coli) were added to

the media for selective growth of desired plasmid-containing bacteria.

Table 7.10 Growth conditions for indicator bacterial strains

. . Growth Details
Bacterial Strain Media Conditions
Gram-positive organisms
Brochothrix thermosphacta ATCC 11509 APT 25°C, 0 rpm, 24 h
Carnobacterium divergens LV13 APT 25°C, 0 rpm, 24 h
Carnobacterium maltaromaticum UAL26 APT 25°C,0rpm, 24 h
Enterococcus faecalis ATCC 7080 APT 25°C, 0 rpm, 24 h
Enterococcus faecium BFE 900 APT 25°C,0rpm, 24 h
Latilactobacillus sakei 706 APT 25°C, 0 rpm, 24 h
Lactococcus lactis ssp. cremoris HP APT 25°C, 0 rpm, 24 h
Listeria monocytogenes ATCC 15313 APT 25°C,0rpm, 24 h
Listeria monocytogenes UAFM1 APT 25°C, 0 rpm, 24 h
Staphylococcus aureus ATCC 25923 TBS 25°C,0rpm, 24 h
Gram-negative organisms

Acinetobacter baumanii ATCC BAA-1605 LB 30°C, 225 rpm, 24 h
Acinetobacter baumanii ATCC 19606 LB 30°C, 225 rpm, 24 h
Escherichia coli ATCC 25922 LB 37°C, 225 rpm, 24 h
Escherichia coli DH5a LB 37°C, 225 rpm, 24 h
Klebsiella pneumoniae ATCC 13833 LB 37°C, 225 rpm, 48 h
Pseudomonas aeruginosa ATCC 14207 LB 37°C, 225 rpm, 24 h
Pseudomonas aeruginosa ATCC 15442 LB 37°C, 225 rpm, 24 h
Salmonella enterica serovar Typhimurium o

ATCC 13311 P LB 37°C,225rpm,24h
Salmonella enterica serovar Typhimurium o

TG 23564 P LB 37°C,225rpm,24h

7.2.4 Deferred inhibition assays
A liquid culture of desired bacteria was grown overnight and a portion of the liquid
culture was transferred onto the hard media by dipping a sterile toothpick in the

culture and stabbing the hard agar media. The plate was incubated overnight at the
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appropriate temperature. A 5 mL liquid media broth containing desired indicator
strain was grown overnight as well. A 100 pL aliquot of culture was transferred to a
test tube containing 5 mL of molten soft agar media. The mixture was gently
vortexed, poured over top of the stabbed agar plate, and allowed to cool and harden.
Plates were incubated overnight at the desired temperature and inhibition zones were

observed and measured (in mm) the following day.

7.2.5 Spot-on-lawn assay

Peptide activity was tested in one of two assays. Spot-on-lawn tests were performed
using a two-fold series dilution of the peptide of interest. In most cases, the solvent of
choice was sterile MQ water. Indicator strains were grown as outlined above; then
100 pL of each strain was used to inoculate soft agar (0.75% w/v) and overlaid on top
of hard agar (1.5% w/v). Starting from a stock solution of peptide of interest, the two-
fold series dilution was performed to create several different concentrations. 10 pL of
each concentration was aliquoted onto the agar plate and the plates were incubated as
appropriate for the indicator strain. This was repeated in triplicate to give minimum
inhibitory concentrations (MICs) as determined by zones of inhibition observed at the

corresponding concentration.

7.2.6 Microdilution assay
The second method to determined MICs was the use of a modified broth

microdilution protocol from the Clinical and Standards Laboratory Institute.'

133



Antimicrobial peptides were dissolved in Muller-Hinton Broth (MHB) media and
serial dilutions were made across a 96-well plate. In the case of synergistic assays,
dilutions were made in the x-axis for peptide A and in the y-axis for peptide B.
Control wells containing no antibiotics were also used for each trial. One plate was
used for a particular indicator organism and each well was inoculated to reach a final
inoculum of 5%10° colony forming units per mL. Using ODgq readings normalized to
a negative control, MICs were recorded as the lowest concentration at which no
growth was detected after 24 h, or 48 h for K. pneumoniae, incubation. Each assay
was performed in triplicate and average MICs are reported. Absorbance readings

were taken on a SpectraMax i3x Plate Reader (Molecular Devices, Sunnyvale, CA).

7.2.7 Cell harvesting

Bacterial cells were grown in appropriate media for a desired period of time prior to
harvesting. Cell broth was centrifuged (JA-10, 6300 rpm, 5 min, 4 °C); the
supernatant was discarded and cell pellets were collected and weighed. Cells were
resuspended in lysis buffer (50 mM NaH,PO,4, 500 mM NaCl, 10 mM imidazole, 1%
glycerol, 0.5% triton X-100, pH 8.0 and lysozyme, DNAse, and protease inhibitors)

with 10 mL buffer/1 g pellet.

7.2.8 Cell lysis by cell disruptor
Resuspended cells were lysed through one of two methods. A TS series benchtop cell

disruptor (Constant Systems Ltd, Low March, UK) was used to disrupt cell

134



membranes at high pressure. The system was primed with lysis buffer (20 mL) at 5
kpsi. Next, the bacteria cell mixture was passed through the disruptor at 25 kpsi,
twice, and collected in a Falcon conical centrifuge tube (50 mL). Additional lysis
buffer (10 mL) was used to wash the lines and also collected into the same tube.
Lysate was centrifuged (JA-20, 15000 rpm, 30 min, 4 °C); supernatant was decanted

into a fresh tube and pelleted debris was discarded.

7.2.9 Cell lysis by sonication

When the cell disruptor was unavailable, cells were lysed using sonication by a
Branson Sonifier 450 (Branson Ultrasonics Corporation, Danbury, CT). The
resuspended cell mixture was subjected to sonication (30 s) followed by cooling on
ice (30 s). This cycle was performed thrice and contents were centrifuged (JA-20,
15000 rpm, 30 min, 4 °C). Supernatant was decanted into a fresh tube and pelleted

debris was discarded.

7.2.10 C8 and C18 solid-phase extraction cartridges

Bond Elut C8 (10 g, 60 mL Agilent, Mississauga, ON) and Strata C18-E (20 g, 60
mL, Phenomenex, Torrance, CA, USA) cartridges were used as per manufacturer
recommendations to perform solid-phase extractions. Prior to sample loading, the
cartridges were activated with methanol (50 mL) and primed with water (2 x 50 mL).
A peristaltic pump (Bio-Rad) was used to control flow rate, which was kept at 10

mL/min throughout.
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7.2.11 Tris-glycine SDS-PAGE

Two types of gel, 4 — 20% or 12% Mini-PROTEAN TGX Stain-Free precast gels
(Bio-Rad, Mississauga, ON), were used to analyze the contents of protein mixtures.
Protein samples and standers were mixed with 2x Laemmli Sample Buffer (Bio-Rad)
and boiled at 100 °C for 5 min using a water bath. Samples were loaded into
individual gel lanes using elongated micropipette tips. Protein molecular weight
ladders of appropriate size ranges were loaded into the last lane and used as markers.
Gels were run in TGX buffer (Bio-Rad) at 180 V for 30 min, or until the smallest
ladder marker reached the bottom of the gel. The gels were removed and rinsed with
MQ water (3 x 10 mL). They were visualized with coomassie brilliant blue stain
(0.1% w/v coomassie R-250, 40% ethanol, 10% acetic acid) for 1 h followed by

destaining (10% ethanol, 7.5% acetic acid) over night.

7.2.12 Tris-tricine SDS-PAGE

Samples with peptides smaller than 10 kDa were analyzed using a gel made in-house.
A 15% (w/v) acrylamide Tris-tricine polyacrylamide gel with a 4% stacking gel was
cast for these samples. Samples were mixed with Tris-triscine Buffer (Bio-Rad)
boiled at 100 °C for 5 min using a water bath. Samples and molecular weight ladder
markers were loaded into individual lanes. The gel was run at 70 V for 15 min to
compress the bands through the stacking gel and then at 120 V for 45 min, or until the
smallest ladder marker reached the bottom of the gel. The gels were placed in fixing
solution (50% methanol, 40% water, 10% acetic acid) for 1 h and stained with

coomassie brilliant blue as described above.
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7.2.13 Plasmid isolation

Plasmids were isolated using either a QIAprep Spin Miniprep Kit (Qiagen, Toronto,
ON) or a GeneJET Plasmid Miniprep Kit (Fermentas Canada Inc, Burlington, ON).
Isolations were performed according to manufacturer’s methods and kept at 4 °C
throughout. The plasmids were eluted with Tris-ethylenediaminetetraacetic acid

(EDTA) pH 8 buffer and stored at -20 °C.

7.2.14 Restriction enzyme digest

FastDigest restriction enzymes (ThermoFisher, Waltham, MA, USA) were used
according to manufacturer’s recommendations. NA digestion was performed in 100
pL containing FastDigest buffer (10x, 10 pL), restriction enzymes (Sac/ and Xbal,
2.5 uL each), DNA of interest (20 uL for inserts, 10 uL for vectors), and sterile MQ
water (up to 100 pL total volume). Digest mixtures were incubated at 37 °C for 2 h
and DNA was purified using QIAquick PCR Purification Kit (Qiagen). DNA was

concentrated via ethanol precipitation.

7.2.15 DNA ligation

DNA ligation was achieved using T4 DNA ligase (Invitrogen) as per manufacturer’s
protocol. A molar ratio of 3:1 insert:vector DNA concentration was used in a volume
of 10 pL. Ligation mixtures were incubated at rt for 1 h or at 4 °C overnight.
Resulting plasmids were transformed into desired bacterial cell lines through

electroporation or heat shock treatment.
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7.2.16 Ethanol precipitation

To a sample containing DNA of interest, buffer (0.5 vol eq, 3 M sodium acetate, pH
5.2) and ice-cold ethanol (2.5 vol eq, 95%) were added, vortexed, and incubated at 4
°C overnight. The solution was centrifuged (16 000 g, 20 min, 4 °C) and supernatant
was carefully decanted. To the remaining pellet, ethanol (2.5 vol equiv, 70%) was
added and the tubes were vortexed. The mixture was centrifuged (16 000 g, 15 min, 4

°C), the ethanol was decanted, and the pellets were air-dried at rt for 45 min.

7.2.17 Transformation of chemical competent cells

Frozen tubes containing 50 pL of competent E. coli cells (New England Biolabs,
Ipswitch, MA) were thawed on ice. The appropriate DNA plasmid (2 pL) was
transferred, gently mixed, and incubated on ice for 30 min. Next, the tubes were
transferred to a 42 °C water bath for 30 s and then returned to ice for 2 min. Pre-
warmed (37 °C) Super Optimal Broth (250 pL) was added to each tube and the
mixture was incubated at 37 °C for 45 min. Cell cultures were streaked onto LB hard
agar plates, which contained the corresponding antibiotic for selective growth of

desired plasmid-containing transformants.

Electroporation was also used to transform C. maltaromaticum and E. faecium cells.
Fresh cultures of C. maltaromaticum and E. faecalis cells were prepared the day
before and grown overnight in APT (2% w/v glycine) media. A small aliquot (50 pL)
of culture was transferred to an autoclaved Eppendorf tube on ice containing desired
DNA plasmid (2 pL). Solutions were transferred to 2 mm cuvettes and placed on ice

for 5 min. Individual 2 mm cuvettes were removed from ice, wiped dry, and placed
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within the electroporation system (Bio-Rad). A pulse program for 12 ms, 1000 V, 25
uF, 800 Q was used. Sucrose-enriched media (0.5 M sucrose, 10% w/v glycine, 1
mM MgCl,, 5 mM potassium phosphate, pH 6) was added to the cuvette, mixed
gently using a micropipette, and the whole mixture was transferred to a sterile
Eppendorf tube. Cells were incubated at the strains’ corresponding temperatures for 4

h and then plated as outline above.

7.2.18 Polymerase chain reaction

DNA amplification was achieved by polymerase chain reaction (PCR) using a
Techgene Thermal Cycler (Techne Inc., Burlington, NJ). Platinum Tag polymerase
(Invitrogen, Carlsbad, CA) was used as outlined by manufacturer instructions. In
general, the recipe for PCR mixtures: template DNA (1 pL), forward and reverse
primers (1 pL each), PCR buffer (10x, 10 pL), dNTP (10 mM, 2 uL), MgCl, (2 uL),
polymerase (1 pL), sterile MQ water (up to 100 pL total volume). The solution was
mixed and placed on ice until amplification was started. A typical amplification cycle
involved a denaturing step (45 s, 94 °C), annealing step (30 s, 55 °C), and extension
step (1 min, 72 °C). This was repeated for 25 cycles followed by a final extension step

(5 min, 72 °C).

7.2.19 Agarose gel electrophoresis
Agarose gels (1.2% w/v) were prepared using Ultra-Pure Agarose (Invitrogen) and in

Tris-borate-EDTA (TBE). Stain used was SYBR Safe DNA gel stain (Life
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Technologies, 1/10 000 dilution in DMSO). DNA samples were incubated with 6x
sample buffer (ThermoFisher) for 3 min and loaded onto individual lanes; a
molecular weight DNA ladder marker was added in the last lane. Gels were run at 84
V for 25 min and bands were visualized using an ImageQuant RT ECL Imager (GE
Healthcare Life Sciences, Little Chalfont, UK) or a Dark Reader Transilluminator

(Clare Chemical Research, Dolores, CO).

7.2.20 DNA & protein quantification

Concentration of DNA mixtures was measured using an Implen NanoPhotometer
P360 (Implen Inc, Westlake Village, CA) at 260 nm. Purity from protein
contaminants obtained during digests or ligation was quantified using the 260:280 nm

absorbance reading ratios.

Concentrations of protein were measured using the same machine at 280 nm, with a
path length of 1 cm, and molar extinction coefficients (¢) were calculated based on
sequence using the ProtParam program from ExPASy Proteomics.">’ Concentration
of each sample was determined using Beer’s Law (c=A/bg, where c¢: concentration in
mol/L, A: UV absorbance recorded at 280 nm, b with path length in cm, and e:molar

extinction coefficient in M~ x cm™).

7.2.21 DNA Sanger sequencing
DNA sequencing was performed at the University of Alberta’s Molecular Biology

Service Unit. A BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems,
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Foster City, CA) was employed for sequencing. A typical cycle involved a denaturing
step (40 s, 96 °C), annealing (15 s, 50 °C), and extension (1 min, 60 °C) and usually
30 cycles were performed for sequencing reactions. Ethanol precipitation was used on
the resulting mixture and the purified DNA was analyzed using an ABI 3720 DNA

Analyzer (Applied Biosystems).

7.2.22 Bioinformatics and structural software

DNA and protein data were analyzed using a series of bioinformatics tools. Predicted
and related products of operons were compared using National Center for
Biotechnology Information’s Basic Local Alignment Search Tool (BLAST,
https://blast.ncbi.nlm.nih.gov/Blast.cgi). Sequences of DNA and amino acids were
aligned using Clustal Omega (http://www.clustal.org/ome,ga/).82 Protein and peptide
structures were imaged using University of California - San Francisco’s Chimera
(https://www.cgl.ucsf.edu/chimera/) software or PyMOL'® and previously
determined structures were extracted using their Protein Data Bank (PDB) codes.
Peptide properties were obtained by imputing sequence information into Swiss
Bioinformatics Resource Portal’s ProtParam software on their ExXPASy Proteomics
server (https://web.expasy.org/protparam/).">’ NMRPipe'” and NMRView'® were

used to process raw NMR fid data and perform peak assignments, respectively.
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7.2.23 BCA colorimetry analysis

To determine more precise protein concentrations for CD studies, a Pierce
bicinchoninic acid (BCA) Protein Micro Assay Kit (ThermoFisher) was used as
outlined in the manufacturer’s manual. Samples were aliquoted into 96-well plates
and bovine serum albumin (BSA) was the protein standard. Absorbance readings at

562 nm were measured using a SpectraMax 13x Plate Reader (Molecular Devices).

7.2.24 Circular dichroism spectroscopy

Peptide concentrations were determined using the BCA colorimetry analysis
mentioned in the preceding section. An OLIS DSM 17 CD spectrophotometer with a
thermally controlled quartz cell and a 0.2-mm path length was used to collect circular
dichroism (CD) spectra. Data were collected during five scans from 185 to 255 nm in
1 nm increments at desired temperature. Peptide solutions were prepared in water and
the desired co-solvent (such as TFE or DPC micelles). Results are reported in molar

ellipticity units (deg % cm?” / dmol) and the percent a-helicity of the two peptides was

3000—653;

29000 x 100%.°" This calculation can be used to

calculated using the equation
approximate the a-helix composition of a sample based on the minimum reading at
222 nm (0,2,), which corresponds to the wavelength at which predominant movement
of electron density for the oxygen m > carbon ©* transition is observed for backbone

amide carbonyl in an a-helix.'’

142



7.2.25 MALDI-TOF mass spectrometry

Matrix-assisted laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS) was performed using an AB Sciex Voyager Elite System
(Voyager, Foster City, CA) with delayed extractions. Both positive and negative
mode as well as reflectron and liner methods were used. Matrices chosen were either
3,5-dimethoxy-4-hydroxycinnamic  acid (sinapinic acid) or 4-hydroxy-a-
cyanocinnamic acid (HCCA) and applied in two layers.'®* Prior to sample acquisition,
samples were concentrated, solvent was evaporated to < 20% organic, and if required,
solutions were acidified to pH 3-5 (with 0.1% TFA) and purified using a ZipTip

pipette tip (C4 or C;5, EMD Millipore) as outlined by the manufacturer.

7.2.26 LCMS/MS

Liquid chromatography tandem mass spectrometry (LCMS/MS) was performed on a
quadruple-time of flight (Q-ToF) Premier mass spectrometer (Waters, Milford, MA)
coupled to an ultra-performance liquid chromatographer (Waters). Samples were first
passed through a Waters Symmetry C;3 nanoAquity column trap and Atlantis dC18
nanoAcquity analytical column (100 A pore sizes, 75 pm x 15 ¢cm, 3 um). The trap
was rinsed with solvent A (1% acetonitrile (ACN) and 0.1% formic acid (FA) in
water) to desalt the sample prior to passing through the column, with a gradient of 1
to 60% from the desalting solvent A to solvent B (ACN and 0.1% FA) at a rate of 350
nL/min. Data were processed using software program PEAKS 5.1 (Bioinformatics

Solutions, Waterloo, ON) to determine protein and peptide sequences.'®®
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7.3 Experimental procedures for faerocin MK

7.3.1 Synthesis of FaeMK and SRCAM 602 using SPPS

Wang resin was loaded with Fmoc-L-Arg(Pmc)-OH or Fmoc-L-His(Trt)-OH on a 0.1
mmol scale. To swollen Wang resin (1 g), Fmoc-protected amino acid (0.5 mmol),
HOAt (0.5 mmol), DIC (0.5 mmol), DMAP (0.5 mmol) and DCM/DMF (9:1, 15 mL)
were added. Reaction vessel was shaken at rt for 3 h. The rest of the resin was capped
with acetic anhydride (1 mL) and pyridine (1 mL), shaken at rt for 1 h, and filtered
through a sintered glass funnel. Resin beads were washed with DMF (3 x 10 mL),
DCM (3 x 10 mL), and MeOH (3 x 10 mL), dried, and stored at -20 °C. Following
the previously outlined protocol for Fmoc-based solid-phase peptide synthesis
(SPPS), automated SPPS on a PreludeX instrument was used to obtain both peptides.

Both peptides were purified using C;s RP-HPLC method A.

SRCAM 602 was lyophilized and used without further modifications. The sequence
was confirmed by LCMS/MS and total mass HRMS (ESI) calcd for C;11H307N59058S

[M + 3H]™ 1544.0957, found 1544.0943.

Mass analysis of the FaeMK peptide showed both reduced and oxidized forms of the
peptide. Thus, the fractions containing FaeMK were lyophilized and resuspended in
an oxidizing buffer (§ mM Cys, 1 mM cystine, 100 mM Tris-HCI, pH 8) at
approximately 1 uM peptide and stirred for 2 d under argon to yield a disulphide-

containing FaeMK.'®*

Its sequence was confirmed by LCMS/MS (which also
confirmed the presence of a disulfide bond) and total mass HRMS (ESI) calcd for
C28H333Ng3050S, [M + 4H] ™ 1241.3690, found 1242.1184.
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7.3.2 MIC determination using spot-on-lawn assays

Spot-on-lawn tests were performed using a two-fold serial dilution of FaeMK and
SRCAM 602. A peptide concentration of 64 uM in sterile MQ water (140 pL) was
made and diluted in series to create a total of 16 concentrations. 10 pL of each peptide
concentration was aliquoted onto an agar plate streaked with the desired indicator
strain; plates were incubated as appropriate for the indicator strain. This was repeated

in triplicate to give minimum inhibitory concentrations (MICs) as an average.

7.3.3 Circular dichroism measurements for FaeMK and SRCAM 602

First, protein concentrations were determined using a bicinchoninic acid (BCA)
Protein Micro Assay Kit (ThermoFisher). Kit reagents A:B:C were prepared as a
25:24:1 solution as instructed (10 mL). BSA protein standards were prepared from a
2.0 mg/mL stock following a two-fold serial dilution to create 8 different solutions of
decreasing concentrations. These, along with a set of water blanks, were aliquoted
into a 96-well plate. In the same plate, a two-fold serial dilution was conducted with
FaeMK and SRCAM 602 to yield 3 solutions of different concentrations for each
peptide. All samples were done in triplicate. Kit reagent solution (150 plL) was
dispensed into every well; the plate was shaken slightly to mix and incubated at 37 °C
for 1.5 h. Absorbance readings (562 nm) were measured and normalized to the BSA
standards. FaeMK stock solution was determined to have a concentration of 3.31

mg/mL while SRCAM 602 had concentration of 6.11 mg/mL.

Next, these stock solutions were diluted with TFE to achieve solutions of 0, 25, 50,

and 75% TFE in water for FaeMK (3.31 mg/mL, 2.48 mg/mL, 1.66 mg/mL, 0.83
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mg/mL) and 0, 25, and 50% TFE in water for SRCAM 602 (6.11 mg/mL, 4.58
mg/mL, 3.06 mg/mL). During various NMR trials, FaeMK (1.52 mg/mL) was also
analyzed in a DPC micelle system (180 mM DPC in MQ water). These solutions
were analyzed using an OLIS DSM 17 CD spectrometer and data were collected
during five scans from 185 to 255 nm in 1 m increments at 20 °C. Results are reported

in molar ellipticity units (deg x cm? / dmol) and the percent a-helicity of the two

: : . 3000-6
peptides was calculated using the equation TO(Z)ZZ x 100%.”"

7.3.4 NMR studies of FaeMK

FaeMK (5.96 mg) was dissolved in TFE43:H,O (1:3, 600 pL) to a concentration of 2
mM peptide. DSS (0.01%, 6 pL) was used as an internal standard. This solution was
transferred to a standard 5 mm NMR tube for analysis. A temperature scan was
performed on a Varian 600 MHz spectrometer, with 'H NMR spectra collection at 10
°C intervals from 10 to 50 °C. COSY, TOCSY, NOESY, "*C-HSQC spectra were
acquired at 40 °C on a Varian 700 MHz spectrometer. Spectra were processed using
NMRPipe,'® analyzed using NMRViewJ,'” and chemical shift assignments were

made using TOCSY and NOESY datasets (Table 7.1 1).163

Table 7.11 'H chemical shift assignments for FaeMK

Residue NH Ha Hp Hy Others

Ala 1 7.71  4.41 1.31

Thr 2 891 448 3.95 0.90

Tyr 3 8.61 4.63 2.80 -

Tyr 4 851 4.26 3.06 —

Gly 5 7.76  4.14

Asn 6 8.63 4.40 2.95 2.74 NH 7.34, 6.75

Gly 7 8.10  3.99,3.57
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Val 8

Tyr 9

Cys 10
Asn 11
Lys 12
GIn 13
Lys 14
Cys 15
Trp 16
Val 17
Asp 18
Trp 19
Asn 20
Lys 21

Ala 22
Ser 23
Lys 24
Glu 25
Ile 26

Gly 27
Lys 28
Ile 29

Ile 30

Val 31
Asn 32
Gly 33
Trp 34
Val 35
GlIn 36
His 37
Gly 38
Pro 39
Trp 40
Ala 41
Pro 42
Arg 43

7.48
8.61
8.55
9.20
8.42
8.41
8.46
8.16
9.54
8.00
9.29
8.40
8.47
7.85

8.11
8.16
7.93
8.03
8.16
7.70
7.78
7.80
8.08
8.11
8.03
8.11
7.79
8.09
8.15
7.96

7.54
7.61

8.02

4.34
5.15
5.44
5.10
4.78
4.45
4.11
5.77
4.99
4.67
5.00
4.56
4.57
4.21

4.17
4.25
4.27

3.92
4.25
4.13

3.89
3.90
4.57

4.65
4.22
4.75
3.93,3.70
4.28
4.66
4.53
4.37
4.33

1.93

2.09, 1.43
3.13,3.11
3.59,3.14
2.11,1.91
2.40,2.38
1.98

2.84,2.79
3.44,3.28
1.55

3.20,2.83
3.47,3.25
2.97,2.90
1.96, 1.82

1.43
3.88, 3.81
1.95

2.14
1.92

2.07
1.93
2.74,2.69

3.40
2.40,2.34
3.35,3.19

2.05
3.30,3.21
1.30
2.02
1.93

0.78

1.75,1.59
2.24
1.78,1.61

0.77

1.65, 1.50

1.73,1.63
1.00
1.72, 1.55

1.20
1.14, 0.81

2.04,1.92
1.83

1.98
1.77, 1.66

50.70

NH 7.84, 7.07

01.48,¢2.94, NH 7.55
NH 6.82, 7.54
0 1.55

06.99, €991, -

6 7.37,€10.00, —
NH 7.79, 6.93

0 1.43,£2.94, NH 7.34,
6.93

01.53, £€3.03, NH 8.03
00.93, 0.91

01.43, €3.00

0.85

1.72,0.92, 0.88

NH 7.43, 6.76

0 7.16,¢9.82, -

NH 7.37, 6.73
0729, €845

63.32,3.18
0 717 €10.00

6 3.60, 3.36
0 3.20, NH 7.16, 7.04,
7.57,7.46, 6.77

—, indicates assignments which could not be made due to significant overlap; italics,

indicates values which were made through partial NOE agreements with less than

100% confidence
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7.3.5 Expression and purification of recombinant faeMK SUMO

7.3.5.1 Construction of pET SUMO-FaeMK plasmid

The FaeMK operon nucleotide sequence of 552 bp was ordered from BioBasic Inc
(Markham, ON). The DNA encoding mature FaeMK was amplified by Dr. van
Belkum through PCR using primers MVB274 (5’-GCA ACT TAT TAT GGA AAT
GGT GTA T-3’) and MVB275 (5’-CTA TCT AGG AGC CCA AGG TCC A-3’).
The amplified gene was cloned into pET SUMO expression vector as outlined in the
manufacturer protocols (Invitrogen) and transformed into £. coli Machl. Nucleotide
sequencing was performed on plasmid DNA isolated from the transformants to ensure
that faeMK was in frame with the SUMO protein. Next, the pET SUMO-FaeMK
plasmid was isolated from Machl cells and transformed into E. coli BL21(DE3).
Three glycerol stocks were created from the resulting E. coli transformants and stored

at -80 °C for future use.

7.3.5.2 Expression of SUMO-FaeMK

A tube containing LB broth (10 mL) was inoculated with E. coli BL21(DE3) (pET
SUMO-FaeMK) from frozen glycerol stock and incubated overnight at 37 °C. Terrific
Broth (TB) (24 g yeast extract, 12 g tryptone, 2.31 g potassium dihydrogen
phosphate, 12.64 g potassium hydrogen phosphate, 4 mL glycerol, pH 7.4, 1 L MQ
water) containing kanamycin was prepared and warmed to 37 °C approximately 1 h
prior to inoculation. Starter culture was used to inoculate 400 mL of TB and the
mixture was shaken at 225 rpm at 37 °C until an optical density (ODggo) of 0.9-1.0

was noted, approximately 15 h later. OD measurements were taken using an 8351A
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Diode Array Spectrophotometer (Hewlett Packard, Palo Alto, CA). Culture flasks
were cooled on ice for 15 min following which IPTG (1 mM final concentration) was
added and flasks were incubated at 30 °C for 24 h at 225 rpm. Cells were harvested
the following day and lysed using a cell disruption or sonication. Variations to this

protocol occurred during optimization trials.

7.3.5.3 Purification of SUMO-FaeMK

Nickel-nitrilotriacetic acid (Ni-NTA) Superflow Resin (Qiagen) was used to purify
proteins and peptides with a Hise-tag. Resin slurry (50% suspension in 30% ethanol)
was added to cell lysate containing peptide of interest (at a slurry:peptide ratio of 1:20
mL) and gently shaken for 1 h at 8 °C. The mixture was transferred to an Econo-Pac
gravity-flow chromatography column (Bio-rad) and allowed to flow through by
gravity filtration. Remaining resin was washed with 20 mL of buffer A (50 mM
NaH,PO4, 500 mM NaCl, 20 mM imidazole, pH 8) and 10 mL of buffer B (50 mM
NaH,PO4, 500 mM NaCl, 50 mM imidazole, pH 8). Fusion peptide was eluted using
10 mL of elution buffer (50 mM NaH,PO4, 500 mM NaCl, 200 mM imidazole, pH 8).
Salts were removed by dialysis for 4 h at 8 °C against 4 L Tris buffer (20 mM Tris-
HCI, 150 mM NaCl, pH 8). All fractions were collected and analyzed using SDS-
PAGE. Variations to this protocol occurred during optimization trials, with varying

concentrations of imidazole and volumes used for buffer washes and elution.
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7.3.5.4 SUMO protease digestion of fusion protein

Digestion of the fusion protein SUMO-FaeMK with SUMO protease (McLab, South
San Francisco, CA) resulted in separate Hisc-SUMO and FaeMK protein fragments.
A cleavage cocktail (500 mM Tris-HCI, 150 mM NaCl, pH 8, 10 mM DTT, 10 U
protease/20 pg protein) was prepared and used to achieve complete digestion after 1 h
incubation at rt. Changes to cleavage time, temperature, and cocktail components,
including the addition of IGEPAL CA-630 (Sigma-Aldrich), were assayed during

optimization trials.

7.3.5.5 Purification of FaeMK

Ni-NTA resin (2 mL) was added to the peptide cleavage mixture and incubated for 1
h at 8 °C. Mixture was transferred to a fritted column and flow-through was collected.
Resin was washed with MQ water (3 x 5 mL) and combined fractions were dialyzed
against 1 L MQ water (0.1% TFA) for 4 h at 8 °C. Alternatively, a C8 or C18
cartridge column was performed to eliminate the salts using an increasing
concentration of IPA (0.1% TFA) from 0 to 75% in 25% stepwise increases of four
20 mL fractions. Finally, RP-HPLC was performed using method A with FaeMK
eluting at 33.2 min. Pure fractions were combined and lyophilized to yield
approximately 0.1 mg FaeMK/1 L culture. HRMS and NMR were used to verify the
identity of this compound. Additionally, a spot-on-lawn assay was performed to
confirm activity, using L. monocytogenes as an indicator. Variations to the solvent

systems and types of purification techniques occurred during optimization trials.
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7.3.6 Expression of faeMKI gene products in two heterologous hosts

The faeMKI gene of interest was ordered from BioBasic Inc (Markham, ON) and
amplified by Dr. van Belkum through PCR using primers (5’-ATT TTT GTG AGC
TTG GAC TAG A-3’) and (5’-AGT ACC ATT TGA CTT TGA ACC T -3’). The
552-bp DNA fragment containing the FaeMKI operon (including the gene for the
putative immunity protein) and was bookended by Sacl and Xbal restriction enzyme
recognition sequences. FastDigest restriction enzymes Sac/ and Xbal were used to
digest the fueMKI DNA as well as the pMG36¢ cloning vector.'®® After digestion,
DNA was purified and the insert was ligated with the digested vector to yield
pMG36¢c-faeMKI and transformed into C. maltaromaticum UAL26. The resulting
plasmid was then isolated and transformed into E. faecium BFE 900. As a negative
control, these two strains were also separately transformed with pMG36c¢ vector not
containing any DNA insert. Transformants were grown in their appropriate

incubation conditions and used for deferred inhibition and spot-on-lawn assays.
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7.4 Experimental procedures for teixobactin
7.4.1 Syntheses of truncated LII analogues and H-TriA;
(2Z,62)-3,7,11-trimethyldodeca-2,6,10-trien-1-yl phosphate, ammonium salt (20)

"HaNQ,

o)
AR N
*H4NO \\O
\ \
20

This known monophosphate lipid was synthesized according to literature precedent
with modification to a smaller scale.!'’ To a solution of (Z,2)-3,7,11-trimethyl-2,6,10-
dodecatrien-1-ol 31 (2.4 pL, 8.99 umol) and trichloroacetonitrile (2.2 puL, 21.6 pmol)
in ACN (0.15 mL) a mixture of tetrabutylammonium dihydrogen phosphate (9.2 mg,
21.6 umol) in ACN (0.2 mL) was added dropwise. The mixture was stirred at rt for 8
h after which the solvent was evaporated in vacuo. Crude compound mixture was
purified using ion-exchange chromatography (DOWEX 50WX8). Compound 20 was
isolated as a single peak by C;s RP-HPLC using method B (R; 27.8 min). Sample-
containing fractions were combined and lyophilized to yield a fluffy white solid (1.85
mg, 6.11 pmol, 68%). "H NMR (700 MHz, CD;0D) & 5.44 (t, 1H, J = 6.6 Hz), 5.20-
5.16 (m, 2H), 4.51 (t, 2H, J = 6.6 Hz), 2.14-2.00 (m, 8H), 1.92 (s, 3H), 1.76 (s, 3H),
1.70 (s, 3H), 1.63 (s, 3H); °C NMR (126 MHz, CD;0D) & 136.7, 132.4, 130.8,
125.8, 125.6, 56.7, 33.3, 32.9, 27.7, 27.6, 26.0, 23.7, 23.0, 18.2; HRMS (ESI) calcd

for C15H2704P [M-H]- 3011574, found 301.1574.

152



(2E,6E)-3,7,11-trimethyldodeca-2,6,10-trien-1-yl phosphate, ammonium salt

21

+ - O
H4NO(
4 P'\

=
o = =

*H,NO
21

This known compound was synthesized according to literature precedent with the
following modifications.''® To a solution of (E,E)-3,7,11-trimethyl-2,6,10-
dodecatrien-1-ol (29.6 pL, 0.11 mmol) and trichloroacetonitrile (27.6 puL, 8.99 umol)
in ACN (0.25 mL) a mixture of tetrabutylammonium dihydrogen phosphate (114.5
mg, 0.34 mmol) in ACN (0.5 mL) was added dropwise. The mixture was stirred at rt
for 16 h after which solvent was evaporated in vacuo and separated as outlined above.
Compound 21 was isolated as a single peak by RP-HPLC method B (R;=27.2 min)
and lyophilized to yield a fluffy white solid (34.1 mg, 0.08 mmol, 71%). '"H NMR
(700 MHz, CD;0D) 6 5.41 (m, 1H), 5.13 (m, 2H), 4.39 (m, 2H), 2.16-2.01 (m, 8H),
1.97 (s, 3H), 1.69 (s, 6H), 1.61 (s, 3H); *C NMR (126 MHz, CD;0D) § 139.6, 135.5,
132.0, 124.3, 123.4, 123.0, 54.8, 33.7, 33.4, 26.7, 26.4, 23.4, 23.0, 22.1, 17.3; *'P

NMR (162 MHz, CD;OD) 6 1.32; HRMS (ESI) caled for C;sHy;O4P [M-H]

301.1574, found 301.1568.
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Undecaprenyl phosphate, ammonium salt (22)

Known compound 22 was synthesized using the same protocol outlined above.''’ Bay
leaf-extracted undecaprenol (2.0 mg, 2.61 umol) and trichloroacetonitrile (0.6 pL,
6.26 pumol) in ACN (0.1 mL) were added to a reaction vial. A mixture of
tetrabutylammonium dihydrogen phosphate (1.8 mg, 5.22 umol) in ACN (0.5 mL)
was added dropwise. The mixture was stirred at rt for 16 h after which solvent was
evaporated in vacuo an separated as outlined above. Compound 22 was isolated as a
single peak by C;s RP-HPLC method B (R;= 16.1 min) and lyophilized to yield a
white solid (1.35 mg, 1.59 umol, 61%). HRMS (ESI) calcd for CssHooO4P [M-H]

8.45.6582, found 845.6591.

(2Z,62)-3,7,11-trimethyldodeca-2,6,10-trien-1-yl diphosphate, ammonium salt

(23)

P

7\

Q" ONH,
+H4N'O—|?=O

O'NH,*

23

This known pyrophosphate lipid was synthesized using a previously reported protocol

111

with the following modifications. " To a dry 4 mL vial containing a stir bar and dry
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DCM (100 pL) under argon, trimethylamine (10 pL, 72.0 pumol), lithium chloride
(2.0 mg, 46.8 pmol), and 20 (2.0 mg, 8.98 umol) were added and the mixture was
cooled to 0 °C for 15 min. Methanesulfonyl chloride (52.2 uL, 0.67 mmol) was added
dropwise and the reaction was stirred at rt for I h. DCM (1 mL) and water (1 mL)
were added to dilute and quench the reaction. Extractions (3 x 1 mL DCM) and
washes with 1 M HCI (1 mL) and brine (1 mL) were followed by drying over MgSO4
for 10 min and solvent was removed in vacuo. Crude material was dissolved in ACN
(100 pL) and added dropwise to a stirring mixture of Tris(tetrabutylammonium)
hydrogen phosphate (24.3 mg, 54.0 umol) dissolved in ACN (500 pL) at 0 °C. The
mixture was warmed to rt and allowed to stir at rt for 6 h. Solvent was removed in
vacuo and purification was performed as previously described. Compound 24 was
isolated as a single peak by C;3 RP-HPLC method B (R;= 34.3 min) as a white solid
(1.79 mg, 4.67 umol, 52%). 'H NMR (700 MHz, CD;0D) & 5.45 (m, 1H), 5.14-5.13
(m, 2 H), 4.52 (m, 2H), 2.12-2.02 (m, 8H), 1.73 (s, 3H), 1.70 (s, 3H), 1.68 (s, 3H),
1.61 (s, 3H); °C NMR (126 MHz, CD;0OD) & 136.7, 132.4, 130.8, 125.8, 125.6, 56.7,
33.3,32.9, 27.7, 27.6, 26.0, 23.7, 23.0 18.2; *'P NMR (162 MHz, CD;0D) & -7.98 to

-10.21 (m, 2P); HRMS (ESI) calcd for C;5sH»7;07P, [M-H] 381.1237, found 381.1230.
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(2E,6E)-3,7,11-trimethyldodeca-2,6,10-trien-1-yl diphosphate, ammonium salt
(24)
ONH,"
"HN'0—P=0

Od P/p

~o = g 4

. _
H,NO
24

This known compound was synthesized using a previously reported protocol with the

following modifications.'"!

To a dry 4 mL vial containing a stir bar and dry DCM
(500 pL) under argon, trimethylamine (125 pL, 0.89 mmol), lithium chloride (24.8
mg, 0.58 mmol), and (£, E)-3,7,11-trimethyl-2,6,10-dodecatrien-1-ol (29.6 pL, 0.11
mmol) were added and the mixture was cooled to 0 °C for 15 min. Methanesulfonyl
chloride (52.2 puL, 0.67 mmol) was added dropwise and the reaction was stirred at rt
for 1 h. DCM (1 mL) and water (1 mL) were added to dilute and quench the reaction.
Extractions (3 x 1 mL DCM) and washes with 1 M HCI (1 mL) and brine (1 mL) was
followed by drying over MgSOj4 for 10 min and solvent was removed in vacuo. Crude
material was dissolved in ACN (250 pL) and added dropwise to a stirring mixture of
Tris(tetrabutylammonium) hydrogen phosphate (304 mg, 0.033 mmol) dissolved in
ACN (500 pL) at 0 °C. The mixture was warmed to rt and allowed to stir at rt for 6 h.
Solvent was removed in vacuo and purification was performed as previously
described. Compound 24 was isolated as a single peak by RP-HPLC method B as a
white solid (22.8 mg, 0.06 mmol, 53%). 'H NMR (700 MHz, CD;0D) & 5.47 (m, 1
H), 5.17-5.12 (m, 2H), 4.58-4.56 (m 1H), 4.44-4.41(m, 1H), 2.21-2.00 (m, 8H), 1.82
(s, 3H), 1.77 (s, 3H), 1.72 (s, 3H), 1.70 (s, 3H); *'P NMR (162 MHz, CD;OD) & -9.08
(d, J =21.2 Hz), -9.59 (d, J = 18.6 Hz); HRMS (ESI) calcd for C;sH»;0,P, [M-H]

381.1237, found 381.1235.
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Undecaprenyl pyrophosphate, ammonium salt (25)

*HNOL ©
g ?
O=|';’—O'NH4+

25

This known undecaprenyl pyrophosphate was synthesized using a previously reported
protocol with the following modifications.'"' To a dry 4 mL vial, DCM (100 pL),
trimethylamine (3.1 pL, 21.9 pumol), lithium chloride (0.6 mg, 14.2 umol), and Bay
leaf-extracted undecaprenol (2.1 mg, 2.74 pmol) were added and the mixture was
cooled to 0 °C for 10 min. Methanesulfonyl chloride (13.0 pL, 16.4 umol) was added
dropwise and the reaction was stirred at rt for 1 h. Mixture was quenched and
extracted as outlined previously. Compound 25 was purified as above to yield a white
solid (1.28 mg, 1.18 pmol, 49%). >'P NMR (162 MHz, CD;0D) & -7.98 to -10.21 (m,

2P); HRMS (ESI) caled for CssHy,O7P, [M-H]™ 925.6240, found 925.6015.
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Z,Z-farnesyl pyrophosphate N-acetylglucosamine, ammonium salt (26)

Coupling of the sugar phosphate with the lipid phosphate was achieved using a
literature protocol to synthesise this known compound with the following
modifications.'”* To a dry reaction vessel, 20% w/w Pd(OH),/C (15 mg) and MeOH
(4 mL) were added. Next, N-acetylglucosamine phosphate 35 (90 mg) was dissolved
in MeOH (1 mL) and added dropwise, the solution was washed with water (3 x 5
mL), and stirred at rt for 30 min. The mixture was filtered and DIPEA (1 mL) was
added to filtrate. Solvent was evaporated and the crude mixture was resuspended in
THF (3 mL). DIC (50 mg) was added and mixture was stirred at rt for 2 h. The
reaction was quenched with MeOH, stirred for 1 h at rt, and then solvents were
evaporated. To a fresh vial, Z Z-farnesyl phosphate 20 (3.2 mg, 8.81 umol) was added
along with the crude mixture (51.8 mg) and allowed to stir for 78 h at rt. A C;g solid-
phase extraction cartridge (50 mM ammonium bicarbonate to 5% ACN) was used to
purify the intermediate; fractions containing desired product were combined and
lyophilized to yield a beige solid. Global deprotection was achieved by dissolving the
crude in 1,4-dioxane (1.5 mL) and 1 M NaOH (1.5 mL), and allowing the mixture to
stir at 37 °C for 2 h. Crude was purified via C;3 solid-phase extraction cartridge (50

mM ammonium bicarbonate to 50% ACN) to yield 26 as a white fluffy powder (1.60
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mg, 2.73 umol, 31% over 3 steps). IR (cast film, DCM): 3072, 2915, 2546, 1921,
1672, 1621, 1449, 1430, 1329, 1100, 1046, 999, 880, 934, 697, 659 cm '; 'H NMR
(600 MHz, D,0) & 5.44 (dd, J = 7.0, 3.0 Hz, 1H), 5.41 (t, J = 7.0 Hz, 1H), 5.16 (m,
2H), 4.41 (t, J = 6.9 Hz, 1H), 3.94 (m, 1H), 3.88 (m, 1H), 3.84 (m, 1H), 3.78-3.74 (m,
2H), 3.50 (t, J = 9.4 Hz, 1H), 2.11-2.05 (m, 8H), 2.02 (s, 3H), 1.73 (s, 3H), 1.65 (s,
6H), 1.59 (s, 3H); °C NMR (126 MHz, D,0) 3174.8, 143.1, 137.0, 133.7, 124.8,
124.4,120.5, 94.7,73.2, 71.2, 69.7, 63.0, 60.5, 53.8, 31.6, 31.1, 26.0, 25.9, 25.0, 22.8,
22.7,22.2,17.2;°'P NMR (162 MHz, D,0) & -10.70 (d, J=21.0 Hz, 1P), -13.04 (d, J
= 21.0 Hz, 1P); HRMS (ESI) caled for C,3H4NO,P, [M-H] 584.2031, found

584.2038.

(£)-6,10-dimethylundeca-5,9-dien-2-one (30)

@)

30

This known compound was synthesized using a literature protocol with the following
modifications.'®’ To a solution of nerol (40.0 g, 0.259 mol) in diethyl ether at -20 °C,
phosphorous tribromide (45.7 mL, 0.259 mol) was added dropwise. The reaction
mixture was stirred for 2 h, then allowed to warm to 0 °C. Upon completion as
detected by TLC, reaction mixture was quenched with ice-cold water (500 mL) and
extracted with Hex (3 x 250 mL). Combined organic layers were dried over MgSQO4

and concentrated in vacuo. Crude neryl bromide (101.8 g, 0.469 mol) was added to
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potassium carbonate (84.5 g, 0.610 mol) and ethyl acetoacetate (150 mL, 1.175 mol)
in Ace (350 mL) and refluxed for 12 h at 65 °C. The mixture was cooled to rt,
quenched with NH4CI (250 mL), poured into water (250 mL) and extracted with
diethyl ether (3 x 250 mL). The organic layer was dried over MgSO, and
concentrated in vacuo. Crude alkylation product (1.0 g, 3.75 mmol) was dissolved in
rt MeOH (50 mL) and 5 M potassium hydroxide (0.694 g in 25 mL water, 10.51
mmol) was added followed by a 2 h reflux at 80 °C. Reaction was cooled to 0 °C and
quenched by dropwise acidification with 6 M HCI (50 mL), followed by extraction
with diethyl ether (3 X 250 mL). The combined organic layers were dried over
MgSO, and concentrated in vacuo. The crude product was separated from starting
material by flash chromatography (0-10% EtOAc in Hex) and concentrated in vacuo
to yield 30 (676 mg, 3.48 mmol, 93%). 'H NMR (700 MHz, CDCl3) & 9.99 (s, 1H),
5.89-5.88 (m, 1H), 5.09-5.07 (m, 2H), 2.22 (s, 4H), 2.04 (s, 4H), 1.68 (s, 6H), 1.60
(3H), 1.56 (s, 3H); °C NMR (176 MHz, CDCl3) § 191.3, 163.9, 136.6, 131.5, 127.5,
124.2, 122.5, 40.7, 39.7, 28.5, 26.7, 25.7, 17.7, 17.7, 16.1; HRMS (ESI) calcd for

C13H,,0 [M + H]" 195.1878, found 195.1876.

(27,62)-3,7,11-trimethyldodeca-2,6,10-trien-1-ol (31)

HO X

N

31

This known compound was synthesized using a modified method.'®’ In a dry RBF,

the Wittig reagent was prepared by dissolving methyltriphenylphosphenyl bromide
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(3.4 g,9.38 mmol) in THF (80 mL). To this solution, n-butyllithium (4 mL, 9.38
mmol) was added dropwise and the solution was left to stir for 30 min at 0 °C. The
reaction was cooled to -78 °C for 10 min, followed by the dropwise addition of (Z)-
6,10-dimethylundeca-5,9-dien-2-one 30 (2 mL, 8.92 mmol). The reaction as allowed
to stir for 1 h after which sec-butyllithium (7.7 mL, 11.6 mol) was added dropwise.
The mixture was allowed to stir at -78 °C for 2 h prior to being placed in an ice bath
at 0 °C. Paraformaldehyde solution (70 mL THF, approx. 33.76 mmol formaldehyde)
was heated at 120 °C and transferred via cannulation into the reaction vessel and
allowed to stir for 30 min at 0 °C. The reaction was warmed to rt and stirred for an
additional 2.5 h before being quenched by water (80 mL). The solution was extracted
into Hex (3 x 40 mL), organic layer was dried over MgSO4 and concentrated in
vacuo. Cold Hex were added to precipitate triphenylphosphine oxide, which was
removed by filtration. /n vacuo concentration was followed by purification via flash
chromatography (1:99 EtOA:Hex) to yield the desired product 31 as a colourless oil
(0.96 g, 4.31 mmol, 46%). IR (neat film): 3326, 2962, 2855, 1666, 1442, 1474, 1001
cm™; "H NMR (500 MHz, CDCls) & 5.45 (m, 1H), 5.12-5.10 (m, 2H), 4.11 (d, J= 6.9
Hz, 2H), 2.11-2.04 (m, 8H), 1.75 (s, 3H), 1.70 (s, 6H) 1.62 (s, 3H); °C NMR (126
MHz, CDCl;) 6139.8, 136.1, 131.7, 124.6, 124.5, 124.2, 59.0, 33.2, 31.9, 26.7, 26.3,
25.7, 23.4, 23.3, 17.6; HRMS (ESI) calcd for C;sH,sNaO [M+Na]" 245.1876, found

245.1879.
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(BR,4R,58,6R)-3-acetamido-6-(acetoxymethyl)tetrahydro-2H-pyran-2,4,5-triyl
triacetate (33)
AcO
AC%’O
AcO
AcHN OAc
33

Preparation of this known phosphorylated monosaccharide was achieved using a
literature method with modifications.''? To a dry RBF, N-acetylglucosamine (2.5 g,
11.3 mmol), ACN (75 mL) and trimethylamine (18.9 mL, 125.6 mmol) were added
and the reaction vessel was cooled to 0 °C for 10 min. Acetic anhydride (22.6 mL,
203.4 mmol) was added dropwise and the reaction was stirred at 0 °C for 2 h, then
warmed to rt and stirred for an additional 2 h. The reaction mixture was once again
cooled to 0 °C and MeOH (25 mL) was added and the resulting mixture was stirred
for 30 min. The solvent was evaporated in vacuo and resuspended in DCM (75 mL)
then washed with 1 M HCI (50 mL), saturated NaHCO3 (2 x 50 mL), brine (50 mL)
and dried over Na,SO4 for 10 min. Flash chromatography (2:1 to 1:1 Hex:Ace) was
used to purify 33 as a white solid (2.23 g, 5.99 mmol, 53%). Rf=0.74 (1:1 Hex:Ace);
[a]”p = + 78.83 (¢ = 1.16, CHCl3); IR (CHCls, cast film): 3291, 2955, 1748, 1662,
1239 cm'; "H NMR (700 MHz, CDCls) & 6.17 (d, J = 3.7 Hz, 1H), 5.52 (d, J = 9.0
Hz, 1H) 5.25-5.5.20 (m, 2H), 4.49-4.48 (m, 1H), 4.25 (dd, 1H, J=12.5, 4.2 Hz), 4.07
(dd, J=12.5, 2.4 Hz, 1H) 3.99 (m, 1H), 2.20 (s, 3H), 2.09 (s, 3H), 2.06 (s, 3H), 2.05
(s, 3H), 1.94 (s, 3H); °C NMR (176 MHz, CDCl;) § 171.8, 170.7, 169.3, 169.1,
168.6, 90.8, 70.8, 69.8, 67.5, 61.6, 51.1, 23.1, 21.0, 20.8, 20.7, 20.6; HRMS (ESI)

caled for C1gHa3NO o [M+Na]™ 412.1214, found 412.1213.
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(2R,35,4R,S5R)-5-acetamido-2-(acetoxymethyl)-6-hydroxytetrahydro-2 H-pyran-
3,4-diyl diacetate (34)

OAc

AcO (0]
AcO
AcHN

OH
34

This known monoccharide was synthesized using a literature method with the
following modifications.''? To a solution of peracetylated N-acetylglucosamine 33
(4.05 g, 10.4 mmol) dissolved in DMF (50 mL), hydrazine acetate (1.17 g, 12.7
mmol) was added and the solution was stirred at rt for 1.5 h. The solvent was
removed in vacuo and the mixture was purified using flash chromatography (1:2
Hex:Ace) to yield a yellow oil (3.04 g, 8.74 mmol, 84%). Ry = 0.2 (1:2 Hex:Ace);
[a]®p = + 35.17 (¢ = 0.46, CHCl3); IR (CHCls, cast film): 3291, 2955, 1748, 1662,
1239 cm'; '"H NMR (700 MHz, CDCl3) 8 5.79 (d, J = 9.4 Hz, 1H), 5.30-5.28 (m,
2H), 5.14 (appt. d, J = 10.1 Hz, 1H), 4.21-4.20 (m, 1H), 4.14-14.13 (m, 2H), 4.11-
4.10 (m, 1H), 2.02 (s, 3H), 2.01 (s, 3H), 2.00 (s, 3H), 1.96 (s, 3H), 1.81 (s, 3H); "*C
NMR (126 MHz, CDCls) 8 171.4, 170.8, 170.6, 170.2, 169.3, 91.7, 70.9, 68.2, 67.7,
62.0, 522, 253, 232, 20.7, 20.3; HRMS (ESI) caled for C;4H3NOy

[M+Na]" 370.1109, found 370.1109.
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(2R,3S,4R,5R,6R)-5-acetamido-2-(acetoxymethyl)-6-

((bis(benzyloxy)phosphoryl)oxy)tetrahydro-2H-pyran-3,4-diyl diacetate (35)

OAc
AcO O
AcO
A
cHN o /,O
/P\O
35

Synthesis of this known phosphorylated monosaccharide was achieved using a

"2 In a flame-dried RBF, anomerically

literature method with modifications.
deprotected N-acetylglucosamine 34 (0.21 g, 0.59 mmol) and tetrazole solution
(13.19 mL, 5.9 mmol) were added to a RBF containing DCM (15 mL). The reaction
mixture was placed at -40 °C for 10 min prior to the dropwise addition of dibenzyl
N,N-diisopropylphosphoamidite (1.0 mL, 3.0 mmol). The reaction was stirred at rt for
3 h and then cooled to -78 °C. Meta-Chloroperoxybenzoic acid (1.0 g, 5.9 mmol) was
first dissolved in DCM (5 mL) then added dropwise to the reaction flask. The reaction
was warmed to rt and allowed to stir for 16 h. The reaction mixture was washed with
saturated NaHCO3 (15 mL), water (15 mL), and brine (15 mL). The organic layer
was dried with MgSO, and purified using flash chromatography (2% MeOH in DCM)
to yield 35 as a white foam (0.26 g, 0.43 mmol, 72% yield), R = 0.90 (1:9
MeOH:DCM). [a]*’p =+ 53.72 (¢ = 0.34, CHCl3); IR (CHCI;, cast film): 3278, 3067,
2995, 1751, 1682, 1549, 1456, 1368, 1240, 1037 cm '; '"H NMR (700 MHz, CDCl3) &
7.40-7.34 (m, 10H), 5.66 (dd, J = 3.0, 5.9 Hz, 1H), 5.58 (d, J = 9.2, 1H), 5.14-5.03

(m, 6H), 4.39-4.34 (m, 1H), 4.12 (dd, J = 4.0, 12.5 Hz, 1H), 4.11-4.10 (m, 1H), 3.95-
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3.90 (m, 1H), 3.89 (dd, J=2.2, 12.5 Hz, 1H), 2.02 (s, 3H), 2.00 (s, 3H), 1.99 (s, 3H),
1.70 (s, 3H); *C NMR (126 MHz, CDCl3) 8 171.2, 170.6, 170.2, 169.2, 129.0, 128.9,
128.8, 128.2, 128.1, 96.3, 96.2, 70.2, 70.1, 70.0, 69.9, 69.8, 69.7, 67.2, 61.3, 51.9,
51.8, 22.8, 20.7, 20.6, 20.5; *'P NMR (162 MHz, CDCl5) & -2.35; HRMS (ESI) calcd

for CosH34NNaO,P [M+Na]* 630.1711, found 630.1710.

H-TriA,, unacylated tridecaptin A; (38)

Hzl\l\:/:\[c])’ng)?\m/\[r kaA{ I ﬁ\rfj @i”\/g{“ﬁkuj\g%

38

Unacylated tridecaptin A; was synthesized as previously described by our group
through Fmoc-based SPPS.'* Compound 38 was cleaved from resin and isolated by
C13 RP-HPLC method B in a single peak (R;=23.2 min) as white fluffy solid (8.2 mg,

30%); HRMS (ESI) caled for CgqHi0oN 7015 [M+H]" 1394.7447, found 1394.7442.

7.4.2 Isothermal titration calorimetry

An MCS isothermal titration calorimeter (Microcal, Northhampton, MA) was used to
perform calorimetric experiments of teixobactin (and its four analogues) binding to
lipid II (and its analogues). A 10 uM solution of peptide and a 100 uM of lipid were

prepared in the same buffer (10 mM Tris-HCI, 150 mM NaCl, pH 7) and degassed by
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stirring under vacuum at 15 °C for 8 min. The lipid solutions were titrated into the
peptide solutions at 25 °C with the following specifications: reference power = 17
pal/s, syringe-stirring speed = 300 rpm, injection volume = 10 pL, number of
injections = 29, initial delay = 60 s, time between injections = 300 s. The change in
heat during each titration was registered in real time and data were processed using
the provided Origin® 7 software. Control experiments were performed with buffer
blanks to determine the background observed for heat of dilution during titration.
Experiments were performed in triplicate and averages are reported; a standard

deviation between 27.2 — 1.7 nM was observed over all completed trials.

7.4.3 NMR trials of Txb with Z,Z-Cys-LII-Lys

Txb was dissolved in a series of deuterated solvent systems (600 pL) to a
concentration of 2 mM peptide. The lipid was added to a 1 mM concentration to
preserve the 2:1 expected binding ratio. TMS (0.01%, 6 pL) was used as an internal
standard and if exchangeable protons were a concern, H,O was added to ensure
backbone amides would still be detected. pH control was achieved using a nano-pH
probe and adjustment with TFA, if required. During the transfer to a standard 5 mm
NMR tube for analysis, precipitation was observed at the bottom of the tube. Solvent
was decanted and it was confirmed that the precipitate was Txb though mass analysis.
Various solvent systems, pH ranges, and temperatures were assayed. A mixture
containing the least amount of precipitate (3:1 DMSO:aqueous phosphate buffer) by

visual inspection was analyzed using a Varian 600 MHz spectrometer at 26 °C. This
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yielded a good spectrum of lipid but not sufficient Txb stayed dissolved in solution to

obtain adequate data for a full assignment.

7.4.4 Synergistic assays

The method to determine MICs for Txb was through a modified broth microdilution
protocol from the Clinical and Standards Laboratory Institute.'”® Antimicrobial
peptides were dissolved in Muller-Hinton Broth (MHB) medium and serial dilutions
were made across a 96-well plate. Txb and analogue stock solutions were 90 pg/mL,
H-TriA, stock solution was 12.5 pg/mL, PMBN solution was 30 pg/mL, and the
vancomycin control was 400 pg/mL. In the case of synergistic assays, dilutions were
made in the x-axis for Txb, Txb analogues, and vancomycin and in the y-axis for H-
TriA; and PMBN. Control wells containing no antibiotics were also used for each
trial. One plate was used for each indicator organism and each well was inoculated to
reach a final inoculum of 5%10° colony forming units per mL. Using ODgg readings
normalized to a negative control, MICs were recorded as the lowest concentration at
which no growth was detected after 24 h, or 48 h for K. prneumoniae, incubation.
Each assay was performed in triplicate and average MICs are reported. Absorbance
readings were taken on a SpectraMax i3x Plate Reader (Molecular Devices,

Sunnyvale, CA) at 0, 24, and 48 h.

167



7.5 Experimental procedures for tridecaptin

7.5.1 NMR sample preparation of TriA,, LII, and co-samples

Both peptide and lipid were assayed individually as well as in combination, at a 1:1
ratio in 120 mM DPCgyss or oxo-analogues DPCg36. Oct-TriA; concentration was 4
mM and Z,Z-C;s LII-DAP was 4 mM. Samples were dissolved in a 10 mM phosphate
buffer D,O:H,0O (1:9, 300 uL) and pH was adjusted to 6.0. TMS (0.01%, 2 uL) was
used as an internal standard. This solution was transferred to a 5 mm Shigemi-D,0O
NMR tube for analysis. A temperature scan was performed on a Varian 600 MHz
spectrometer, with "H NMR spectra collection at 10 °C intervals from 10 to 60 °C.
COSY, TOCSY, NOESY, 13C-HSQC, BC-HMBC spectra were acquired at 27 °C on
the same spectrometer. To confirm reproducibility, select samples were prepared
fresh and duplicate experiments were performed. Spectra were processed using
NMRPipe,'® analyzed using NMRViewJ,'™ and chemical shift assignments were

made using TOCSY and NOESY datasets.'®’

The following sections contain the chemical shift assignments of Oct-TriA; alone in
DPCgy3s micelles as well as in the four oxoDPCg36 analogues, the chemical shift
assignments of Z,Z-C;s LII-DAP alone in DPCg3s micelles as well as in the four
oxoDPCj;¢ analogues, and finally the chemical shift assignments of both Oct-TriA;
and Z,Z-C,5 LII-DAP in DPCg43s micelles as well as in 60x0DPCg36 and 100x0DPCyze.
Unfortunately, due to the gel formation and the lysis of LII, assignments were not
possible in the other two oxo analogues. The blue headings are used for Oct-TriA;
assignment tables and green headings are used for Z Z-C;s LII-DAP assignment

tables.
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7.5.2 Chemical shift assignments for Oct-TriA;

Table 7.12 'H chemical shift assignments for Oct-TriA; in DPCss

Residue NH Ha Hp Hy Others
lipid 234,225 156,158 1.24 1.23,1.22,1.21, 0.81
D-Vall 7.76  4.26 2.09 0.90
D-Dab2  8.63 4.79 2.17,2.02 2.96
Gly3 8.4 4.04,3.85
D-Ser4 8.15 4.76 3.67

E1=10.52,D1="7.25,
D-Trp5 72=17.41,H2=17.01,

8.43 4.69 3.18 73=6.93,E3=749

Ser6 8.55 4.03 3.73,3.44
Dab7 8.5 431 2.17,2.00 3.01
D-Dab8 8.01 4.44 2.06,1.83 2.83

D1,D2,Z2=17.21,
Phe9 8.54 4.80 3.08,2.93 ElE2=7.14
Glul0 827 4.54 1.99,1.86 2.28
Valll 8.18 4.55 1.91 0.92
D-alle1l2 8.09 4.44 1.91 1.41 yCH; =1.16, 3 =0.90
Alal3 8.19 4.15 1.34

Table 7.13 'H chemical shift assignments for Oct-TriA; in 30x0DPCy34

Residue NH Ha Hp Hy Others
lipid 234,225 1.58,1.55 1.24 1.22,0.82
D-Vall 7.77 4.3 2.08 0.89
D-Dab2 8.62 4.86 2.15,2.00 2.92
Gly3 - -
D-Ser4 - - 3.64
- 4.75 3.18 E1=10.52, D1 =7.24,
D-Trp5 72 =17.40,H2=17.02,
73=6.92,E3=7.49
Ser6 8.58 4.04 3.73,3.47
Dab7 8.53 4.33 2.16,1.97 3.00
D-Dab8 - - - -
- - 3.06 D1, D2,7Z=17.20,
Phe? El,E2=7.11
Glu10 - - - -
Valll - - 1.88 0.92
D-allel2 4.44 1.9 1.46 yCH; =1.15,8=0.90
Alal3 823 4.16 1.32
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Table 7.14 'H chemical shift assignments for Oct-Trid; in 50x0DPCy3s

Residue NH Ha Hp Hy Others
lipid 235,226 1.58,1.55 1.25 1.23,1.21, 1.18, 0.82
D-Vall 7.76 4.29 2.10 0.90, 0.91
D-Dab2  8.62 4.86 2.15,2.00 2.93
Gly3 8.43 4.08,3.81
D-Ser4 8.16 4.82 3.67
E1=10.52, D1 ="7.25,
D-Trp5 851 4.75 3.19 72=17.41,H2=17.01,
73 =6.94,E3=7.50
Ser6 8.58 4.03 3.74, 3.47
Dab7 8.53 4.33 2.16,1.99 3.02
D-Dab8  7.98 4.48 2.07,1.83 2.82
D1, D2, Z=17.20,
Phe9 8.60 - 3.07 El E2=7.14
Glul0 8.30 4.63 1.99,1.85 2.25
Valll 8.21 4.19 1.89 0.92
D-allel2 8.10 4.45 1.97 1.45 yCH;3 =1.18, 8 = 0.90
Alal3 821 4.16 1.33

Table 7.15 'H chemical shift assignments for Oct-TriA; in 60xoDPCy34

Residue NH Hao Hp Hy Others
lipid 2.35,2.25 1.55 1.24 1.22,1.21, 1.20, 0.82
D-Vall 7.75 4.28 2.10 0.90
D-Dab2 8.62 4.84 2.18,2.01 2.95
Gly3 8.43 4.05,3.84
D-Ser4 8.15 4.79 3.67
E1=10.52, D1 =17.26,
D-Trp5 8.46 4.73 3.17 72 ="741,H2="7.02,
Z3=6.94,E3=17.50
Ser6 8.58 4.03 3.74,3.47
Dab7 8.52 4.33 2.17,2.00 3.02
D-Dab8 798 4.47 2.06,1.84 2383
D1,D2,7Z=17.20,
Phe9 8.58 4.84 3.08 El E2 - 7.14
Glul0 8.30 4.57 1.98,1.85 225
Valll 8.21 4.58 1.9 0.92
D-alle12 8.12 441 1.9 1.43 yCH;=1.18,8=0.90
Alal3 8.19 4.16 1.33
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Table 7.16 'H chemical shift assignments for Oct-Trid; in 100x0DPCsq

Residue NH Ha Hp Hy Others
lipid 2.35,2.25 1.55 1.24 1.22,1.21, 1.20, 0.82
D-Vall 7.74 4.28 2.10 0.90, 0.89
D-Dab2  8.61 4.85 2.16,2.01 2.94
Gly3 8.40 4.05,3.84
D-Ser4 8.15 4.80 3.67
E1=10.52, D1 ="7.25,
D-Trp5  8.48 4.76 3.18 72=17.41,H2=17.02,
73 =6.94,E3=7.50
Ser6 8.58 4.02 3.74, 3.47
Dab7 8.52 4.33 2.17,1.99 3.01
D-Dab8  7.98 4.47 2.07,1.83 2.82
D1, D2, Z=17.20,
Phe9 8.58 4.84 3.08 El E2=7.14
Glul0 831 4.57 1.99,1.85 2.25
Valll 8.21 4.58 1.89 0.92
D-alle12 8.10 4.46 1.96 1.42 yCH3 =1.18, 5 = 0.87
Alal3 8.19 4.15 1.32

7.5.3 Chemical shift assignments for Z,Z-C;s LII-DAP

Table 7.17 'H chemical shift assignments for 2,Z-C;s LII-DAP in DPC s

Residue NH Hoa Hp Hy Others
HI =453, H2=3.71, H3 = 3.53, H4 =
GleNAc 833 3.39, H5 = 3.53, CH, = 3.69 & 3.84,
Ac=2.00
HI = 5.46, H2 = 3.99, H3 = 3.69, H4 =
MurNac 8.8 3.87,H5 =338, CH, = 3.89 & 3.62,
Ac=2.00, OCH = 442, CH; = 1.37
Alal 823 432 139 823
D-Gl2 806 415 235 1o
1.91
DAP3 824 419 |0 142 5=173,6=3.71,NH,=8.14,8.26
D-Alad 834 429 134
D-Ala5 798 416 133
H1 =441, H2 =540, H4= 172,
. H5 =2.11, H6 = 2.09, H7 = 5.16,

H9 =1.66, H10 = 2.05, H11 = 2.05,
HI12=5.17, H14=1.66, H15 =1.60
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Table 7.18 'H chemical shift assignments for 7,Z-C;s LII-DAP in 30x0DPC 36

Residue NH Ho Hp Hy Others
H1=4.53,H2=3.70, H3 =3.53, H4 =

GIcNAc 8.36 3.38, H5 =3.53, CH, = 3.69 & 3.84,
Ac=2.00
H1 =545, H2=3.98, H3=3.70, H4 =
MurNac 8.21 3.87, H5=3.38, CH, =3.89 & 3.71,
Ac=2.01,0CH=4.41,CH;=1.36
Alal 824 431 1.38
2.10,
D-Glu2 8.12 4.18 2.34
1.91
1.88,

DAP3 823 4.18 177

D-Ala4 835 428 1.33
D-Ala$ 8.01 4.18 1.33

143 8=1.73,e=3.69

Hl=4.41,H2=5.42, H4=1.73,
H5=2.10, H6 = 2.08, H7 = 5.15,
H9 =1.66, H10 =2.01, H11 = 2.02,
HI12=5.11, H14=1.64, H15=1.58

Cis

Table 7.19 'H chemical shift assignments for 2,Z-C;s LII-DAP in 50x0DPC36

Residue NH Ho Hp Hy Others

H1=4.53,H2 =3.70, H3 = 3.53, H4 =

GlcNAc 8.36 3.38, H5 =3.69, CH, = 3.68 & 3.84,
Ac=2.00
H1 =5.44,H2=3.98, H3 =3.70, H4 =
MurNac 8.21 3.87, H5 =3.38, CH, = 3.89 & 3.62,
Ac=2.00,0CH=4.41, CH;=1.38
Alal 824 430 1.39
2.09,
D-Glu2 8.06 4.15 233 1.89
DAP3 823 4.18 }gg’ 143 6=1.73,e=3.69, NH, =8.26

D-Ala4 834 427 1.33

D-Ala$ 799 4.15 1.32

H1 =4.40,H2=5.41, H4 =1.72,
H5=2.10, H6 = 2.06, H7 = 5.15,
H9 =1.65,H10=2.01, H11 = 2.03,
HI12=15.10, H14 =1.65, H15 =1.57

Cis
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Table 7.20 'H chemical shift assignments for 7,Z-C;s LII-DAP in 60xoDPC 36

Residue NH Ho Hp Hy Others
H1=4.53,H2 =3.70, H3 =3.53, H4 =
GIcNAc 8.36 3.38, H5 =3.69, CH, = 3.68 & 3.84,
Ac=2.00
H1=5.45,H2=3.98, H3 =3.70, H4 =
MurNac 8.21 3.87, H5=3.38, CH, =3.89 & 3.71,
Ac=2.00,0CH=4.41,CH;=1.36
Alal 824 431 1.38
D-Glu2 8.13 4.18 2.35 2.10,
1.91
DAP3 824 4.17 ig;’ 142 5=1.72,e=3.69, NH, = 8.26
D-Ala4 836 427 1.34
D-Ala5 8.03 4.18 1.33
H1=4.40,H2=5.43, H4=1.71,
Cis H5=2.11,H6 =2.07, H7 = 5.15,

H9 =1.66, H10 =2.02, H11 = 2.02,
HI12=5.11, H14=1.64, HI5=1.59

Table 7.21 'H chemical shift assignments for 2,Z-C;s LII-DAP in 100xoDPCy36

Residue NH Ho  H Hy Others
H1=4.53,H2=3.70, H3 =3.53, H4 =
GlcNAc  8.36 3.38, H5 =3.69, CH, = 3.68 & 3.84,
Ac=2.00
HI1=5.45,H2=3.98, H3 =3.70, H4 =
MurNac  8.21 3.87, H5=3.38, CH, =3.89 & 3.71,
Ac=2.00,0CH=4.41,CH;=1.36
Alal 823 431 1.38
2.09,
D-Glu2  8.10 4.17 234 1.90
DAP3 8.23 4.17 }gg’ 143 8=1.72,6=3.70
D-Ala4 835 428 1.33
D-AlaS  8.00 4.17 1.33
H1=4.41,H2=542,H4=1.72,
Cis H5=2.08, H6 = 2.07, H7 = 5.15,

H9 =1.66, H10 =2.01, H11 = 2.02,
H12=5.10,H14=1.64, HI5=1.57
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7.5.4 Chemical shift assignments of Oct-TriA; and Z,Z-Cy5 LII-DAP

Table 7.22 'H chemical shift assignments for Oct-Trid; with Z,7-C;s LII-DAP in
60x0DPCd36

Residue NH Ha Hp Hy Others

lipid 2.35,2.26 1.55,1.58 1.25 1.23,1.21, 1.19, 0.82
D-Vall 7.81 4.27 2.1 0.9

D-Dab2  8.67 4.81 2.18 2.96

Gly3 8.24 4.08,3.81

D-Ser4 8.18 4.78 3.72

El =10.52,D1 =7.26,
D-Trp5 8.48 - 3.20 72 ="7.40,H2 =17.00,
73=6.93,E3="7.50

Ser6 8.56 4.06 3.76, 3.58
Dab7 852 434 2.19 3.01
p-Dab8  8.05 - 2.06,1.89 2.82

8.55 4.8l 3.09 D1,D2, Z=721,
Phed El,E2=7.13
Glul0 83 457 191,186 229
valll 821 4.58 1.91 0.92
D-allel2 8.15 4.46 1.97 1.42 yCH; = 1.18, 8 = 0.90
Alal3 820 4.17 134

Table 7.23 'H chemical shift assignments for Z,Z-C;s LII-DAP with Oct-Trid; in
60x0DPC36
Residue NH Hao Hp Hy Others

H1=4.52,H2=3.71,H3=3.53,H4 =

GIcNAc 8.34 3.39,H5=3.69,CH, =3.68 & 3.85,
Ac=12.00
H1=547,H2=397, H3=3.72,H4 =
MurNac 8.13 3.91,H5 =3.38, CH, =3.90 & 3.71,
Ac=2.01,0CH=441,CH;=1.36
Alal 825 433 14
2.11,
D-Glu2 8.15 4.19 191 2.36
1.81,
DAP3 8.24 4.18 138 1.41

D-Ala4 836 428 1.34

D-Ala$ 8.04 4.2 1.34

H1=443,H2=542,H4=1.72,
H5=2.00, H6 =2.05, H7 = 5.14,
H9 =1.65, H10 =2.00, H11 = 2.00,
H12=5.09, H14=1.62, HI5=1.55

Cis
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Table 7.24 'H chemical shift assignments for Oct-Trid; with Z,Z-C;s LII-DAP in
IOOXODPCd36

Residue NH Ha Hp Hy Others

lipid 2.36,2.26 1.56 1.25 1.24,1.22,0.83
D-Vall 7.75 4.27 2.1 0.90

D-Dab2 8.64 4.8 2.17,2.02 2.95

Gly3 8.43 4.05,3.84

D-Ser4 8.16 4.78 3.68

El1=10.52,D1="7.27,
D-Trp5 8.48 - 3.18 72=742,H2=17.03,
723=6.92,E3="7.50

Ser6 8.59 4.02 3.76, 3.46
Dab7 8.53 4.33 2.18,1.99 3.01
D-Dab8  8.01 445 2.85
D1,D2,Z2="17.21,
Phe9 8.57 4.1 3.08 El E2=7.15
Glul0 83 4.57 191,186 2.29
Valll 821 4.58 1.89 0.92
D-alle12 8.11 4.46 1.98 1.44 yCH3 =1.18, 8 =0.90
Alal3 82 4.17 1.34

Table 7.25 'H chemical shift assignments for Z,Z-C;s LII-DAP with Oct-Trid; in
100x0DPCy364
Residue NH Hao Hp Hy Others

8.37 H1 =4.54, H2=3.70, H3 =3.54, H4 =
GlecNAc 3.39,H5=3.69,CH,=3.71 & 3.85,
Ac=2.00
8.23 H1 =5.45,H2=3.98, H3 =371, H4 =
MurNac 3.89, H5 =3.38, CH, =3.90 & 3.71,
Ac=2.01,0CH=441,CH;=1.36
Alal 826 431 1.39
b-Glu2 8.10 4.16 2.34 2.10,
1.91
1.79,

DAP3 824 4.18 1.89

D-Ala4 835 429 133
D-Ala$ 801 4.17 1.33

143 6=1.73,e=3.71,NH,=8.16

H1=443,H2=543,H4=1.71,
H5=2.08, H6 =2.04, H7 = 5.15,
H9 =1.65, H10 =2.00, H11 = 2.00,
H12=5.10,H14=1.63, HI5 =1.56

ClS
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7.6 Experimental procedures for microcin J25

7.6.1 Determination of disulfide insertion location

The structure coordinate file of MccJ25 (PDB: 1Q71) was uploaded into PyMOL
software. Distance measurements were taken between residue Glug and the terminal
residues Phejg or Tyry. It was determined that the distance between the B-carbon of
Glug and the PB-carbon of Tyry, at 4.8 A would be ideal. Additionally, it was
determined both thiols would need to be in the R configuration as to form a disulfide

bond without major changes to the native lasso structure of MccJ25.

7.6.2 Synthesis of B-thiol Tyr
tert-butyl (4R)-4-((4-(tert-butoxy)phenyl)(hydroxy)methyl)-2,2-

dimethyloxazolidine-3-carboxylate (61)

(0]
o <
\BOC
OtBu OtBu
61a 61b

This new compound was synthesized using literature precedent.'”® To a dry 3-neck
flask, a stir bar, magnesium granules (230 mg, 9.4 mmol) and iodine crystals (a small
spatula tip) were added. The flask was fitted to a reflux condenser and THF (2 mL)
was added and stirred for 25 min at rt. A solution of 1-bromo-4-tert-butoxybenzene
(1.12 g, 4.94 mmol) in THF (3 mL) was added dropwise over 3 min and the mixture

was heated to 40 °C for 1 h. The reaction was cooled to 0 °C for 5 min and a solution
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of (R)-Garner’s aldehyde 60 (844 mg, 3.68 mmol) in THF (5 mL) was added
dropwise and the reaction was stirred at 0 °C for 20 min. Next, the mixture was
warmed to rt and stirred for an additional 1 h. The reaction was quenched with
saturated NH4CI (50 mL) and extracted with EtOAc (3 x 25 mL). Combined organic
layers were dried (MgSQ,), filtered, and concentrated in vacuo. The crude product
was purified by flash column chromatography (1:4 EtOAc:Hex) as a clear oil (1:1
syn:anti diastereomeric ratio*) which hardened upon cooling (1.33 g, 95%). R¢=0.39
(1:4 EtOAc:Hex); [a]p> = +76.1 (¢ = 1.10, DCM); IR (cast film, DCM): 3457, 2977,
1699, 1506, 1391, 1366, 1173, 1070 cm™'; '"H NMR (700 MHz, CDCl;, rotamers)
anti: 8 7.28-7.23 (m, 2H, ArH), 6.99-6.94 (m, 2H, ArH), 5.23-4.91 (m, 1H, benzylic
CH), 4.76 (app s, 1H, CH,), 4.32 (s, 1H, OH), 4.10-3.94 (m, 2H, CH), 1.73-1.28 (m,
24H, Boc, tBu, & diCHj3); syn: & 7.28-7.23 (m, 2H, ArH), 6.99-6.94 (m, 2H, ArH),
5.30 (brs, 1H, OH), 4.73 (app s, 1H, benzylic CH), 4.18 (m, 1H, CH,,), 3.84-3.60 (m,
2H, CH,), 1.73-1.28 (m, 24H, Boc, tBu, & diCH;); *C NMR (175 MHz, CDCls,
diastereomers, rotamers) o 155.6, 155.1, 154.6, 154.2, 152.0, 136.6, 135.9, 127.7,
126.9, 126.2, 124.0, 123.8, 94.5, 81.0, 78.4, 78.3, 75.0, 73.2, 64.6, 63.5, 63.2, 62.9,
28.9, 28.8, 28.7, 28.3, 27.0, 26.4, 25.8, 24.3, 22.7, HRMS (ESI) caled for
C, H33NOsNA [M + Na]" 402.2251, found 402.2250.

*rotamers resolved by high temperature 'H and *C NMR (80 °C, toluenegs); syn 61a

proceeded with oxidation step below, anti 61b proceeded with Sx2 using KSCN.
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tert-butyl  (R)-4-(4-(tert-butoxy)benzoyl)-2,2-dimethyloxazolidine-3-carboxylate
(62)

X

OtBu
62

This new compound was synthesized using literature precedent.'™® To a solution of
the undesired syn isomer tert-butyl (4R)-4-((S)-4-(tert-
butoxy)phenyl)(hydroxy)methyl)-2,2-dimethyloxazolidine-3-carboxylate 61a (700
mg, 1.85 mmol) in DCM (42.6 mL), freshly made and dried manganese(IV) oxide
(1.6 g, 18.5 mmol) was added. The mixture was stirred at rt overnight and then passed
through a cotton plug. The filtrate was concentrated in vacuo and crude product was
purified by flash chromatography (1:4 EtOAc:Hex) to yield a while solid (550 mg,
79%). Ry = 0.51 (1:4 EtOAc:Hex); [o]p> = +30.9 (¢ = 0.78, DCM); IR (cast film,
DCM): 3069, 2987, 1700, 1687, 1598, 1393, 1365, 1230, 1163, 1093, 1052 cm™'; 'H
NMR (700 MHz, CDCls, rotamers) major: 6 7.84-7.86 (m, 2H, ArH), 7.05-7.01 (m,
2H, ArH), 5.33-5.31 (m, 1H, CH,), 4.31-4.28 (m, 1H, CHa,), 3.92 (dd, 1H, J = 3.1,
9.1 Hz, CHyp), 1.75-1.24 (m, 24H, Boc, tBu, & diCHj3); minor: 6 7.84-7.86 (m, 2H,
ArH), 7.05-7.01 (m, 2H, ArH), 5.44-5.43 (m, 1H, CH,), 4.31-4.28 (m, 1H, CHa,),
3.96-3.95 (dd, 1H, J = 3.9, 9.1 Hz, CHy,), 1.75-1.24 (m, 24H, Boc, tBu, & diCHj3);
3C NMR (175 MHz, CDCls, rotamers) major: & 194.7, 160.9, 152.1, 130.0, 129.4,
95.2,80.2,29.8, 66.3, 61.3, 31.6, 28.2, 25.5, 24.8, minor: 6193.7, 160.8, 151.3, 129.7,
129.5, 94.6, 80.7, 79.9, 65.9, 61.6, 29.0, 28.4, 25.9, 24.7; HRMS (ESI) calcd for
C,1H3NOs [M + Na]" 400.2094, found 400.2094.
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tert-butyl (R)-4-((S)-(4-(tert-butoxy)phenyl)(hydroxy)methyl)-2,2-

dimethyloxazolidine-3-carboxylate (61b)

OtBu
61b

This new compound was synthesized following a literature protocol.™® To a solution
of the oxidation intermediate 62 (70 mg, 0.185 mmol), in dry THF (5.5 mL) at 0 °C,
DIBAIH (1 M in Hex, 393 uL, 0.393 mmol) was added dropwise over 20 min. The
reaction was stirred at 0 °C for 35 min and then quenched with cold MeOH (10 mL),
followed by dropwise addition of potassium sodium tartrate (1 M, 10 mL). The
mixture was allowed to stir vigorously for 5 min, then poured into cold 1 M HCI (100
mL) and extracted with EtOAc (3 x 20 mL). Combined organic layers were dried
with brine (20 mL) and over MgSOy4 for 5 min, filtered, and concentrated in vacuo.
The crude was purified by flash column chromatography (1:4 EtOAc:Hex) as a white
solid (58 mg, 83%). Ry = 0.39 (1:4 EtOAc:Hex); [a]p> = +76.1 (¢ = 1.10, DCM); IR
(cast film, DCM): 3457, 2977, 1699, 1506, 1391, 1366, 1173, 1070 cm '; '"H NMR
(700 MHz, CDCl;, rotamers) anti: 6 7.28-7.23 (m, 2H, ArH), 6.99-6.94 (m, 2H, ArH),
5.23-4.91 (m, 1H, benzylic CH), 4.76 (app s, 1H, CH,), 4.32 (s, 1H, OH), 4.10-3.94
(m, 2H, CH,), 1.73-1.28 (m, 24H, Boc, tBu, & diCHs); *C NMR (175 MHz, CDCl;,
rotamers) & 155.6, 154.2, 152.0, 136.6, 135.9, 127.7, 126.2, 123.8, 94.5, 81.0, 78.4,
73.2, 63.2, 62.9, 28.8, 27.0, 24.3, 22.7; HRMS (ESI) calcd for C;;H33NOsNA [M +

Na]" 402.2251, found 402.2252.
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tert-butyl (R)-4-((R)-(4-(tert-butoxy)phenyl)(thiocyanato)methyl)-2,2

dimethyloxazolidine-3-carboxylate (63)

NCS ><

OtBu
63

This new compound was synthesized using literature precedent.'* tert-butyl (R)-4-(4-
(tert-butoxy)benzoyl)-2,2-dimethyloxazolidine-3-carboxylate 61b (600 mg, 1.58
mmol) and DCM (7 mL) were added to a dry flask placed in a 0 °C ice bath. Next,
Et;N (183.5 pL, 1.90 mmol) was added dropwise followed by the dropwise addition
of methasulfonyl chloride (321.9 puL, 2.37 mmol)). The reaction was monitored by
TLC and stirred at 0 °C until starting material was consumed (~3 h). The solution was
diluted with DCM (25 mL) and poured into a separatory funnel containing saturated
NH4CI (40 mL). The organic layer was washed with water (40 mL), brine (40 mL),
and dried over MgSO,. The mixture was filtered, concentrated in vacuo to a crude
yellow oil, which was carried onto the next step without further purification. Dry
ACN (17 mL) and crude mesylate intermediate (710 mg) were added to a 3-neck
flask containing a stir bar. Oven-dried KSCN (770 mg, 7.91 mmol) was added and
the solution was stirred at rt for 2 d. The solution was concentrated in vacuo and
reconstituted in DCM (20 mL) and poured into a separatory funnel containing water
(40 mL). Using DCM (3 x 20 mL), the aqueous layer was extracted and the combined
organic layers were dried with brine (20 mL) and over MgSO,4. Mixture was filtered,
concentrated in vacuo, and purified using flash chromatography (1:9 to 1:4
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EtOAc:Hex) to yield a yellow oil (156.1 mg, 23%). [(1]]325 =+4+82.5(c=1.10, DCM);
IR (cast film, DCM): 2979, 2936, 2882, 2155 (SCN), 1797, 1607, 1507, 1377, 1206,
1165 cm™'; "H NMR (600 MHz, CDCl, rotamers) & 7.32-7.28 (m, 2H, ArH), 7.01-
6.97 (m, 2H, ArH), 5.20-5.04 (m, 1H, benzylic CH), 4.40-4.26 (m, 1H, CH,), 4.12-
4.10 (app d, J = 17.8 Hz, CHy,) 3.94-3.89 (m, 1H, CHy), 1.61-1.35 (m, 24H, Boc,
tBu, & diCH3); >C NMR (175 MHz, CDCls, rotamers) & 171.2, 156.0, 152.7, 130.6,
128.8, 128.5, 124.2, 124.1, 94.8, 81.4, 78.8, 64.0, 61.8, 61.5, 56.3, 55.4, 28.9, 28.6,
28.4, 26.6, 24.1; HRMS (ESI) calcd for C»H3,N,04S [M + Na]™ 443.1975, found

443.1975.

tert-butyl ((1R,2R)-1-(4-(tert-butoxy)phenyl)-3-hydroxy-1-thiocyanatopropan-2-
yDcarbamate (64)

OH

NCS
NHBoc

OtBu
64

This new compound was synthesized using literature precedent.'”® To a flask
containing dry 1,4-dioxane (3.8 mL), tert-butyl (R)-4-((R)-(4-(tert-
butoxy)phenyl)(thiocyanato)methyl)-2,2 dimethyloxazolidine-3-carboxylate 63 (97.0
mg, 0.23 mmol) and para-toluenesulfonic acid (57.9 mg, 0.53 mmol) were added and
the reaction was stirred for 3 h at rt. The reaction was quenched with saturated

NaHCO; (10 mL) and the mixture was extracted with EtOAc (3 x 10 mL). The
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combined organic layers were dried over MgSOQy, filtered, and concentrated in vacuo.
The resulting crude material was purified using flash chromatography (30% to 50%
EtOAc in Hex) to yield a white solid (45.9 mg, 0.12 mmol, 52%). [a]p®’ = +68.6 (c =
1.00, DCM); IR (cast film, DCM): 3315, 2978, 2934, 2880, 2153 (SCN), 2069, 1744,
1509,1475, 1419, 1392, 1367, 1241, 1162, 1050, 897, 675 cm™'; '"H NMR (CDCl,,
600 MHz) & 7.29-7.23 (m, 2H, ArH), 6.98-6.95 (m, 2H, ArH), 5.15 (br s, 1H, OH),
4.71 (d, J = 9.3 Hz, 1H, benzylic CH), 4.12 (d, J = 6.4 Hz, 1H, CH,,), 3.57 (dd, J =
11.3, 3.4 Hz, 1H, CHy,), 3.36 (d, J = 10.9 Hz, 1H, CHy), 1.46-1.39 (m, 9H, Boc),
1.33 (s, 9H, tBu); °C NMR (CDCls, 125 MHz) § 171.4, 156.3, 131.0, 128.9, 128.7,
126.7, 124.3, 112.0, 80.6, 79.8, 62.0, 60.5, 56.1, 28.9, 28.3; HRMS (ESI) calcd for

C2,H3,N,04S [M + Na]" 403.1662, found 403.1661.

(2R,3R)-3-(4-(tert-butoxy)phenyl)-2-((tert-butoxycarbonyl)amino)-3-

thiocyanatopropanoic acid (65)

NCS
NHBoc

OtBu
65

This new compound was synthesized using literature precedent.'”” To a RBF
containing tert-butyl ((1R,2R)-1-(4-(tert-butoxy)phenyl)-3-hydroxy-1-
thiocyanatopropan-2-yl)carbamate 64 (27.1 mg, 71.2 umol), DMF (1.4 mL) and

pyridinium dichromate (269 mg, 71.2 umol) were added. The reaction was stirred at
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rt; reaction completion was monitored by TLC and citric acid (10%, 5 mL) was added
once all starting material had been consumed (~20 h). The mixture was extracted with
EtOAc (3 x 10 mL) and combined organic layers were washed with brine (10 mL)
and dried over MgSQO,. Flash column chromatography (5:95 MeOH:DCM) was used
to purify compound 65 as pale yellow solid (15.2 mg, 39.9 pmol, 56%). [o]p> =
+63.12 (¢ = 1.9, CHCl»); IR (CHCl3, cast film) 3115, 2970, 2935, 2157 (SCN), 1762,
1740, 1512, 1470, 1426, 1381, 1238, 1164, 1051, 899, 673 cm'; '"H NMR (CDCl;,
500 MHz) ¢ 7.25 (d, /= 7.5 Hz, 2H, ArH), 6.84 (d, /= 7.5 Hz, 2H, ArH), 4.94 (d, J =
9.3 Hz, 1H, benzylic CH), 4.86 (d, J = 6.4 Hz, 1H, CH,), 1.36-1.28 (m, 18H, Boc &
tBu); *C NMR (CDCls, 125 MHz) § 170.1, 155.8, 155.6, 133.2, 128.4, 118.5, 114.4,
86.2, 79.6, 69.6, 44.3, 28.4, 27.2; HRMS (ESI) Calcd for C9H,sN>NaOsS [M+Na]"

417.1561, found 417.1563.

7.6.3 Synthesis of B-thiol Glu

(8)-1-(4-benzyl-2-thioxothiazolidin-3-yl)ethan-1-one (69)

(0]

N

S
S

609
1.2 To a round

This known compound was made following a literature protoco
bottom flask equipped with a stir bar, (S)-4-benzylthiazolidine-2-thione (10.0 g, 47.77
mmol) and pyridine (29.1 mL, 286.63 mmol) were added and the mixture was stirred

at rt until dissolved. Acetic anhydride (22.6 mL, 238.86 mmol) was added and
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solution turned a bright yellow. The reaction was refluxed at 135 °C for 1.5 h, during
which the mixture turned dark brown, and then concentrated in vacuo. The crude was
dissolved in EtOAc (250 mL) and washed with 10% K,CO; (3 x 100 mL), 1 M HCI
(3 x 100 mL), and brine (1 x 100 mL). The organic layer was dried over MgSO,4 and
concentrated in vacuo. The crude yellow-brown solid was purified by flash
chromatography (1:9 EtOAc:Hex) to yield bright yellow crystals (11.1 g, 93% yield).
R = 0.38 (1:4 EtOAc: Hex); [a]p> = +248.02 (¢ = 0.58, DCM); IR (cast film, DCM):
3026, 2927, 2856, 2695, 1953(C=S), 1888(C=S), 1694, 1454, 1366, 1341, 1275,
1209, 1022, 848, 747 cm'; "H NMR (700 MHz, CDCls) & 7.36-7.34 (m, 2H, ArH),
7.30-7.27 (m, 3H, ArH), 5.38 (ddd, J=10.5, 7.0, 3.5 Hz, 1H, CH), 3.38 (dd, J=11.2,
7.2 Hz, 1H, PhCH,) 3.22 (dd, J = 13.0, 3.9 Hz, 1H, SCH,), 3.04 (dd, J = 13.0, 10.9
Hz, 1H, SCH>), 2.89 (d, J= 11.9 Hz, 1H, PhCH>,), 2.80 (s, 3H, CH3); °C NMR (175
MHz, CDCI) & 201.6, 179.8, 136.6, 129.5, 129.0, 127.3, 68.3, 36.8, 31.9, 27.1;

HRMS (EI) caled for C1,H3NOS, [M]™ 251.0439, found 251.0437.

tert-butyl (R)-4-((S)-3-((S)-4-benzyl-2-thioxothiazolidin-3-yl)-1-hydroxy-3-
oxopropyl)-2,2-dimethyloxazolidine-3-carboxylate (70)

0] OH

SX :
S N)k/\r\o
N
Boc” \IQ

70

This new compound was synthesized using a method with literature precedent.® To

a 250 mL dried RBF under argon equipped with a stir bar, (S)-1-(4-benzyl-2-
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thioxothiazolidin-3-yl)ethan-1-one 69 (500 mg, 1.99 mmol) and DCM (82.9 mL)
were added. The solution was placed in a -78 °C IPA bath and titanium tetrachloride
(2.19 mL, 2.19 mmol, 1 M in Hex) was added. A solution of (-)-sparteine (1.00 mL,
4.38 mmol) in DCM (6 mL) was added dropwise over 15 min, the solution turned red,
and was stirred for 2 h at -78 °C. Garner’s aldehyde (415 pL, 1.99 mmol) in DCM (6
mL) was added dropwise and the solution was stirred for 1 h at -78 °C. Citric acid
(10%, 30 mL) was added to quench the reaction and the reaction flask was warmed to
rt. The solution was extracted with EtOAc (3 x 10 mL) and combined organic layers
were dried with brine (20 mL), MgSO,, and solvent was removed in vacuo. The
resulting crude was purified using flash chromatography (1:4 to 2:3 EtOAc:Hex) to
yield both isomers (quant) as yellow solids; the desired S-hydroxyl isomer was
isolated (670 mg, 1.39 mmol, 70% yield). R¢ = 0.58 (1:4 EtOAc:Hex); [a]p® =
+212.12 (¢ = 0.36, CDCl3); IR (cast film, CDCls): 3459, 2979, 2934, 2885, 1694,
1455, 1366, 1258, 1167, 1988, 1066, 852, 755 cm'; 'H NMR (600 MHz, CDCls,
rotomers) 6 7.35-7.28 (m, 5H, ArH), 5.39-5.36 (m, 1H, R,NCH), 4.53-4.49 (m, 1H),
4.16-3.97 (m, 3H, rotomers), 3.57-3.54 (m, 1H), 3.41 (dd, J = 11.0, 7.2 Hz,1H,
SCHs,), 3.26 (d, J = 12.4 Hz, 1H, PhCHa,), 3.05 (app t, J = 11.8 Hz, 1H, PhCH,,),
2.89 (d, J=11.4 Hz, 1H, SCHa,), 1.49 (s, 15H, Boc & diCH3); >C NMR (172 MHz,
CDCl) 6 201.1, 171.3, 169.2, 136.7, 136.0, 129.5, 129.0, 127.3, 99.3, 81.2, 68.5,
68.0, 65.0, 47.1, 41.7, 36.8, 32.0, 29.8, 28.8, 18.8; HRMS (ESI) calcd for

C»H3,N>NaOsS, [M + Na]™ 503.1645, found 503.1643.
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Appendix: Grassroots initiatives to foster equity, diversity, and inclusivity

This work was previously published in the Canadian Journal of Chemistry special
issue In Honour of Dr. Margaret-Ann Armour as “Chiorean S, Oakley MS, Sinclair J.
Starting grassroots initiatives to foster equity, diversity, and inclusivity in the
Chemistry Department at the University of Alberta. Can J Chem. 2021, 99, 679-684.”

and a version is reproduced here with permission.

A.1 Motivations

Less than four decades ago, there were zero women faculty and about 70% of the
student body was male in the Department of Chemistry at the University of Alberta.”!
After Dr. Margaret-Ann Armour joined the Department, she spearheaded the
formation of the Women in Scholarship, Engineering, Science, and TechnologyA2
(WISEST) organization in 1982 to increase the number of female students in the
Faculty of Science. Currently, WISEST is focused on increasing engagement of high
school students from underrepresented groups to consider careers in science by
hosting summer research opportunities. With WISEST focused on introducing young
women to science, Women in Science, Engineering & Research™ (WiSER) was
designed to promote the retention and advancement of women in the STEM
workforce. As Associate Dean of Diversity in the Faculty of Science at the University
of Alberta, Dr. Armour directed Project Catalyst, a committee formed in 2005 aimed
at understanding hiring biases towards female candidates (family life assumptions,

technical skill assessments) and overcoming the structural barriers (maternity leave,
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timeline to tenure, lack of mentorship) in order to increase the appointment and
retainment of women in the Faculty of Science. Even after 11 years of work, the
overall percentage of female faculty has only increased to a total of 15% at the

University of Alberta.**

Although steps have been taken to rectify gender disparity in chemistry, such as the
initiatives outlined above, only 28% of assistant professors in chemistry departments
throughout Canada are women, and significantly less (10%) are full professors.”’
These numbers are also reflected at the University of Alberta, where faculty and staff
are disproportionate in their representation compared to the student body. The lack of
mentorship and representation levy a heavy burden on graduate students, who may be
first generation academics, far from their support networks, or struggle to find their
place in the chemistry community for other reasons.*° This is reflected in the
disproportionate attrition of underrepresented individuals at the juncture between

. . A
graduate school and post-graduate careers in science.”™”*

Many of the equity-focused groups at the University of Alberta target the recruitment
of high school students into the sciences (WISEST), or those who are entering or are
already in the workforce as career scientists (WiSER, Project Catalyst). While these
projects focus on STEM-wide issues, a group serving a small sub-section of
STEM may be able to enact changes much more quickly at the Department level. In
the spring of 2017, the University of Alberta’s Women in Chemistry initiative was
founded to bridge this gap and provide support to underrepresented groups in the

trainee stages of their careers in chemistry.
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The drive behind the foundation of this group was varied, with each graduate student
bringing different perspectives based on their personal past experiences. Many
members recounted instances of discrimination, implicit bias, microaggressions,
gaslighting, imposter syndrome, and sexual harassment. These experiences fuelled
our desire to create a more inclusive environment where diversity is celebrated and
equity is fought for. The group, led by a graduate student executive team with support
from a Faculty Advisor and occasional undergraduate student volunteers, has a vision
of engaging the Department of Chemistry in a cultural shift towards the active
retention of underrepresented groups in chemistry. Since its initiation, the group has
grown, both in terms of membership and in addressing the needs of our peers.
Recognizing that this group should serve all persons in the community, and after a
series of discussions and departmental feedback, the name was officially changed to
University of Alberta Working for Inclusivity in Chemistry (UAWIC) to better reflect
the true nature of our membership. The UAWIC group set out to build an equitable,

diverse, and inclusive environment through the following goals:

1. To build community among members of the Chemistry Department by breaking
down the barriers between hierarchical academic roles, allowing for a greater
understanding amongst groups (faculty, students, staff) to develop. The sharing
of lived experiences can allow for open discussion and will help Department

members gain insight into other perspectives in chemistry.

2. To retain the diverse graduate student population in chemistry by giving
graduate students tools and training to enrich their career development, with a

specific focus on highlighting diverse scientists and career paths. We hope to
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provide the space for individuals to be supported in their pursuit of science at
the graduate level and to place the inclusion of historically excluded groups at

the forefront.

The events and initiatives described below were organized to execute our vision of
creating a more inclusive environment at the University of Alberta. They are
presented here to act as a template for further action and support for equity, diversity,

and inclusion (EDI) initiatives.

A.2 Goal 1: Community building

UAWIC set out to achieve our first goal by organizing department-wide community
building through promoting visibility of underrepresented groups and allies, and
hosting social events, but also facilitating peer-to-peer community building by

networking at meet & greets with departmental invited speakers.

Department-wide community building: visibility and food

Most of the social events organized by UAWIC utilize food as a way to bring people
together. World Food Day invites all members of the Department to contribute food
to a potluck-style lunch and gives people the opportunity to share some of their
culture. This event has been particularly successful in accommodating people with
food restrictions, as participants are asked to indicate the name and ingredients of

their dish. Pi Day is another potluck event where Department members contribute
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both sweet and savoury pies for others to enjoy. The event spans the entire
Department as Chairpersons, administrative staff, professors and others volunteer to
be pie’d in the face. The event helps break down the hierarchy of the Department, as
graduate students pie Faculty, service staff pie administrators, and undergraduates pie
their lab teaching assistants. These events facilitate community building and
camaraderie through shared experience and good food, which in turn supports our

first goal.

Visible allyship

As the scope of our group expanded, we wanted to outwardly show our support for
different intersectional identities within both EDI and STEM. Visibility of allyship is
one major area that has been identified to help make workspaces in the physical
sciences more welcoming to underrepresented groups.”’ Flying a rainbow flag or
posting Black Lives Matter signs, for example, can promote more inclusive spaces
and increase visibility of allies. Additionally, these symbols can generate
conversation and can help one locate safe spaces to talk about issues they may be
facing. In an attempt to increase visibility of allyship at conferences, we designed a
set of enamel pins that people can wear to signify that they are potential allies.
Current pins advocate for women in chemistry, diversity, and support for those who
have invisible identities. These pins, seen in Figure A.l, also serve as ongoing
fundraising for our group and have been sold internationally for chemists to identify

themselves as allies at work and conferences.
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Figure A.1 Enamel pins designed by UAWIC to promote visible allyship

In an effort to engage the entire Department in visibility initiatives, we participated in
the international LGBTQ+ in STEM day*'® through a door decorating contest.
Research groups in the Chemistry Department volunteered to decorate their door and
UAWIC hosted a tour to view all the participating doors. Approximately 30% of the
research groups in the department participated, and many of the decorations were left

up throughout the year to indicate allies to the LGBTQ+ community.

The LGBTQ+ in STEM event and the annual [UPAC Global Women’s Breakfast™'!
are two events which, though hosted internationally, we were able to participate in
locally. These events bring together communities around the world to learn from each
other. The global recognition of groups working towards diversity and inclusion is
important for the ongoing success of groups like UAWIC, as they allow the sharing
of event ideas and prevent burnout via mutual support. These events act to highlight
diverse chemists internationally, as well as within our own Department, and aid in
creating an inclusive environment which will have a lasting effect on the community,

supporting the ongoing goals of UAWIC.
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Peer-to-peer community building: Meet & Greets

As a fledgling group, UAWIC sought to highlight diverse chemists who visited the
Department to give research seminars. UAWIC offers to host visiting speakers who
identify as members of underrepresented groups in chemistry or who follow non-
traditional careers in a casual coffee hour open to the entire Department. Being an
informal activity, these meetings give students and postdoctoral fellows time to ask
questions about careers, barriers to advancement in chemistry, and work-life balance
in a safe setting. Given the gender disparity and profound lack of diversity in faculty

. A
membership across Canada,™

these events allow access to a larger pool of
representative academics and professionals. The mentorship by these visiting
speakers, however brief, provided invaluable insight into work environments and
challenges upon the completion of graduate school. This event series regularly draws
groups of 10-15 attendees. Although this represents only 5% of the graduate student
body, these attendees hail from different groups with different interests, depending on
the speaker. For example, new female professors tended to draw postdoctoral
researchers and graduate students interested in pursuing academia, while
pharmacological industry representatives drew an entirely different cohort of student
attendees. Together, the reach for these events would be approximately 25% of the
total graduate student population. The Meet & Greet hours function within the
framework of both of our goals by facilitating conversation and connections among

individuals with similar interests as well as highlighting diverse scientists in the wider

chemistry community.
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A.3 Goal 2: Retention of diverse graduate student chemists

Multiple factors can affect the desire of a student to continue in academia and pursue
advanced careers in chemistry, and our group strives to give graduate students tools to
navigate their chosen career path. We provide professional development tools through
workshops (LOGIC, highlighting diverse career paths) and also train students in
potential barriers they or their colleagues may face along the way (LOGIC, Margaret-

Ann Armour Lecture Series, Diversity in STEMinars).

Leaders Overcoming Gender Inequality in Chemistry Retreat

In 2018, UAWIC organized the 2" annual Leaders Overcoming Gender Inequality in
Chemistry (LOGIC) retreat in Edmonton, AB. This annual event began in 2017 as an
initiative hosted by the graduate student members of the Women in Chemistry (now
known as Working towards Inclusivity in Chemistry) group at the University of
Toronto. The inaugural event was inspired by the Puget Sound Women Chemists
retreat and was held as a satellite event to the Canadian Chemistry Conference and
Exhibition (CCCE) to reach a wider audience of Canadian chemists. LOGIC includes
seminars, workshops, panel discussions, and networking sessions focused on a central
theme. In past years, themes have included “Becoming a Confident Chemist and
Future Leader” (Toronto, 2017) and “Paving a Path to a Career in Chemistry”
(Edmonton, 2018). These retreats focused on building professional development
skills for graduate students and early career researchers and providing resources for

identifying mentors and sponsors for your career path. In 2019 and 2020, the themes
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were “Women Leading and Excelling” (Quebec, 2019) and “Beyond the Visible
Spectrum” (Winnipeg/Virtual, 2020) where the focus was predominantly on
educating and training individuals on equity, diversity and inclusivity. This retreat is
based on learning uncomfortable topics in an environment which encourages
questions and meaningful discussion. Mentorships often begin within LOGIC, as
some attendees are new to these topics and how they relate to STEM, while others are

highly educated in EDI issues and can help guide beginners.

The breakdown of attendee statistics, collected by the respective organizing
committee of that year, over the last four years can be seen in Figure A.2. Graduate
students make up the majority of the attendee roster with an average of 53%. The
remaining half is distributed among postdoctoral researchers, academics (assistant
professors, associate professors, full professors, technical staff), industry, and
government chemists. Since the first LOGIC retreat, the number of participants has
increased, with a major increase in 2020 due to the retreat being moved online and the
alleviation of registration fees. Additionally, the breakdown of attendee gender for
LOGIC shows that there are a much greater number of female attendees than any
other gender. This may be due to the original scope of the conference (women in
chemistry) and we are working to incorporate components in the future that will bring

people of all genders to the discussion.
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A. LOGIC Attendee Affiliation

*= Industry

= Academia

Postdoctoral
Researcher

= Graduate Student

= Undergraduate

Student
B. LOGIC Attendees C. LOGIC Attendee Gender
238
Nonbinary | 1%
Male . 1%
82 81
2017 2018 2019 2020

Figure A.2: Attendee statistics based on data over four years of the LOGIC retreats:
(A) attendee affiliation averaged over data from 2017 to 2020 (B) growth in annual
number of attendees (C) self-reported attendee gender percentages averaged over

data from 2017 to 2020.

Anonymous feedback from previous LOGIC retreats provides insight to the most
valuable aspects of the conference as identified by attendees. Participants explained

that they left the conference feeling invigorated and inspired to tackle EDI challenges:

“It was important and empowering to learn about what issues women in science face
when heading into the workforce as Pls or in other chemistry related fields, and I feel
more prepared heading into the next stage in my career being aware of these issues. |

will be proactive in fighting for equity in my place of work, and have been inspired by
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so many amazing women who have already paved their way in their respective

fields.” — participant 1

“Pursue what you love to do no matter what barriers or challenges you encounter,
and don't be afraid to seek out mentors and colleagues in the chemistry community

for support.” — participant 2

Feedback also showed that attendees learned about aspects of intersectionality and

how to better support underrepresented groups in STEM:

“Being a white woman is not ideal in science, but it's a helluva lot more privileged
than being a woman of colour, and I need to recognize that advantage as such, and
make sure that I work to increase diversity of all its forms, and not just women. That

is important.” — participant 3

“It gave me tools and language to express myself and help me become a more

effective and active ally.” — participant 4

Attendees have reported that bringing these discussions to their own department

would be valuable and would like to set up avenues for dissemination of EDI topics:

“You've inspired me to encourage students in my department to come together and
discuss equity, diversity and inclusion since as it stands, we do not have any such

organization or platform for these conversations.” — participant 5

“I think all Department Heads should be attending as it really opens one's eyes to the

challenges faced by so many.” — participant 6
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LOGIC 2020 was adjusted to a virtual format due to COVID-19 restrictions. The
online platform boosted attendee numbers three-fold from the previous year and,
since travel and accommodations were no longer required, there were a large number
of international registrants from countries like USA, Australia, England, Belgium,
Scotland, and Switzerland. Additionally, this allowed us to offer more inclusive and
flexible programming such as pre-recorded and close-captioned seminars.
Discussions on the Slack platform allowed attendees to be part of the conference

without excluding those with career or caretaking commitments or language barriers.

Over time, LOGIC has evolved into a community-driven event organized by an
overarching network, Canadians Working for Inclusivity in Chemical Sciences,

Engineering, and Technology™"

(CWIC). Representatives from other inclusivity
groups across Canada are now involved and a community is built through working

towards a common goal.

Margaret-Ann Armour Lecture Series

In honour of Dr. Margaret-Ann Armour’s contribution to scientific research and
advancement of diversity at the University of Alberta, UAWIC established the annual
student-invited Margaret-Ann Armour Lecture Series in 2019.%"* This lecture series
showcases that chemists can be both outstanding in their research and promote

diversity and inclusion within chemistry.
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Potential speakers for this series are short-listed by the graduate student members of
the UAWIC executive and an anonymous voting ballot is electronically sent to all
graduate students and postdoctoral fellows in the Department for final selection. The
UAWIC Co-Chairs will reach out to the chosen speaker and invite them to visit our
campus for a two-part lecture series. One of the lectures will be a research
presentation and the second lecture will be dedicated to showcasing the career path
and personal involvement of our visitor in EDI initiatives. Once they have accepted,
members of the UAWIC executive team will begin planning and executing all aspects
of the speaker’s visit, from flights to accommodations to meals to campus room and
projector booking to advertising. To ensure both students and faculty have a chance to
meet our speaker, we arrange for a student pizza lunch open to all graduate students
and postdoctoral fellows, a dinner with the entire UAWIC executive team, as well as
individual one-on-one faculty meetings between the visitor and professors of our
Chemistry Department. An endeavour of this type does require significant planning
and we begin this process, initiated by the student vote, about a year in advance of the
anticipated visit. Furthermore, to successfully deliver this lecture series as a free event
to all members of our university community interested in attending, we actively
fundraise through the year by hosting food-centered events, promoting pin sales, and

writing grants for additional support.

Our inaugural speaker was Dr. Geraldine Richmond, Professor of Chemistry at the
University of Oregon and founder of COACh (Committee On the Advancement of
Women Chemists), an organization focusing on increasing the presence of women in

science by providing resources on building successful careers.*'*'® Dr. Richmond
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spoke about her research on nanoemulsions, as well as highlighting the importance of
groups such as COACh. Our invited speaker for 2020 was Dr. Molly Shoichet,
Professor of Chemistry at the University of Toronto, who spoke to us about her work
on developing hydrogels and her career path. In light of COVID-19, our 2021
Armour Lecture Series took place virtually over a two-day period. Our invited
speaker was Dr. Jennifer Heemstra, Professor of Chemistry at Emory University and
a columnist for Chemical & Engineering News, targeting early career chemists with
monthly advice and guidance. Dr. Heemstra shared her work on nucleic acid
molecular recognition and assembly, her struggles with imposter syndrome
throughout a career in academia, and engaged in lively discussions with our executive

team, students, and professors.

Department members were exposed to strong role models that excel both in research
and embracing diversity. Meeting leaders that exemplify our goals is a valuable
network building opportunity that has been well received by the Department (65
attendees or more). This seminar series highlights EDI work as crucial to the success
of science, rather than a pursuit external to it. The speakers are lifelong champions for
inclusivity in their own communities and provide valuable insight into what still

needs to be done in this area.

Diversity in STEMinars

The Diversity in STEMinar lecture series was founded in 2019 to bring more diverse

perspectives into the Chemistry Department and foster discussion on topics outside of
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the expertise of the UAWIC executive committee. We focus on identifying local
speakers with research interests under the STEM umbrella, but who also make
diversity and inclusivity a focus in their career. Our first speaker, Dr. Kim TallBear,
addressed the colonial past and present of science, in particular in genomic and
biological studies.*'”'® For our second STEMinar, we leveraged a mandatory
professional development program within the Faculty of Graduate Studies and
Research at the University of Alberta to increase attendance and broaden the pool of
attendees to the entire Faculty of Science. Reaching over 80 students, faculty, and
staff, Dr. Lisa Willis discussed the statistics of diverse representation in STEM

Al9

academia,'” the fallacy of improvement in this area,”*” and the benefits to problem

solving and creative idea production that result from assembling diverse teams.**'™
These seminars will continue to operate as a way to educate the community on the
intersections of diversity and scientific research, and highlight local scientists who are
experts and passionate about this work. This broad education on the status of EDI
movements in STEM supports both of our goals by fostering discussion within the

Department and highlighting areas in which we can improve support for

underrepresented groups during their time at the University of Alberta.

Highlighting diverse career paths

Chemistry-degree holders pursue a vast range of career trajectories after
graduation** and exposure to non-academic jobs is extremely limited in university
settings. UAWIC regularly uses its network of professional chemists to showcase
possible career opportunities available through panel discussions. Speakers include
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individuals from all walks of life, ranging from government scientists, to process
chemists, to scientific editors. Attendees engaged in discussions about navigating a
career in chemistry and were exposed to different employment opportunities available
to them. These events are specifically tailored to support our second goal. By
including a diverse range of speakers, open discussions, and sharing experiences, we
equip attendees with in-depth knowledge of what to expect when entering the

chemistry workforce.

Canadians Working for Inclusivity in Chemical Sciences, Engineering, and

Technology Network

Through many of these events, we met other graduate students and groups working
on EDI issues in chemistry. In collaboration with the University of Toronto Working

for Inclusivity in Chemistry™*

and the University of Saskatchewan Women in
ChernistryA26 groups, the Canadian Women in Chemical Sciences, Engineering, and
Technology (CWIC) Network was formed. This team is focused on providing
guidance and resources to up and coming CWIC chapters across Canada, as well as
creating a network for these chapters to share resources and experiences with each
other. Since 2018, the number of affiliated groups has grown from three to fifteen.
The CWIC Network is affiliated with the Chemical Institute of Canada (CIC) as a
member resource group and is the first of its kind in the Canadian chemistry
community. CWIC shares similar goals to the UAWIC group, but has a far greater
reach into the academic and industrial spheres. For example, CWIC will organize an

EDI symposium at the 104™ Canadian Chemistry Conference and Exhibition / 48"
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World Chemistry Congress / 51% TUPAC General Assembly focused on allyship in

the chemistry community.

A.4 Conclusions and future perspectives

As EDI initiatives grow in size and number in the international community, UAWIC
has worked to be at the forefront of the movement within graduate chemistry
communities in Canada. Due to the mentorship and sponsorship of Dr. Margaret-Ann
Armour during the inception of the group, we have been able to make noticeable
changes within our Department. Professional development activities such as career
panels, the LOGIC conferences, and seminars (Margaret-Ann Armour Lecture Series,
Diversity in STEMinars) provide attendees with the tools to navigate academic and
industrial systems and identify inequities so they can be addressed. Visibility through
social events, door decorating initiatives, and lapel pins have helped to recognize
allies in our community and help those of all backgrounds and identities feel
welcome. Looking forward, we aim to continue advocacy efforts within the
University of Alberta. The Department of Chemistry has recently formed an Equity,
Diversity, and Inclusion Committee, on which a graduate student representative from
UAWIC is present. The prerogatives of the Departmental EDI Committee™?’ are
heavily based on the EDI components of NSERC funding applications, upon which
UAWIC was previously consulted. Involvement in these higher-level Departmental
Committees allows for direct input on policy development, resource allocation, and

other crucial, concrete changes to the social and professional environment at the
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University. Connections within the CWIC Network will also enable a continued push
for the re-examination of systemic bias and inequitable practices in the wider
Canadian chemistry community. The LOGIC conferences, as well as the hosting of
EDI sessions within the CCCE meetings, will enable the ongoing support and growth
of these initiatives, and continue to promote diversity and inclusion in the Canadian
chemistry community through visibility and education. However, as UAWIC is a
local group serving the community of underrepresented minorities in chemistry at the
University of Alberta, our primary focus will continue to be the development of a
positive and inclusive environment which strives for equity, diversity, and inclusivity.

We hope Dr. Armour would be proud.

The aims of UAWIC will continue to evolve as new individuals become part of the
executive team and share their stories and perspectives. UAWIC has flourished due to
its varied membership, representing diverse identities and experiences of those who
wish to join us. It is vital to acknowledge that, although we are working towards the
same goals of inclusion and diversity, the ways in which these initiatives manifest in

each department and in each group may be different.

As a last thought, we encourage everyone to take a stand and be part of the
conversation around equity, diversity, and inclusivity in STEM, but especially those
who are not part of underrepresented or marginalized groups, as they tend to
disproportionately carry most diversity initiatives.**® Take responsibility to educate
yourself and others about systemic racism and biases that are ingrained in academia
and Canadian culture, and help to improve the quality of life and safety of others

around you who may be less privileged.
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