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Abstract

Cyclic lipopeptides present a rich source of antimicrobial compowittisdiverse modes of action.
Paenibacterin ia cyclic lipopeptide mtibiotic produced byaenibacillushaminolyticughat exhibits
adivity against a broadpectrumof bacteriaPaeni bact eri nés (OA)laganst sm of
Gramnegativebacteria is thought to be similar to the clinically useful polymyxitesvever certain
aspects of its MOA are still not darstood particularly with respect to its activity againSram
positive bacteria.To facilitate MOA studies a method for the syegls of paenibacterin and analogs
was developed using solhase peptide syntheqiSPPS) One analogvas prepared where costly
-Orn residues were replaced witkLys residues. This analog exhibitadtivity similar to or better
than nativepaenibacterimand so was used as a scaffold for further analogs.

To establish structuractivity relationship (SARsS) of paenibacterin, a series of analogere
synthesize@nd theirin vitro antibacterial activityvas evaluatedSeveral analogs were prepared with
acl tails reduced from 15 carbon atoms to 2 carbon atoms in length. Pentanoyl or acetyl tails resulted
in loss of activity. Activity againsGrampositive bacteria gradually decreased as the tail length was
reduced from 15 to 10 carbon atoms. Activity agaBramnegativebacteria remained consistent with
a decanoyl tailTo determine the importance of each cationic lysine residue, theyindivalually
replacedvith alanineReplacing any single lysine residue resulted in at most-#alddoss in activiy.

We then prepared analogs with doubleY.y8sla substitutions. This resulted in only a two to féoid

loss in activity againgBram-positivebacteria, but activity again@ramnegativebacteria was highly
dependent on which lysine residues were replabed.fluorescent analogs were prepared, with either
a l-pyrenbutyric acid tail, or a tryptophan residue at positioiranalog of a paenibacterin B series
peptidewas also prepared

To facilitate MOA studies of paenibacterin and other peptide antibiotics, two environmentally
sensitive fluorescent amino acids were prepared bearirdjadkylaminocoumarin fluorophore. These
amino acids were compatible with Fm8EPS and were incorpordtato a paenibacterin analothe
interaction of this analog with model membranes, lipopolysaccharide, and bacteriabsatisamined
using fluorescence spectroscopy and confocal micrgscop

Lastly a SARstudy was conducted on an analog of the lipagepantibiotic daptomycin,
DapK6-E12W13. A series of substitutions were made at positions 8 and 11, and their effiect on
vitro antimicrobial activity and calciurdependent membrane binding was determined. Cationic

residues were well tolerated at thessitions, and these analogs exhibited good activity and membrane

iX



binding at low calcium concentrations. When saene substitutions were introduced into daptomycin,
they increased antibacterial activity.
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Chapter 1

|l ntroduction & Literature Rev

1.1 Microbial resistance and the need for new antimicrobials

The prevalence of antibiotiesistanbacterias increasingandbacterial infectionare becomingnore
challenging to treatAntibiotic resistance has significantly increased the risk associated with routine
medical procedures including surgery and eariceatment. In spite of this, the development of new
antimicrobials has stagnated due to high development costs and relatively low profitability of
antimicrobial drugg. Consequently, the World Health Organization (WHO) considers microbial
resistance to antibiotics and the lack of development of new antibiotics as one of the greatest potential

threats to human health.

The emergence of multirug resistance (MDR) is prevalent among Wethmpositive (Gram(+))
and Gramnegative (Gram( T ) ) bacteri a. Ma n yentreffodsehave beemt i bi o
directed at the ESKAPE pathogens, which consigrdérococcus faeciunstaphylococcus aureus
Klebsiella pneumonigéAcinetobacter baumanniPseudomonas aerugingsand Enterobacterspp.,
with the first two species beinGram(+) bacteria and latter four species being Gfam ) bahcteria
These bacteria are responsible for a large fraction of infections in hospital environments, and exhibit

resistance to any common antibiotics.

Treatment of infections resistant to common antibiotics typically involves a small number of so
called drugs of last resoror last defenseFor treating resistant infections caused by G¢amn
organisms, such antibiotics includénezolid, quinupristirdalfopristin, and daptomycjrwhich are
used for treating vancomyechesistant Enterococcusspp. (VRE); and vancomycin, linezolid,

tigecycline, and daptomycin, used for treating methicilligistansS.aureus(MRSA).* Daptomycin is



a cyclic lipopeptide antibiotic (cLPA)F{gure 1.1) and represents one of the few new classes of

antibiotics to be approved for clinical use in the last two decades
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Figure 1.1 Structures of daptomycin, polymyxins B and E (colistin) and paenibacterin

Resistanceamong Grafni ) bact er i a piessingassugiitheektienyely drugesistard

(XDR) and totally drugresistant (TDR) strains emerging. CertBiraeruginosatrains have developed

resistance to all current antibiotics save the polymgbass of antibiotics, such as colistin (polymyxin



E) and polymyxin B Figure 1.1) which, like daptomycin, are also cLPAZhe polymyxinclassof
antibiotics still retain their activity against many MDR Gréam sdrains; however, colistiresistanK.
pneumoniasestrains have emergédihe low degree of resistance to polymyxin antibiotics can in part

be attributed to reduced use in the past due to nephrotoxic and neurotoxic effects upon intravenous
injection Even now thisrelegates polymyxin B and colistin to use as a kstnt treatment for internal
infections though toxicity is not observed in patients given the commonly recommended daily
dosage® This presents an obvious opportunity for theelepment of polymyxidike cationic cLPAs

with similar mechanisms of action ®A), but more favourable pharmacokinetic properties.

Albeit rare, the number of clinical isolates exhibiting resistance to last resort antibiotics such as
daptomycin and polymyn is increasing steadil{2 This is a cause for considerable concern as these
antibiotics are among the last defense artiitBoagainst several very serious pathogens. It is crucial
that new antibiotiche developed taaddress this problenThe overarching goal of this thesis is to
develop new cLPA antibiotics that are active against the ESKAPE pathogens. These new antibiotics

arederiveddaptomycin and a recently discovered cLPA called paenibackgurél1.1).

1.2 Bacterial Membranes

Daptomycin and paenibacterin are cLPAs that exert their antibacterial effects by acting upon bacterial

membrane A brief discussion of bacterial membraneprissented below.

Bacteria are divided into two categories based on the structure of their outer membrangs:)Gram
and Grara( T ) . -(+plbaateria have only a single membrane surrounded by a thick cell wall, while
Gram( T ) bact er iaterandinner mémbtarke Kigune 1.2), the latter of which closely
resembles the Graift) cytoplasmic membrane. The properties of bacterial cytoplasmic membranes
are discussed below, followed by a discussio@maim(+) andGram (1 ) membranes in sectiois2.1

andl1.2.2 respectively.
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Figure 1.2 Bacterial membranes. Left: Phospholipid membrane (phospholipid headgroups shown
in yellow) and peptidoglycan cell wall (green) of GrgR) bacteriaRight: Inner membrane
(phospholipid bilayer) cell wall (green), and LPS (blue) containutgrmembrane of Gradfi )

bacteria

The baterial cytoplasmic membrane consists of a phospholipid bilayer with embedded hydrophobic
membrane proteins. Theytoplasmicmembrane contains the @slicontents and separates them from
the external environment. The membrane also serves as a perméwniiigy, allowing the cell to

control movement of nutrients, small ions, waste, and more through a variety of mecHabisms.

The fluid mosaic model of the cytoplasmic membrane was devised by Singer and Nicolson and
published in 1972 The membrane was described as a-tlivoensional liquid containing embedded
proteins, calledntegral proteins which diffused freely throughout the membrane. Though lipids are
capable of easy lateral diffusion, there is little movement of lipids fromiameeto the other i.e., lipid
flip-flop. This results in an inner and outeaflet with different lipid compositions. Lipitlip-flop is
mediated by families of flippase enzyniés$® The main components of bacterial cytoplasmic
membranes are phosphatidylglycerol (PG), cardiolipin, and phosphatidyl ethanolamine (PE). Both PG
andcardiolipinare anionic while PE is zwitterionicSince its inception, the fluid mosaic model has
been refined considerably to incorporate organized membrane structures such ag tagdifpund
in eukaryotes. Lipid rafts are regions where cholesterol induces lipid segregation forming a sphingolipid
rich domain of reduced fluidity in which specific proteins will accumulate. These domains play a role
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in cell trafficking and signalling® Analogous membrane domains have been identified in bactada,
these domains accumulate proteins involvedsignaling and transpott. Membranes also contain
domains of increased fluidity. In bacteria the -wedlll synthesis machinery accumulates in such a
region, and disruption of the fluidity ¢iese domains is a mechanism by which cLPAs may exert their

bactericidal activity®

The cell membrane is also ausce of energy, which is stored as a proton gradielke in
mitochondria, this sgalled proton motive forc&an be harnessed for ATP synthesis,ibaain also
play a role in signaling’ The gradient is also important for certain modes of transport across the
membraneSome bacteria, ptcularly pathogenic species, make use of an analogadisim motive
force that can be used for energy production or transport across the mefiBanee antibiotics

function by disrupting teseelectrochemical gradiest

For he membrane to act as an effective permeability barrier, the import and export of nutrients,
waste, etc. must be tightly controlled. There are three classes of transport systems for the movement of
nutrients into the cell: simple transport, group tranglonaand the ABC transportet$The energy
for simple transport comes from the proton motive force. A notable example of a simple transporter is
lac permeas@é which internalizes lactose inka coli. Group transport relies on chemical modification
of the substrate. In the case of the phosphotransferase system sugars are phosphorylated upon reaching
the cytoplasm. Finally, the ABC (ATBinding cassette) system relies on a subsspéeific binding
proten located between the peptidoglycan layer and the membrane which delivers the substrate to a
transmembrane channel. The process is driven by ATP hydrolysis by associated proteirisran the
leaflet Transport proteins can be further subdivided into uniporters (transport one molecule in one
direction), symporters (couple the transported molecule with another, such as a proton), and antiporters
(two molecules are transported in opposite directiorsjedch an intracellular targetntibiotics must

eitherbe capabléraversing cellular membranes pgssive diffusiorupon partitioning into the lipid
5



bilayer (e.g. tetracyclinesr chloramphenicg) or be a compatible substrate fam active transport
systems(e.g.aminoglycosides? ABC transporters are used for excretion of peptide antibiotics, and

this active efflux mechanism can provide seifmunity to antibiotieproduchg bacteria?

1.2.1 Gram-Positive Bacteria

Gram(+) bacteria are characterized by their single membrane surrounded by a thick cell wall composed
of peptidoglycan (also called murein). In addition to the common three phospholipids, modified PG
can be found in the membrane of Grés) bacteria, where it is acylated with lysine, alanine, or
arginine?® These modifications alter the membranes properties and can phdg ia resistance to

antibiotics.

The cell wall of Grar(+) bacteria is composed of Nracetylglucosamine and-muramic acid
polysaccharides held together by short peptide linkages composed-A#, -Glu, and Lys or
diaminopimelic acid. The cell walprovides structural integrity to the cell, counbalancing the

relatively intense osmotic pressure caused by high solute concentrations found in Bacteria.

Synthesis of peptidoglycarrigure 1.3) begins in the cytoplasm with uridine diphosphate (UDP)
linked N-acetylglucosamine (GIcNAg¢)which is converted td\-acetylmuramic acid (MurNAc),
followed by the coupling of five amino aciisequence: AE(K or diaminopimelic acid)AA. This is
accomplished by a series of enzynreferred to asMurA-F.2* The sugaidinked peptide is then
transferred from UDP to a lipid carrier on the inner leaflet of the membrane by the integral neembran
protein MraY giving Lipid I. MurG then transfers a GIcNAc subunit onto the MurNAc moiety giving
Lipid 11.2° Lipid Il is then transferred to the outer leaflet by a flippase. The igesftihis flippase is a
contentious issue, with three putative candidates: FtsW, MurJ (mentioned above), and AmJ. In a 2015
review Ruiz outlines the case for each of the candidagefly, FtsW has been shown to cause lipid

Il translocationin vitro but is not supported kin vivoevidence, and thepposite is true for MurJ and



AmJ. Following translocation, the glycosyltransferase enzymes incorporate the glycopeptide subunit
into the peptidoglycan chains. Transpeptidases then catalysdiokisg between strands through the
peptide moieties. Intenfence with these later steps is a common and effective mechanism of action for
antibiotics, highlighted by the naming of tpenicillin binding proteingdPBPs) which catalyze this

crosslinking stepand are inhibited by the antibiotic penicilfih

to cell wall

Lipid | Lipid Il
g o " uoe]

GlcNAc

MurNAc-pentapeptide

Figure 1.3 Biosynthesis of the cell wall precursor lipid II.

Another important component of Graf) baderial cell wallsare teichoic acids. Teichoic acids are
glycerol phosphate/ribitol phosphatarbohydrate copolymers that may be incorporated into the cell
wall or anchored to bacterial membranes (lipoteichoic aéid&)Vall teichoic acids serve many
purposes including the regulation and localization of peptidoglycan biosynthesis proteins, metal ion
binding, biofilm formation and cell adhesion, as welsas mpl e modi fi cati on of
and hydrophobicity which plays a role in defeft&hey also contribute to the overall negative charge
of the cell surfacé® Modificationsto lipoteichot acidscan affect the properties of the cell membrane

and is an important component of antibiotic resistance mechaffisms.

1.2.2 Gram-Negative Bacteria

Gram( T1 bacteria are characterized by a relatively thin peptidoglycan cell wall which is enclosed

within an outer membrane. The outer membrane differs significantly from the inner membrane, mainly
7
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due to the presence of lipopolysaccharide (LPS) on the outestf@dfi contrast to the cytoplasmic
membrane, the outer membrane is permeable to small molecules thanks to transmembrane proteins
called poringwhich allow for passive diffusion in and out of the peripltad’he outer membrane is
impermeable to larger molecules and proteins, which allows faethationof periplasmic enzymes

that can carry out their function outside of the cytopl&Sihis impermeabilitys in part responsible

for the lack of susceptibility of Graifi ) bacteria towards certain large antibiotics such as vancomycin,
daptomycin, and rifampin. Another key component of the outer membrane are the lipoproteins found

anchored into the inner leafletuch as LpoB which participates in regulation of PBPs.

The structure of LPS is divided into three components: furthest from the membrane-ispbefio
polysaccharide (@ntiger), which is usually made up of galactose, glucose, mannose, rhamnose, and
some dideoxyhexoses; neis the core polysaccharide composed of ketodeoxyoctonate (KDO),
glucose, galactose, GIcNAc, and assorted heptoses; finally lipid A is composeipbbsptiorylated
glucosamine disaccharide which is acylated with fatty acids typicall§ 6arbon atomsilength®®
Peptide antibiotics that are active agaBsam( Tbacteri® several of which are mentioned in detail
in this chapted often rely upon interactions with this lipid A moiety. LPS is also refeo as
endotoxin and plays a significant role in human iliness. In particular, the lipid A compondrig{see
1.9 for more detail), is a powerfyproinflammatoryagent that can induce symptoms like fever,

vomiting, diarrhea, and at high concentrations can induce potentially lethal septi¢'shock.
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Figure 1.4 General structure of LPS and transport to the outer membrane.

LPS biosynthesisHigure 1.4) starts at the inner leaflet of the cytoplasmic membrane, after which it
is flipped to the outer leaflet by MsbA. This is followed by Ad@&dendent extraction from the
membrane byhe LptBFG complex. Transport to the outer membrane is facilitated by a LptAC bridge
that spans the periplasm and del i-jelyrobstructtr& t o t h
allowing it to orient LPS and deliver it through its lumen to the oetidt of the outer membraf&*
Without an ion gradient across the outer membrane, or ATP in the periplasm, it is not obvious where

the energy for this process comes from. It is thodugat ATP hydrolysis in the cytoplasm by the
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LptBFG complex drives the entire process, pushing successive LPS molecules all the way to the outer
membrane. This model is likened to a PEz&Nndy dispensef. Outer membrane biogenesis is a
promising target for antibiotic development, asrswith the novel antibiotic murepavadin which is in

Phase Il clinical trial$®

Bacteria of the genudlycoplasmepresent an interesting case when it comes to classifying bacteria
with the Gram stain. Though they lack an outer membidpeoplamsalo not stain purple with crystal
violet thanks to their complete lack of a cell wall and are thus technically-Grarn general they
eitherinhabit osmotically protected environments, such as inside animal hasisylbaverigid sterot

containing membraneslow them to resist osmotic lysi$

1.3 Cationic Antimicrobial Pept ides (AMPSs)

Daptomycin, paenibacterin and the polymyxins are examples of antimicrobial peptides (AMPs). AMPs
are peptides produced by many different types of organisms and are found in all kingdoms of life.
Many AMPs, such as paenibacterin and polymyaie, cationic at physiological pt4*¢Bacteria are a

rich source of these compounds, particularly members of the lwdadh.***° These compounds are
structurally diversé ranging from nodipidated linear peptides to lipidated cyclic peptiddsut for

the most part they kill bacteria in siani ways: by compromising the integrity of the cytoplasmic or
outer membrane. With such a general MOA resistance can be slow to develop since it can require
extensive modifications to the cellular membranes. This may appear to be a desirable trait for the
development of broadpectrum antibiotics; however, without a specific affinity for bacterial
membranesas opposed to human cell membrasemje cationic peptides can be quite toxic. Clinically
useful cationic peptide antibiotics typically target specifiembrane components that are more

prevalent in bacteria.
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This section contains a brief review of several types of cationic peptide antibiotics that differ
significantly in their structure and/or mechanism of action. Special attention is given to paegitibac

as this cationic AMP is the focus of much of this thesis.

1.3.1 Paenibacterin

Paenibacterin is a recently discovered antimicrobial agent produced by the soil bacterit@EQSY
Paenibacillusthiaminolyticusstrain. It was discovered through extensive esaireg for inhibition of
Listeria innocuaATTC 33090 andEscherichia coliK-12 in Columbus, Ohio, USA! Unlike most
antibacterial peptideswvhich are usually active against just Gr&f) or just Gram( T Bacteria,
paenibacterin exhibits activity against both Gr@ihbacteria, including MRSA and VRE strairsd

Gram( 1) bd€teri a.

1.3.1.1 Paenibacterin Structure

Paenibacterin consists af &1-residue macrocyclic ring containing an estiegs) bond between the
side chain of t hecarfokyrgBuprokllsli3.dlbeee isam akocyclit dipeptide to
which is attached a i&arbon acyl tail. Paenibacterin sourced frBmthiaminolytias (called the
paenibacterin Aseries) is a mixture of three homologous compounds with differing lipfds.
PaenibacterilA1 (PAL, Figurel.5) has a peiadecanoyl tail. Throughout this thesis, when we refer to
paenibacterin, we are referring to theséries mixture unless stated otherwise. Paenibacterin contains
four nonproteogenic amino acid residuesSer7, -Lys6, -Orn5, and -Ornl. The configuradin of
each amino acid was inferred through sequencing of the correspondiagbosmrmal peptide
synthetase doman(NRPS, see sectio 1.3.1.5 followed by bioinformatic analysis;omparing to
NRPSs with known function3his was followed byexpression of select domainskncolito confirm
function. The presence of an epimerization domain in an NRPS mdégled1.7) indicated the

presence of a-amino acid. Amino acid configuration was further confirmed by hydrolysis of
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paenibacterin with aqueous HCI; the released amino acids were reactettw Mar f ey 6 s r eagent ,

by separation of the resulting modified amino acids using chiral HPMarfey analysis was unable
to determine thepositionspecific configuration of each lysine and serine residue, so the

stereochemistry at these positions was not confirmed.

The presence four basic residues (Qis) means that paenibacterin is cationic at physiological pH.
It has been proposedthmia e ni b a ¢ t e-shéenstrurtdre with hydraghobic aliphatic side chains
(lle, Vval) located on one side, giving rise to two separate faces, one hydrophobic, the other
hydrophilic#* Contributing to its amphipathicity, the acyl tail of paenibacterin has been shown to be
essential foractivit! These properties |ikely contribute to

is supported by many other examples of cationic, amphipathic peptideswimticeobial activity**
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Figure 1.5 The structure of paenibacterin A1l (PAl1). -Amino acids are shown in blue. The
esterfdepsibond is shown in red.

1.3.1.2 Antimicrobial Activity of Paenibacterin

Huang et al. examined the activity of paenibacterin against a sesfe&Gram( 1 ) an-(ft) Gr am
bacteria®® Their results Table 1.1) compare paenibacterin activity with that of polymyxin B against
Gram( 1) bacteri a, and -(waaceranThewide rargg Gt stragssceptiBle a m

to inhibition by paenibacterin is promising; however, the minimum inhibitory concentration (MIC)
values are relatively high compared to those of clinically used antibiotics. Interestingly, paenibacterin
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exhibited quite good activity against alymyxin B resistant (PMBR) strain ofA. baumannil315. It

also appears that in general, paenibacterin is more active agains{ Grgm

which is understandable given its proven affinity for bacterial LPS.

Table 1.1. Paenibacterin MICs from Huanget al.2014°

MIC (ng/mL)
Bacterial strain Paenibacterin Polymyxin B

E. coliO157:H7 EDL933 8 0.25
E. coliATCC
55922 8 0.06
E. coli2276 (PMBR, clinical isolate) 8 8
Salmonella entericaerovar Typhimurium 8 1i2
Pseudomonas aeruginogd CC 27853 8 0.125
P. aeruginos®99 (MDR, clinical isolate) 8 0.25
P. aeruginos&325 (MDR, clinical isolate) 16 0.25
A. baumanniATCC BAA-747 2 0.06
A. baumanniit570 (MDR, clinical isolate) 2 0.06
A. baumannik315 (MDR, PMBR, 5 8
clinical isolate)
K pneumoniaddTCC 700603 8 0.125
K. pneumonia2461 (MDR, PMBS, .

LT 4 218
clinical isolate)
K._ pneu.momaé463 (MDR, PMBR, 8 0.0610.13
clinical isolate)
_K. pneumonia@317 (PMBR, clinical 64 ~64
isolate)
S. aureuATCC 32
29213
S. aureuATCC 43300 (MRSA) 32
S. aureu78 32
(DAP-R, MSSA)
S. aureud 616 (DARR, MRSA) 32
S. aureugMRSA, clinical isolate) 8
E. faecalisATCC 29212 16
E. faecalisATCC 700802 (DAPS, VRE) 64
E. faecali2731 (DARR, VRE) 8
S. pneumonia@TCC 49619 64
Bacillus cereuATCC 14579 16
Listeria monocytogenes >
Scott A

13

t h 4+h badkerig m

Vancomycin

0.2

24
161 32

32
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1.3.1.3 The Mechanism of Action of Paenibacterin

Preliminary studies on tHdOA of paenibacterin againstGrani ) bacteri a suggest tha
that ofpolymyxins; ie. binding LPS, displacing divalent cations, which facilitates further insertion of
paenibacterin into the membrane of Gram ) cteria &discussed in detail isection1.3.3.%% Like

polymyxin, paenibacterin is both cationic and amphiphilic. It has been proposed that the charged amino

acid side chains (Orn & Lys), and the hydropicaaliphatic side chains orient themselves in a fashion

that gives rise to both polar and hydrophobic faces, similar to polyrfyxin.

It has been shown by Huartal.that the presence of LPS in solution will reduce and even eliminate
inhibition of E. coligrowth by paenibacterin. This suggested that ikfht becapable of sequestering
paenibacterin,aat t ri but e shared with t he pdattygmagtibiotians. The

which functions through an unrelated mechanism, was unaff&ed.

Huanget al. further confirmed the binding of paenibacterin to LPS using adhamnce assdy.
Polymyxin B fluorescently labelled witBODIPY-FL was combined with LPS purified frof. coli,
which quenched fluorescence upon binding. They observed an increase in fluorescence upon addition
of paenibacterin which suggested that it was displacing bound polymyxin. This effect was alsalobserve

when liveE. colicells were used.

Paenibacterin was also found to cause depolarization of both-@je#n aureusand Grara( 1E).
coli cell membranes, disrupting the electrical potential gradient required for ATP synthetase
function43 Paenibacterin caused eake of diS&5), a fluorescent dye which remains membrane

bound so long as hyperpolarization is pregént.

Cell membrane permeabilization was further investigated using PBFI, a potassigitive
fluorescent probé Addition of paenibacterin to botB. aureusandE. coliresulted in an increase in

fluorescence corresponding to intracellular potassium being reléasedhe PBFcontaining

14



extracellular medium. Paenibacterin was also found to allow uptake of the nucleotide cell stain
propidium iodide, whichdoes not accumulate in liveacteria’® It was proposed that this was due to
permeabilization of the membrane by paenibacterin, but since the dye is known to stdiadtieaal,

thisis likely an indicator that active extrusion (via ATP transporters) has halted following killing of the

bacterium.

Figure 1.6 Proposed mechanism of cytoplasmic membrane disruption by padracterin

(i) Paenibacterin inserts into the bacterial membrane, mediated by insertion of the acyl tail. (ii)
Insertion disrupts membrane integrity, promotes further uptake, and causes leakage of intracellular
contents. The structure shown for paenibact@gieen) depicts an arbitrary conformation.

These observations are good evidence that paenibacterin disrupts cellular membrane integrity
impeding normal cellular function in a similar fashion to polymyxin antibiotégure1.6). However,

Huanget al. highlight the fact that no study to date has ruled out other potential MfOAs.

1.3.1.4 Paenibacterin: Toxicity, Animal Studies  and Applications to Food Safety

The toxicity of paenibacterin against a human kidney cell line (ATCC-ZH0) has been examinéd.
ICsovalues fell into the 1@ 120 pg/mL range, significantly greater than most bacterial MICs indicating
that paenibacterin may have a favourabfemodest,therapeutic index. Two ®Qug doses of

paenibacterin increased the survival rate in mice inoculatedPwileruginosdo 67.7% comparetb
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12.5% among mice who received no injectibhis.was conclugd that the mice were protected from

septic shock by the ability of paenibacterin to sequester endotoxin.

Yousef and coworkers further investigated paenib
safety in 2018 L. monocytogends aparticularly virulent fooeborne pathogethatcan form biofilms
in food processing facilitie§.hey found that relatively low concentratiasfspaenibacterieffectively
suppressedlisteria monocytogenesithin its biofilm matrix. They also demonstratduat treatment
resulted in suppression of biofilm formation through the dosgulation of key genes as well as

reduction of bacterial motilit§?

Yousef and coworkers also investigated paenibac
Salmonek entericacontamination in low wateactivity foods?® The S. entericastrains tested were
capable of resisting dehydration. Treatment with paenibacterin, however, disrupted these desiccation
resistance mechanisms. Rreatment at a concentratiof ®ug/ml was particularly effective. This
effect was attributed to paenibacterinés ability

employed as an extracellular potassium probe to detect membrane leakage.

1.3.1.5 Biosynthesis of Paenibacterin

Paenbacterin is synthesized by noibosomal peptide synthetases (NRP}.ithiaminolyticusDSY-

SE#2 This is common among other cLPAs such as daptomys well as other bacterial peptide
derived ant i dactamtantibistics arsl glgchpeptides, fuch as vancomyeiiNIRPSs

are modular protein complexes, with one module for eanmo acid residuef the peptideto be
synthesized Paenibacterin is synthesized by twenbdule NRPSs and a thirdn3odule NRPS,
designated PbtA, PbtB, and PbtEspectively*? PbtA is responsible for initial attachment of the acyl
moiety to -Ornl and elongation to Ser5. PbtB then couples the Val6 residue through to Prol10; then

the remaining residues, Valll, Lys12, and llel3 are attached by PbtC as sheiguréil.7. The
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composition of each module was elucidated through sequencing of th&&Bg§¥nome followed by
analysis using bioinformatic methods to identify sequences similar to previously chardX&REs;
the function of certain catalytic domains were further confirmed by transformation and expression in

E. coli*?

Each module consists of a riritum of three individual catalytic domains. The adenylation domain
(A-domain) is responsible for substrate selection, through-ddf@ndent adenylation of the amino
acid to be coupl ed. The act i v ahospHopaatetheim@Parg c i d
cofactor bound in the peptidyl carrier protein (PCP) domahich transports it to the condensation
domain (Gdomain). In the @omain the activated amino acid is incorporated into the thioester bound
peptide. Certain modules also contain an egiraon domainwhich generate the-amino acids from
their correspondingHsomers after incorporation. The terminal module also contains a thioesterase
domain where the thioester linkage binding the peptide to the enzyme is clbavthd case of

paenbacterin, his occurs with concomitant cyclization.
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Figure 1.7 Biosynthesis of paenibacterin as described by Huarfg.

Huanget al. have also identified two putative ABC transporters, PbtD and PbtE, with significant
similarity to the known ABC transporters PmxC amixD, which are responsible for the secretion of
polymyxins inP. polymyx&?°3%These proteins are suspected to be involved in the secretion of

paenibacterin.
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1.3.2 The Paenibacterin B -Series

A series of cLPAs have been recently discovered thagely resemblgpaenibacterin (called the
paenibacterin Beries,Figure 1.8). These peptides were isolated from strainBPaénibacillus alvei

and were characterized by tandemass spectrometry followed by genome mirfitg. Like
paenibacterin, these peptides consist of aarfiiho acid macrocycle enclosed by an ester linkage
between theside chainof threonine (position 3) and the-terminal carboxyl group of isoleucine
(position 13). The amino acid sequence of theeBes is similar to the -eries except-lysine is
replaced by -Orn or vice versa, Valll is substituted for lle, and Val6 is substituted for either Phe or
Tyr. One nadble structural difference is the presence of a Pro residue at position 12, replacing Lys, and
giving the peptide a reduced overall charge of 3+, and presumably affecting the peptides geometry in
solution. There is also some variation in the size of tlyetai, ranging from 10 to 15 carbons that

may include a hydroxyl group. The exact structure of the lipid tails in teeriBs have not been

completely elucidated.

D-Lys’
NH, HoN™" ‘™Y or D-Om'’
Ser®
(0] OH O
D-Omn’ H © H D-Ser®
H,N )orD-Lys1 D-Om* ,,,.HJ\N/[NNJkN/WN o
q{ ooNH T o/ H o
- Phe®

PB1, R = C;H140, R' = H or OH
PB2, R = C4,H,,0, R' = H or OH
PB3, R= C12H230, R'=H or OH
PB4, R = C43H,50, R' = H or OH
PB5, R = C14H,70, R' = H or OH
PB6, R = C45H,90, R' = H or OH

Figure 1.8 Structure of the paenibacterin B series.Residues that differ from the-geries are
shown in red.
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The evaluation of a few members of thes@&ies peptides against a very broad range of pathogens
suggest that the-Beries peptides may be more activar the Aseries. For example, PB3 (PB3
with a Tyr residue at the-gosition) exhibited MICs ranging mainly frod4i 8 mg/mL against a broad

range of clinical isolates of MRSA and VRE and a very broad rangeanf-G Tbacteria®®

1.3.3 Polymyxin and Colistin
The polymyxins (A to E) are a group of five cLPAs isolated fi@aenibacillus polymyxa 1947.

Two of them, polymyxin B and polymyxin E (colistirfFigure1.1) have been used in the clinic since
the 19506s for treati ng -(sibpcteria.Ulsey arensfilléncuseitodayss c au s ed

last resort treatments for resistant Grfarn )  bns. fCelistituseis more widespreatf?

The fatty acid tail in polymyxin B and colistin is a mixture $f6-methy-octanoic acid (polymyxin
B1 & caolistin Al) and §-6-methytheptanoic acid (polymyxin B2 & colistin A2). Polymyxin B and
colistin differ at the 8 position, with the former containing aPhe residue and the latter d_.eu

residue>>®

One major drawdck of the polymyxins is their toxicity. The polymyxins are actively taken up by
renal cells leading to the formation of lesions and onset of nephrotoxicity. They are also somewhat
neurotoxic. Consequently, the polymyxins fell almost completely out of fawbe 1970s when safer
alternatives became available. However, due to widespread bacterial resistance to these safer
alternatives in recent years, the polymyxins have made a dramatic comebackefetest antibiotics
for treating severe infectionsused by MDR Granf 1bpacteria. Although the risk of kidney damage
can be somewhat mitigated through a once a day dosing regimen, its toxicity still presents a significant
downside to its us®.The MOA of polymyxins, while still somewhat speculative, has been studied

extensively, and there are several reviews on the t8pic.
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Polymyxins are selective for GraMm1 bacteria, interacting with lipopolysaccharides (LPS) in the
outer membrané’he plymyxin B-LPS interaction has been investigated directly by isolating a stable
complex of the two. The complexes could then be broken up with detergent or at low pH and the
polymyxin quantified by dinitrophenylation of the amino groups and extraction into an organic

solvent®?

The general structure of LPS is showrrigure1.4. The main components are a variablantigen
polysaccharide domain, an inner corke2o-3-deoxycontonate (Kdo) domain, and lipid Pigure1.9)
which is inserted into the outer membrane phospholipid bilayer. LPS in the outer leaflet of the bacterial
outer membrane has a stabilizing effect on the membrane; with adjacent LPS molecules closely
associating with one another, facilitated by divalent cations such¥aar@aVig*.5? The bacterial outer
membrane acts as a permeability barrier, and the MOA of polymyxins is to disrupt this function through
binding to Ipid A. At physiological pH, polymyxin is cationic and interacts with the anionic LPS in the
outer membrane. Divalent cations are displaced, resulting in destabilization of the LPS outer layer. The
fatty acid tail and hydrophobic residues of polymyxin tiwsert into the membrane disrupting the
uniformity of the lipid A acyl chain packing. Disruption of the outer membrane allows for further
insertion of polymyxin into the membrane, where it translocates to the inner membrathe
me mbr ane p o lhyphig gharactersalloasnitgo insert and displace phospholipids, causing
membrane thinning>® It has also been proposed that polymyxin may cause the outer and inner
membranes to come into contact, leading to phospholipid exchange. Altering the compdsach
membrane and the inner/outer leaflets leads to cell death, possibly through lysis triggered by osmotic

imbalance®

The solution phase structures of polymyxin B and E when bound to LPS have bepnngekdry
NMR.%2 It was found that th@,4-diaminobutyric acid (Dab) residues at positions 1, 5, 8 and 9 were

involved in binding to the two phosphate groups in lipid A. The remaiDalgresidue and two Thr
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resdues were positioned close to the polar idb inner core. The hydrophobic moieties of
polymyxin, namely the acyl tail and Phe/Leu residues were found to position themselves close to the
acylated portion of lipid A. These hydrophobic sections are paostiicon opposing sides of the

molecule, and so requires polymyxin to adopt a folded conformation.

Figure 1.9 The structure of lipid A.

Van der Meijden and Robinsdnvestigated polymyxin interactions with membrane proteins by
incorporating into it the photoaffinity probe photoleucihBhotoleucine is structurally similar enough
to leucinethat it can be incorporated by cell protein synthesis machinery, though in this case the amino
acid was incorporated by SPPS. UV exposure triggers the formation of covalent linkages with nearby
proteins® The tail was also modified to include a terminal alkyne, which allowed for the attachment
of a biotin tag by the CuAAC clickeaction. Photolabeling experiments wifscherichia coli
ATCC25922 resulted in the photolabeling of sevenatier membraneroteins though it appears that

these proteins have not yet been identified several years after publication of the initial findings.
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A common method for studying the LPS binding affinity ofymayxin analogs is the displacement
of a fluorescent prob&This is commonly done with dansgblymyxin B which experiences increased
fluorescence in a hydrophobic environment, and thus a decrease in fluoeesteer being
competitively displaced from LPS. Dangyblymyxin is typically prepared as a mixture of labelled

compounds$®

Kanazawaet. al used an alanine scan to elucidate which amino acigelymyxin were most
important to its antibacterial activify.This was done by prepag a series of analogs of polymyxin
B3 in which each amino acid was-turn, replaced with alanine. For each analog, the MIC was
determined as well as its LPS binding affiditypneasured by observing the displacement of dansyl
labelled polymyxin. They faad that cationic residues within the cyclic portion of the molecule were
more important to activity, with loss of the Dab residue at position 5 being the most important. The
exocyclic Dab residues could be substituted without much of an impact on &étRigriously, this
same group had also investigated the effects of a variety of acyl tail modifications to polymyaxin.
Incorporating the fluorophore-pyrenebutyric acid at thé-terminal position (with both Dab1 and the
acyl tail removed) only resulted in af@d decrease in activity against coli.?® This finding suggests
that N-terminus acylation with pyrene butyricidds likely a good way to incorporate a fluorophore
into a lipopeptide without a large impact on activity. A similar py#afelled analog of polymyxin
has been used for studying interactions between polyniikampeptides within model membranes

using RET®#

Resistance to polymyxins typically arises through activation of a regulatory system like the PhoP
PhoQ pathway?’* This system is activated under low WMgconditions, modifying lipid A to
compensate for the lack of divalent cations to bridge LPS molecules. When active, the phosphate groups
on lipid A are modified with 4minc4-deoxy Harabinose, which bears a positive charge at

physiological pH and allowdor tighter LPS packing in the outer membrane, maintaining
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impermeability in the absence of divalent cati®ffsAnother mechanism of resistance involves
phosphate group modification with phosphoethanolarffin€ationic peptide antibiotics like
polymyxin can trigger these lipid A modifications, which result in reduced affinities of the antibiotics

for LPS, preventing membrane insertion.

It is known that activity of antimicrobial peptidesagai@sam( 1) bacteri a typically
peptide having a net positive charge. cLPAs such as daptomycin, which bear a net negative charge, are
generally inactive against GrafnT ) bacteria since they canfnot pass
Paeni bacterinbds positive charge suggests that, 1
ofGram( 1) bacteri a; rhowesv earc,t i pva(g hactbaageay auggest tHatrita m

is not wholly dependent on specific LPS interactions, as is the case with polymyxin.

1.3.4 Polymyxin -B Nonapeptide

D-Phe5
Daba4 Q
O = Leu6
H, N - NH
Thr1
NH2 H

. \\ Daba3 Daba7
(')H o)
NH2

NH, Daba8

Thr9
Polymyxin B Nonapeptide

Figure 1.10 Structure of polymyxin B nonapeptide

Polymyxin B nonapeptidd®MBN) and other polymyxin derivatives lacking the acyl tail serve as an

interesting casstudy for examining the differemispect®f polymyxiné MOA. Developed by Vaara
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and Vaara in1983 using an enzymatic deacylation of polymyxin B, PMBN has no bactericidal
activity.” Nevertheless, tlse author$ound that it vas still capable of compromising the integrity of
the outer membrane of Grafnibgcteria. Cdreatment with large, membrane impermeable, antibiotics
such as rifampin resulted in up to a hundi@d decrease in MIC. PMBN also increased bacterial
susceptibity to complemenicascade components (from guinea pig serum). The deacylated peptide
was found to increase the susceptibility of a broad range of -Gramacteria to hydrophobic
antibiotics, but was inactive against polymyxin resistant strdias.one would expect, PMBN binds
the outer membrane of Grafni bacteria with a high affinity for LR.&lthough the binding affinity is
less than that of polymyxin, which can have an inhibitory effeétA later SAR study revealed that
the peptide is highly specific for LPSinding, with any modifications resulting in decreased
sensitization of Grarl Tbacteria’’ Vaara et al. later developed a PMBN derivathet was acetylated

at the N-terminus called NAB741,which exhibitedsimilar ability to sensitize bacteridVith this
truncated acyl tail, the peptide exhibitéd0O-fold higher renal clearance compatedcolistinand 8

fold higher clearance than an octanoyl anafdthis poor retention likely lints the peptidés utility as

a drugin vivo. In this peptide, the exocyclic Dab residue was replaced w&hrine giving an overall

charge of +3.

1.3.5 The Octapeptins

The octapeptins were initially isolated fraBacillus circulansand are grouped into four egjories
labelled AD.”®8 Currently, 19 octapeptins have been identified. As their name would suggest, the
octapeptins are octapeptides. They consist off@sidue macrocycle enclosed by an amide linkage
between theC-terminal carboxyl groupfdeucine and the side chain of'le,4-diaminobutyric acid
residue {-Dab). Categorization is based on variations at positions 1, 4, and 5. The exocyclic position 1
is populated with either-Dab (A, B, C) or -Ser (D) giving the peptides an overall charge of +4 or +3

respectively. Positions 4 and 5 are populated with Iplisbic amino acids -leucine or
25



-phenylalanine. Further variation within each category occurs with-thy&l@xy acyl tail, which is

typically 8i 10 carbons in length and may be methylated.

D-Phe4

Daba3 /@
9 Leu5
: eu
H2N \/\')j\
N NH
H/w]/
D-Daba1 (0] NH

o)
HoN_ . N\ Daba2
g

HN NH,
I\/ Daba6
N
OH O N
o) \H)\/\NHZ
(0]

Daba7

o©

Leu8

Octapeptin C4

Figure 1.11 Structure of octapeptin C4

Like paenibacterin, the octapeptins are active against both-Greethd Grara(+) bacteria, but they
are also active against yeast, fungi, and protozoa. MICs against(Gréacteria are comparabie
polymyxin B.° Octapeptins are presumed to exert their G¢ambactericidal activity through
interactbn with lipid A, as is the case with polymyxin. Its activity against G¢ajrbacteria suggests
that it also binds and disrupts phospholipids (similar to polymyXi@judies by Velkov and coworkers
confirmed this, demonstrating that octapeptin A3 interacts with lipid A and phospholipid headgroups
through polar contacts followed by further insertion intortrnbrané! Velkov, GallardeGodoy, et
al. went on to identify the biosynthetic gene cluster for octapépimdesigned and studied a series of
analogs of octapeptin C4 with linear, Roydroxylated acyl tails sometimes truncated 4tagons in
length using a newly developed SAR model based on the interaction of octapeptin C4 with modified
lipid A. Oneresultinganalog, FADDI118 exhibited activity against polymyxin resistant strainB.of

aeruginosaand reduced plasma protein bindfig.
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Supported membrane models have been used recently to investigate the MOA of octap&ptin A3.
Neutron reflectrometry was used to observe a two stage process where octapeptin initially interacts
with the headgroups of lipid A and phospholipidsen penetrates into the fatty acyl core. The
membranes were constructed with a lower leaflet consisting of mostly DPPC and fixed to a solid

support, and an outer leaflet containing Lipid A.

1.3.6 Host-Defense Peptides

Bacteria are not the only source of AMP$eY are an important component of the inAatmune
response of complearganisms, including humans. These peptides are often cationic and amphipathic,
and in addition to direct bactericidal activity, these peptides can play a role in modulation of theimm
systent® This family of cationic amphipathic, ribos@produced AMPs are briefly discussed in this

section, and are referredhereashostdefense peptiddsiDPs).

HDPs have been found with a variety of secondary structures, sihetisal, b-sheet, hairpin, or
extended secondary structure. In genklilaPs range from small oligopeptid&slO residues up to 50
residues$?8 HDPs are ribosome synthesized and thus are typically constrained to common amino
acids. They are important for early response to infection since they can be synthesidlgd®ripi
addition to thei direct bactericidal activity, human AMPs have been shown to modulate the immune

responsé®

Many HDPs exert their antibacterial effects via by forming pores in the bactesiabrane This
allows for the escape of intracellular catipikich leads to lethal cell depolarization and death. Three
prevailing models exist for the formation of these pores: the ksterek pore, the toroidal pore, and
the carpet modéf:®’ Regardless of the model, the first step is accumulation on the bacterial membrane.
This can be mediated through specific interactions with negatively charged membrane components

such as LPS or lipoteichoic acitsTo form a barrektave pore, peptides then insert \eatly into the
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membrane organizing into a cylindrical channel through which cellular contents can traverse the
membrané® To form a toroidal pore the peptide also inserts into the membrane but does not aggregate.
Instead it induces local membrane curvatdorming a toroid the interior of which is lined with the
peptide and the phospholipid head grotfgEhe carpet mechanism does not involve the formation of

a defined pore, but instead upon the detergent effect of peptides at a certain concentration on the

me mb r an e &ausirg it to fisintegrafé

Several HDPs have been investigated in clinical trials; these include drugs derived from: human
cathelicidin, magainin from the African clawed frog, and protegrin from porcine leukdeytHse
ability of certain HDPs to disrupt bacterial membranes ledsto the investigation of possible
synergistic effects with other antibiotit&! This is similar to the synergy studies performed with the

polymyxin B nonapeptide discussed above.

To be clinically useful, drugs derived from HDPs must selectively disragterial membranes, and
not those of mammalian cedlswhich leads to toxicity. This may be accomplished by developing
AMPs that target specific bacterial membrane compon@nts.example of such a drug is discussed

below.

1.3.7 Murepavadin

Murepavadin is a ¢#nic cyclic peptide antibiotic active agaidseudomonas aeruginosarrently
undergoing clinical trial8® Though it is based on tlesheet host defense peptide protegyriwhich
causesnembrane lysis through pore formation, murepavadin has-tiomechanism of action that

targets the outer membrane protein LEtD.
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Figure 1.12 Structure of murepavadin.

A |ibrary of pept-hattpnrempletetwere mepdreal and screenad foaincbeased
antibacterial activityvithout toxicity forred blood cellslt was found that certain peptides adopted the
keyb-sheet structure only upon interactionshwihospholipid membranes. The synthetic peptides were
generally less potent than the natural protebontachyplesid, but one mimetic (mimetic 4, cyclo
LRLKKRWKYRVPP) retained fairly good activity with dramatically reduced haemoRysihis lead
compound was extensively modified to determine the effect of amino acidstitass on antibacterial
activity and haemolysis establish a SAR. Antibacterial activity was generally retained or slightly
improved, but some substitutions dramatically increased haemiiy8is. lead compound was then
optimized for activity against P. aeruginosa using an iterative process where libraries of structural
variants were tested for activity, the optimal hit was itfiedt, and the process was repeated. The
resulting compounds had MICs in the nanomolar range, but only afaiastuginosapointing to a
high affinity towards a specific target. The target was found to be LptD, a key outer membrane protein
involved in LPS biogenesi¥. Later structural studies and an alanine scan revealed thaththiepin

structure and the two tryptophan residues are essential for adiivity.

29



1.4 Membrane Modifications in Response to Cationic Peptides

Bacterial resistance taembraneacting peptides anahtibiotics typically arises from modifications to

the membranes themselves. Resistance mechanisms have evolved to allow bacteria to handle exposure
to a het of cationic AMPs. These mechanisms may be passive or indeicibhese resistance
mechanisms have consequences relating to the effectiveness of clinical antibweds @esticularly

large cationic peptides that have similar properties.

Gram(+) bacteria can modify the charge of their cell surface to reduce the affinity of antibiotics that
rely on electrostatic interactions with cell membrane or cell wall compe#¢AThese modifications
are mediated by thgraRS (orap9 regulatory systenwhich can be induced by AMPs and regulates a
series of genegvolved in AMP resistanc¥.Thedlt operon is responsible for appendinglanine to
hydroxyl groups of teichoic acids, giving an increased positive charge. This system is also inducible by
low concentrations of the divalent cations that are typically bound withinpépgidoglycan.
Modifications to the lipid membrane are also indud¢kbugh theactivation of MprF which is
responsible for incorporation of lysylphosphatidylglycerol (Iy8@) into the outer leaflet. Lys@G
bears a charge of +1 as opposed toithehage of PG  whi ch r educ eairaciohn e me mbr
towards cationic peptidéd.The aps system also regulates the membrane transport proteaf$s
which expels AMPs from the cell. A missense mutation in th@prF gene has been linked with
increasd expression ofraSR atwo-component regulatory system that regulates cell wall synthesis in
response to damage. This resulteithicreasedesistance to even narationic peptides |l daptomycin

or vancomycir??

AMP resistance in Gra# T bacteria is for the most part controlled by three regulatory systems,
PhoPQ, PmrAB, and Ré&8% A common mode of resistance is modification of lipid A to give it a
positive charge, similar to the cell wall modifications in Gi@mbacteria. PmrAB activation leads to

4-aminoarabinose being p@nded to lipid A by the action of the proteins encoded bprtiveperons,
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as well as modification with phosphoethanolamine by PmrC. PhoPQ, in addition to regulating PmrAB,
controls several other genes that encode proteins responsible for lipid A nimdlificdike
monophosphorylation or palmitoylati§hFinally the Rcs system regulates expression of a periplasmic
protein Ydel that is important for AMP resistance but whosgle of actin is unknowni® These
mechanisms have implicatiof@ polymyxin resistance, sindhis antibioticrelies upon electrostatic
interactions with lipid A. Granf T ) bacteri a ncrramdywariants aré of ecreqsng e
concern as they confer polymyxin resistaridgs gene is often plasmiabrne and so has an increased
likelihood of spreading lieeen bacterial strains. It encodes a phosphoethanolamine transferase that

modifies lipid A like PmrC’2101.102

1.5 Daptomycin 8 An Anionic AMP

While the majority of the work presented in this thesis concerns the cationic AMP paenibacterin, in
Chapter Swe present a structuativity relationship(SAR) study of a daptomycin analog. Daptomycin

is an anionic AMP. A brief discussion of daptomycin is presented below.

Daptomycin, whose structure is shown agaifigure1.13, is a calciuradependent cLPA isolated
from Streptomyces roseosporimsthe early 1980s by researchers at Eli Liljne company initiated
clinical trials, but discontinued theafter discovering adverse effects. st Pharmaceuticals later
acquired the rights and resumed development. They found that adverse effects were mitigated by a
modi fied dosing regi men and gained approval in
Gram(+) infectionsincluding methicillin-resistantStaphylococcus aureudRSA), vancomycin

resistantStaphylococcus aure§RSA) and vancomycinesistant enterococci (VRE).
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Figure 1.13 Structure of daptomycin. Uncommon amino acids: kynurenine (greékhrec-MeGlu
(magenta), ornithine (red)-Amino acids are shown in blue. The DXDG binding motif consists of
residues’i 10 (shown in orange with the exdiem of -Ala8).

Daptomycin consists of a ten amino acid macrocycle to which is attached a lipidated linear tripeptide.
It contains three unusual amino acids: kynurenine (Kyn), ornithine (Orn), a8@R(3-
methylglutamate (MeGlu), in addition to threeamino acids. The macrocycle is closed by an ester
bond between the si-@@HohKgnlh ResidueaTlhmake upthedDXDPG e U

Ca*-binding motif which is found in most €adependent antibiotic§®

Although it is intrinsically anioni@at physiological pH, daptomycin bears some similarities to the
cationic peptides. Examination of calcium binding to daptomycin in the presetamg@inilamellar
vesicles LUVs) usingisothermal calorimetrylTC) found that there were likely two calciubinding
eventst® A calciumdaptomycin stoichiometry of:2 gives daptomycin an overall positive charge at

physiological pH. Straus and Hancock liken daptomycin to cationic AMPs in their 2006 t&view.
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1.5.1 The MOA of Daptomycin

Daptomycin acts upon the cytoplasmic membrane of Qrgnbacteria.The specific details of
dapt omyci nds déd@eAl. Itasrkrownhthatt itibipds calcium and inserts into the bacterial
membranes where it interacts Wb anddoes not enter the cell. It is generally accepted that it changes
t he membraneds physleadingto bed deatk aither tpugho demlarizatien sor
interruption of the peptidoglycan biosynthesis machinery; however, key aspects of the MOA of

daptomycin are still unknown, and what is known is not without controversy.

A major elementof all proposed mechanisms of action for daptomys its ability to bind and
disrupt bacterial membranes. This step has been extensively studied using a variety of techniques. Early
studies on daptomycin demonstrated that its bactericidal effect correlated with dissipation of membrane
potential, accomanied by potassium efflux from the c®f.This effect was also demonstrated to be
calciumdependent. It was later demonstrated that in the absence of liposomes, daptomycin binds
calcium in a 1:1 molar ratio, forming a multimer or micéf&t®®This multimer then dissociates and
daptomycin inserts into lipid membranésHowever, these studies used dapycin concentrations in
the millimolar range, many times what is required dotibacterialactivity. So, the propensity of
daptomycin to aggregate in solution may not relate to its mechanism of actionhimidgically

relevantconditions.

Transcripton profiling of S. aureudurther supports the importance of membrane depolarization,
with daptomycin inducing response thaivas similar to responses induced yisin and carbonyl
cyanidem-chlorophenylhydrazone (CCG®)which also cause depolarization. wiever, daptomycin
was also found to induce a celhll stress response, also activated by vancomycin and oxacillin, which

hinted towards a dual mode of action affecting both membrane polarization and cell wall sytthesis.

Considerable evidence has been amassed that indicates that daptomycin oligomerizes in membranes

containing PG. Studies have shown that FRET occurs between the kynurenine residue of native
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daptomycin and -nitro-2,1,3benzoxadiazol (NBD)abelled daptomycin (NBD label is attached to
Orn7) in the presence of liposomes containing PG. This suggested that oligomerization was occurring
upon insertion into bacterial membran€KynurenineNBD FRET was used to estimate the oligomer
subunit stoichiometry, giving an initial value afdaptomycin subunits? Muraih et al. made use of

a perylene fluorophore incorporated inh® acyl tail of daptomycin to study its oligomerizatidh.

When perylene molecules are in close proximity, they can form an excited dimer (an exciméngresul

in redshifted emission. Upon binding to liposomes, perylene excimer fluorescence was observed,
which confirmed the presence of oligomers. This was also observed witB. Igbtilisinstead of
liposomes Excimer formation was also dependent on thesence of PG, further confirming that a

daptomycinPG interaction is key for its antibacterial activif§14

It has been proposed that the daptomycin oligomers ¢ationselective pores, which in turn cause
membrane depolarizatidt’ It was later discovered ththe presence of cardiolipin ilJVs prevented
translocation of daptomycin to the inner leaffétSubsequent estimation of the subunit stoichiometry
in these cardiolipircontaining LUVs found that they were likely tetramers. Additionally, cardiolipin
was found to inhibit potassium influx intdJVs. Thisledto a proposed structure of a transmembrane
pore formed by daptomycin, consisting of two tetramers on opposing leaflets, giving a subunit
stoichiometry of 8181t was proposed that the initial estimateso¥ subunits was the result of reduced
FRET between fluorophores found in ogfie leaflets. This pororming mechanism of action is

illustrated inFigurel1.14.
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Figure 1.14 Proposed MOA of daptomycin via the formation of an octameric pore(i) Calcium
binding induces the formation of a multimer and association with the lipid bilayer. (ii) Binding of a
second equivalent @lcium induces deeper insertion into the membrane and formation of a defined
tetramer. (iii) Translocation to the inner leaflet and alignment with a second tetramer results in the
formation of acationchannel.

Intrinsic fluorophores such as tryptophamkynurenine are invaluable for studying the interactions
of lipopeptides with bacterial membranes. It is relatively straightforward to monitor cadi@pendent
binding of daptomycin and itnalogs to liposomes by titrating in calcium and observingehdting
increase in fluorescenceigurel.15).1’ Tryptophan is a stronger fluorophore than kynurenineifbut
both are present then Trp excitation results in FRET to the kynurenine residue. For this reason
daptanycin binding is typically evaluated using kynurenine fluorescence while in analogs without

kynurenine, tryptophan fluorescence is monitdfdd*®
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Figure 1.15 Calcium-dependent membrane binding of daptomycinAn increase in kynurenine
fluorescence accompanies binding to 1:1 DMPC/DMPG LUMp(blished data

Intrinsic kynurenine fluorescence has also been used for direct imaging by fluorescent microscopy.
Grein et . al recently used this method to discover
mechanism of actiotf® Daptomycinwas directly observedccumulating at the division septumf
aureusby fluorescence microscopy. Thame effect wagbserved with BODIPYabelled daptomycin.
TIRF microscopyallowed the authorto directly observe labelled daptomycin bindingstpported
lipid bilayers, demonstrating that a combination of PG and undecaprenyl cell wall precursors
dramatically increases the degree of bindf{g.hey confirmed the formation of a tripartite complex
using TLC analysis of lipid I, daptomycin and PG mixtures. Thisp observed reduced lipid I
extraction into organic solvent as daptomycin concentration was increaggpesting the formation
of an extractiorstable complex. These resulési to the proposal of an MOA that combines both

interruption of cell wall biosynthesis and membrane disruptagufe1.16).
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(i) (ii)

(iii)

Figure 1.16 MOA of daptomycin proposed by Grein (i) Cell wall biosynthesis machinery is
located at the division septum, enriched in PG and undecaprenyl coupled cell wall precursors
(yellow), e.g. lipid II. (ii) C&* bound daptomycin oligomers bind PG and cell wall precursors,
blocking cell wall synthas. Accompanied by delocalization of the cell wall biosynthetic machinery.
(iii) Daptomycin disperses throughout the membrane, causing its disintegration, leakage, and cell
death.

Resistance to daptomycin is typically conferred by the modification dfattierial membraner the
cell wall.*?122This is accomplished through incorptioa of lysyFPG, mediated by th@prF gene, or

modification of lipotechoic acids with alanine, mediated bydiheperon (see sectidn3.7).
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1.6 Solid -Phase Peptide Synthesis

Central to this thesis is the synthesis of cLPAs using Fmoc-gbéide peptide synthesis (SPPS). A

brief discussion of SPPS is provided below.

SPPSwas initially developed by Bruce Merrifield who published his synthesis of a tetrapeptide using
this approach in 1963 Briefly, SPPS works by the iterative coupling of protected amino acids onto
a peptide bound to a resin support. The amino acids are protected in a waly that al -aminesto U
be unmasked without removing the protecting groups from any side chain functional groups. This way,
following a couplingthe solid support is rinsed, filtered, and Nerminus is easily deprotected for
the next couplingfchemel.l). There are two common protecting group schemes: the Boc/benzyl
scheme andthe Fmo& u s c h e me . I n t he -Broimogroueis protdedvatip pr oac h,
an acidlabile Boc group and the side chains with groups (mainly benzyl derived) that can be removed
with anhydrous hydrofluoric acid. In the FmbBU strategy, the badabile Fmoc group is used to
pr ot e aminotgtowp and the side chaimttional groups are protected with atadile protecting
group® mainly derived from aert-butyl group,but sometimes other types of acid labile groups are
used that can be removed with acid (usually TFA). The Friv@u approach is by far the most
commonapproach used today, mainly because it provide
the use of dangerous anhydrous HF. Resin linkers are typically chosen that allow the peptide to be
cleaved from the resin under the same conditions usesiderchain deprotection; however, it is
sometimes desirable @ffectcleavagewithout deprotectiomr vice versa. Protecting groups or linkers
that can be removed independently of one another are commonly referreatttiogenal There are

many review articles and books that cover the specific techniques and methods &'$PPS.
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Schemel.1 Solid-phase peptide synthesis.
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1.6.1 Synthesis of Difficult Peptide Seq uences

When synthesizing peptides, there are many problemsapencounter. Many of these are sequence

dependent, only arising under certain conditions. While it is usually possible to predict certain problems
by analyzing the sequence, there is alwatemtial for a surprise. These problems can stem from side
reactions resulting in breakdown or premature termination of the peptide, or from the physical

properties of the sequence itself. Two common side reactions encountered during routine peptide

synthesis are aspartimide formation and diketopiperazine formaBohgmel.2). For the synthesis of

sequences containing ester linkadé,0 acyl shifts must be taken into account. Epimerization during

couplings, mainly via an oxazolone intermediate, can also oSulre(nel.2). Peptides cadaining

many hydrophobic residues and peptides that are particularly lysine/arginine rich can be problematic
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due to their low solubility or propensity to aggregate. Aggregation during SPPS can be a major problem.

Many techniques have been developed to détl these and other problems, some of which are

discussed belowt812°

Schemel.2 Common side reactions encountered during SPPS.
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Peptide loss due to diketopiperazi{idKP) formation occurs following deprotection of the second

residuewhen the peptide is linked through the resin via an ester ISniinel.2). Benzyl linkers are

particularly prone to aminolysis by the newly deprad®d-terminus. DKP formation can be expected

if a proline residue is located at tBeterminus. To minimize peptide loss, it is common to use a bulky

trityl linker, and to use reduced deprotection tirés.
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The most straightforward apgch to prevent aspartimide formation is the direct acylation of amide
nitrogen atoms. Both hydroxymethylbenzyl (Hmb) and dimethoxybenzyl (Dmb) protecting groups are
common, and glycine is most often the protected residue as aspartimide formation ostueadily
at AspGly sequenced\N-Acylated amino acids can be introduced to the sequence as a monomer but
use of a dipeptide is preferable as the acylated amine is less nucleophilic and so couplings are slower.
N-Acyl glycine is easily prepared by redwetiamination. The backbone protecting groups are removed

with TFA during global deprotection.

A

jodh
MeO OR

R =H or Me

Figure 1.17 Hmb and Dmb backbone protecting groups

For the synthesis of brahed peptides containing ester linkages, deprotection of an amino group in
close proximity to the ester bond may lead toQ¥N acyl shift Schemel.2). This is primarily a
concern during Fmoc SPPS since the basic deprotection conditions favour the migration. Introduction
of an ester linkage must be carefully planned to avoid the need to generate a nearby free amino group.
This may be accomplished thigiu the incorporation of an esteontaining oligopeptide building
block, or simply by introduction dhe ester linkagafter elongation of the primary peptide sequence.

Examples of these approaches are given in setith

Racemization of amino acid building blocks during couplings occurs primarily through the formation
of an oxazolone intermediat8¢hemel.2). Oxazolone formation is dependent on the electrophilicity
of the activated ester, and so can be mitigated by the use oftsdii@ esters derived from reagents

such as -hydroxy-7-azabenztriazole (HOAt, Schemel.1l). Racemization is rare for urethane
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protected amino acid building blocks, but can be a major concern when coupling peptigentsadue

to the presence of a relatively nucleophilic antie.

Proline residues are known to disrupt aggregation by inducing conformational changes in the peptide
backbone. A backbone modification strategy has been developed where serine, threonine, and cysteine
residues are converted pseudoprolinesvhich have similar effects on peptide solubility. These
oxazolidine or thiazolidines are most commonly derived from acetone, giving the corresponding
di met hyl pseudop rMg'tPio)3e® Withh e¢he aedeced nuclsophilicity of the
hemiaminal ether, itis most common for pseudoprolines to be introduced as a dipeptide, many of which
are commercially availabl€&igurel.18). The oxazolidines are cleaved during global deprotection with
TFA. Thiazolidines, however, are typically more astdble though rapid deprotection has been

observed?3*

Xxx-Ser(¥MeMeprq) Xxx-Thr(¥MeMeprq) Xxx-Cys(¥MeMepro)

Figure 1.18 General structures of pseudoproline dipeptides

A third common approach is the use of isopeptides, where the amide backbone is disrupted by
incorporation of an ester linkage with tlséde chainof a serine or threonine residue. These
depsipeptides are easily prepared by incorporating -mpoee isoacytipeptide, many of which are
commercially available. ThB of the serine or threonine residues are protected orthogonally to the
Fmoc group typically used to protect thBof the O-acyl amino acid. A Boc protecting group is most
common though azides halseen used to mask the amireLike pseudoprolines, isopeptides disrupt

aggregation by changing the pepfiislsecondary structure. Following deprotection and cleavage from
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the resin and dissolution in an aqueous buffer solution, the peptide undergoes a pH depémdent O

acyl shift to give the desired native pepti@eliemel.3).

Schemel.3 Isopeptide rearrangement

f\uifo ’f\uifo

TFA

R H o]
e SR S
H
O '
BOCHN:EH)\ HZN:EH)\ HO R
o o

Often long reaction times can beoidedby heating the reaction mixture, typically using microwave
irradiation. This improves peptide solubility and accelerates the rate of coupling reactions. Resin
supports have been developed that contain a solubilpphgethylene glycol (PEG) spacer between

the linker and the core resiff:130

1.6.2 Cyclic Peptides

The synthesis of cyclic peptides pushes the limits of classicat@udise pptide synthesis, as they
require more complicated protecting group schemes. Steps like branching, macrocyclization, and side
chain functionalization often require the use of additional orthogonal protecting groups, often referred

to as higher dimensionttiogonal strategie's®.

A key step in the synthesbf cyclic peptides is the macrocyclization. For this, there are two main
strategies: the offesin cyclization approach and the-@sin cyclization approacls¢hemel.4). In
both cases macrolactamization is preferablaacrolactonization sindbe formation of ester bonds is
quite challenging as mentioned above. Faresin cyclization, a carboxyl group and an amine/alcohol
must be selectively depexted. For cyclization onto thé-terminus, the peptide must be attached

through the side chain a residue such as aspartate or glutamate:resimotfyclizations the peptide is
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first cleaved from the resin, usually leaving the protecting groups ir@dictesin cyclizations are

typically conducted under dilute conditions to avoid oligomerization.

Schemel.4 Macrocyclization strategies.
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For the synthesis of a large number of analogs, it is often desirable to cyclize a pepad.on
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Excessive dilution during the cyclization is not required due t@s$eeidedilution effect of the resin
support, which favours intramolecular cyclizatiand reduces the waste and cost of each redétion.
Onresin cyclizations also open up the possibility for combinatorial approaches to the synthesis of
cyclic peptide analogs. As seen in the syntheses of daptomycin described ®eh@mél.12), on

resin cyclization requires that tiieterminus be orthogonally protected and so is unavailable for resin
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attachment. Typically the peptide is attached to the resin by an apprem@tdairprotecting group

using a wide variety of strategi€¥.

Thakkar, Trinh, and Pei examined the effect of a peptide sequence on macrocyclization efficiency
on-resin using @ombinatorial approact® They found that efficiency decreased dramatically ifgda
number of Boeprotected lysingesiduesor Pbfprotected arginineesidueswvere present. This effect
was attributed to aggregation promoted by the formation of bidentate hydrogen bonds betsiglen the
chairs. Disruption of these hydrogen bonds withaotropic saltsTriton X-100, or protic solvents

improved cyclization efficiency.

The application of omesin and offresin cyclization strategies are nicely illustrated in the synthesis
of the polymyxins, which is relevant to paenibacterin since theysteturally similar. These

syntheses are discussed below.

1.6.3 Synthesis of Polymyxin
The first solidphase total synthesis of polymyxin B1 was achieved in 1999 by Sharm&ehahi{e

1.5 ) using an offresin cyclization strategy?® The peptide was attached to the highly daluile
2-methoxy4-alkoxybenzyl alcohol resin (Sasif) via theU-carboxyl group of Thrl. The peptie1)

was elogated to the acyl tailsing standard Fmoc SPPS, coupling protected amino acids with HBTU,
DIPEA, andN-methylpyrrolidinone. The Dab4 residue was incorporated with the side chain amine
protected with a Dde groumvhich was selectively removed from the cdete linear peptide with

dilute hydrazine in DMF. The protected peptide was then cleaved from the resin with dilytefiéta

leaves the side chain protecting groups intact. The peptide was cyclized with DPPA in a dilute
acetonitrile solution to avoid ponerization. This is a common and reliable approach for the synthesis

of macrolactam peptides, and the authors achieved a relatively high yield of 20%. Ramesh et al. used a
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similar approach in their 2016 synthesis of a coliike peptidet*° In this case an alloc group was

used to protect theide chairof Dab4, and was selectively removed with a paliadcatalyst.

Schemel.5 Total synthesis of Polymxyin B1 by Sharma using an offesin cyclization strategy

NHBoc

00
OQ—/ NH HNUNHBOC
oMe  OLBu OMe ©OtBu  HN )_/—<
OO—\ “INHFmoc  Fmoc-SPPS O WH
O,Q—/ o —_— NHDde O
)

OtBu HN
Sasrin™.-Thr(tBu)-Fmoc HN o
O O NH HN»
NH © O /_/—§

HNi o
BocHN NHBoc

1.1 NHBoc

1. 2% H,oNNH,
i 0,
o HN}\‘ 2. Resin Cleavage (1% TFA)

7& 4 Global Doprotecon (555 TFAH,0)
o
-NHDde 0 /©
ﬁ)}
Nth;( A K
Polymyxin-B1

An onresin cyclization strategy was later developed by Xal.g¢hat allowed the entire molecule to
be synthesized eresin Schemel.6).1!In this case the peptide was cyclized between Dab9 and Thr10.
As with Sharmadés approach, the si d@&2tbhatauldbe of Dab3
selectively @protected to allow the threonine residue to be cou@e). To allow for onresin
cyclization(giving peptidel.4), theC-terminus of the linear portion of the peptide was protected as an
allyl ester, which could be selectively deprotected with a palladium catalyst. Since the peptide could
not be attached to the reshmaugh theC-terminus, it was loaded ontechlorotrityl-resin through the

side chain of a Dab residue. This is an example of admoensional protecting group scheme.
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Schemel.6 Synthesis of Polymyxin byXu using an onresin cyclization strategy
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1.6.4 On-Resin Ester Coupling Reactions

A key structural difference between paenibacterin and polymyxin is the presence of an ester bond that

gives rise to the macrocyclic portion oktpeptide. Esterification steps are notoriously challenging in
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the synthesis of natural produétéThese couplings can be rendered even more challenging when done
on resinbound peptidesvhereepimerization, slow couplings, and side reactions such as dehydration
of unprotected asparagine residwss all of concern.The development of efficient esterification
strategieshas been a prominent area of research for the Taylor group in their mfrayitlic
lipodepsipeptide target molecules. A good example of the difficultesmay be encounterechen
attempting to construct an ester bamathe solid phase is the synthesis of daptomywinich is

discussed below.
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1.6.5 The Synthesis of Daptomycin

The first report describing a synthesis of daptomycin to appear in the primary scientific literature was
by Lam et af*® Their initial attempt involved forming the ester bond between +#@simd linear
peptick 1.5, which was easily prepared using Fmoc SPPS, and ac&mptaining building blocK..6
(Scheméel.7). Howevereven though they tried a wide variety of coupling agehés; were unable to

make the ester bond.

Schemel.7 Attempted synthesis of peptidel.7 by Lam et al.
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Next, they attempted a combined solution/solid phase approach in whichagtdormation would
be achieved by coupling the Kyn residue to pentapefitila-solution Schemel.8). The resulting

branched hexapeptid&.9) would be used as a building block for the solid phase synthesis of the rest



of the peptide. However, onegain they were unable to make the ester bond. They attributed gine fail

of theseattempts to the low reactivity of the Kyn building block.

Schemel.8 Attempted synthesis of peptidel.9 by Lam et al.
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To get around the low reactivity of the Kyn building block towards ester bond formation, they
decided to make the ester bond between Fmp¢Boc)}OH and tripeptiéd 1.10, which contained
residues 3 to 83chemel.9). After allyl deprotection of the resulting peptitid 1, the Trp residue was

successfully converted to a Kyn residue using ozonolysis to give tetrapkffide

Schemel.9. Synthesis of a kynureninecontaining tetrapeptide 1.12 by Lam et al.
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Peptidel.13, which contained residues 6 to 10, was attached to the resin W&C@OH of Gly10,
was prepared using standard Fmoc SFF8dmel.10). Tetrapeptidd.12was attached to peptidel3
to give peptidel.14. Coupl i n€OQHmtoup oft Gy® residue of peptidel4 meant that
epimerization upon formation of the active ester did not need to be considered. Residugd12 an
were installed into peptide14 using Fmoc SPPS. The azido group in peptid® was then reduced

ard the peptide was elongated to the acyl tail to give peftide Peptidel.16 was cleaved from the
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resin using mild acid, the fre€-terminus was functionalized with salicylaldehyde to give peftitié
and then all of the side chains protecting groups were removed. This allowed for sphasm
macrocyclization via a serimaediated ligation, giving daptomycin. Although this approach was

successful it is somewhat lalmantensive.
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Schemel.10 Synthesis of daptomycin by Lam
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Shortly thereafter, the Taylor group reported an entirely solid phase total synthesis of daptomycin
using an ofresin cyclization strategy. They began by attaching the peptide to the tsuppibe side
chain of Asp9 so that they could do anresin cyclization. Th€-terminal Gly9 residue was protected

with an allyl group. They found that the length of the rd®uond peptide dramatically affected the
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efficiency of the coupling of the Kylouilding block1.6 onto theside chairof the Thr3residue $cheme
1.11).144145 Attempts to make the ester bond on a peptide containing reditii@snd the lipid tail
(.18 and1.19in Schemel.11) were unsuccessful. However, they were ablebtain a 8% yield
with peptide 1.20, which did not contain the lipid, using DIC/DMAP to give peptitiel A
guantitative yield was obtained using peptld22, which did not have the lipid tail or residues 1 and 2

(giving 1.23in Schemel.11).

Schemel.11 Esterification conditions developed by Lohani et al.
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Armed with the knowledge that t heéuneaatedpeptidebond c
they constructed peptide24 (Schemel.12). This peptide contained residues 3 to 10 and-germinal
azido group. This peptide had to &dendedne residudeyondThr4; otherwise, deprotection of the
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N-terminus after ester bond formation would be followed by an unavoi@bh acyl shift where the
kynurenine would be transferred to th&of Thr4. Following esterification, the resulting peptid25

was elongated to the acyl tail (peptitig6) using an azid&PPS approach which involved iteratively
coupling of azido acids and deprotecting with aqueous trialkyl phosphinewftadl acylation with
decanoic acid the Fmoc group of kynurenine was deprotected and the remaining residues were installed
using standard FmeSPPS. The allyl group was removed with a palladium catalyst and a weak

nucleophile prior to cyclization. Global pietection gave daptomycin.

Schemel.12. Synthesis of daptomycin by Taylor and coworkers
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This approach was used by the Taylor group to prepare a number of daptomycin analogs, including

one where the neproteinogenic amino acidsMeGlul2 and Kynl13 were replaced with the readily
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available and inexpensive Glu and Timgspectively. This analoap-E12W13, was only 3 to-%old

less active than daptomycin against the model bacteBusybtilis1046.

A di sadvantage of Tayl ordos initial approach
prepared individually. When synthesizing BEBp2W13 analogs the number of azido acids could be
reduced by protecting Trpl3 as an azide, allowing the peptide to be elongate@-tertménus using
standard Fme&PPS. However, the reduction of an azido ester could be problematic and required
special deprotion conditions to suppress cleavage of the ester H6HdJA better approach for the
synthesis of Daj12W13 was later developed that did not require any azido aBidse(nel.13). It
was found that Trp13 could be coupled onto thel&rth linear portion of the peptide27 to give
peptidel.28 if equimolar amounts of amino acid and DIC were used, and if chloretiytagel™
resin was used in place of a polystyrene ssligport. Tentagel is a copolymer, with a core of
polystyrene attached to the linker with a PEG spacer. The PEG improveauhdity of the resin
boundpeptide and ingeneralimproves reaction efficiency. This approach was used by Barnawi et al.
to efficiently synthesize a large number of analogs and complete an alanine scan to identify key residues
that are amenable to nation without loss of biological activity’® It was also found that the
daptomycin analog, Dal§6-E12W13, in which all of the uncommon amino d&iwere replaced with
their common counterparts, was only 1.5 tfol8l less active than daptomycin against the model

bacteriumB. subtilis1046.
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Schemel.13. Synthesis of a daptomycin analog by Taylor andosvorkers.
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1.7 Research Goals and Thesis Outline

For clinical use, it is preferable that an antibiotic be highly active, having arOMig@y/mL. Although

the paenibacterins fall shom this regardtheir abovementioned characteristicsgction1.3.1) make
theman attractive lead for the development of a clinically useful big@ettrum antibiotiddowever,

until recently, the paenibacterins could only be obtained from bacterial cultures, an inefficient and time
consuming process. Furthermore, this did not allow for structural variation of the peptide. The goal of
the work presented i@hapter 2was to develop a robust and efficient method for the synthesis of
paenibacterin Al that could be applied to a wide variety of analbgsdevelopment of this approach

led us tosoluions that overcame the difficult esterification and cyclization steps. In the process, we

prepared analogs with minor structural variations such as an amide linkage in place of the ester bond.

The goal of the work presented @hapter 3was to use the synthetic methodology developed in
Chapter 2to prepare paenibacterin analogs that would enable us to probe the importance of
hydrophobicity and overal/l charge to p@eam bact el
Gram( Tbhacteria. Remarkably, it was found that several cationic residues in paenibacterin could be
substitutedwith “H -Ala with little or no loss of activity when tested against two model bactri
subtilis 1046 andE. coli K-12. Our synthetic method was alsatended to synthesize an analog of

paenibacterin B4.

In Chapter 4 we sought to develop a new solvatochromic fluorescent amino acid for studying the
interactions opeptides, such as paenibacterin, with bacterial membranes and membrane components.
Two 7-dialkylaminocoumarircontaining amino acids were designed, synthesized, and their
photochemical properties were investigated. One of these fluorescent amino acidsonawrated
into paenibacterin. The fluorescent paenibacterin ar@oigonly slightly reduced biological activity
and was found to be effective for investigatin

membranes, bacterial LPS, and intact baalteells.
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In Chapter 5a structureactivity relationship study on the daptomycin analog B&gE12-W13,
mentioned irsection1.6.5 was conducted. This chapter builds on prior work that had identified two
positions that were amenable to substitution. A series of analogs bearing a wide assortment of amino
acidsat these positiongas prepared The effect of these substitutions on antibacterial activity was
determined. Cationic modifications were found to be particularly favoured at these two positions. This
work also sought to probe the relationship betweeniwaldependent binding to membranes and
antibacterial activity. The results of this study enabled us to develop daptomycin analogs that were

more active than daptomycin agaiBstsubtilis1046
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Chapter 2
Total SynPahesibkbaoferin and | ts An

2.1 Preface and Contributions

The work presented in this chapter was carried out primarily by myself under the supervision and
guidance of Dr. Scott D. Taylor and Dr. Michael Palmer. Ryan Moreira, a graduate student in the
Taylor group, prepared §3R)-diaminobutyric acid (Daba), which was described in a prior publication.
Dr. En Huang, under the supervision of Dr. Ahmed Yousef at Ohio State University, graciously
prepared and provided a sample of authentic paenibacterin #wmtused in HPLC eelution

experiments.

The work described in this chapter was published idalenal of Organic Chemistrfd. Org. Chem.
2019 84 (9), 53395347). | prepared initial drafts of the manuscript, which were then subjected to
revisions primaly by Dr. Taylor. Much of this published manuscript has been reproduced below in
accordance with the American Chemical Soci etyds
permission is included in the appropriate section. Select schemes havedregnged for increased

readability, and compounds have beenuebered with a format consistent with the rest of the thesis.

" Reproduced (adapted) with permission fréoden, M.; Moreira, R.; Huang, E.; Yousef, A.; Palmer, M.;
Taylor, S. D. Total Synthesis of Paenibacterin and Its Analogue®rg. Chem2019 84 (9), 5339 5347.
http://pubs.acs.org/articlesonrequest/AQRIKmajHkFRVKFaYMZSo Copyright®© 2019American Chemical
Society.
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2.2 Introduction

As stated irChapter 1one of the goals of this thesis was to develop a total synthesis of paenibacterin,
as this antibiotic has properties that makes it a good lead structure for the development of new broad

spectrum antibiotics.

PA1, X = O, R" = CH3, R? = (CH,)13CH3

PA2, X = O, R" = CHj3, R? = (CHy);CH(CH3)CH,CHj3 (anteiso)
PA3, X = O, R' = CHj3, R? = (CH,)41CH(CH3)CHj (iso)
PA1-Dapa, X = NH, R' = H, R? = (CH,)3CHj3

PA1-Daba, X = NH, R" = CH;, R? = (CH,)3CH3

Figure 2.1 Structure of paenibacterin A1, A2 and A3, and Dapa and Daba analogs &fAl.

Paenibacterin sourced froBh thiaminolyticuss a mixture of three homologous compounds with
isomeric 15carbon acyl lipid tails designat®d\1 (linear lipid),PA2 (anteiso lipid), and PA3 (iso lipid)
(Figure2.1).*+42PA2 and PA3 are the dominant isoforms producedPbyhiaminolyticus with PA2

being produced in slight excess to PA3.

As mentioned irChapter] paeni bacter i n i-sheeaconfomatiprain soliution, adopt s
and requires its acyl tail for activity. Hydrolysis of paenibacterin with aq. HCI followed by reaction of
the released amino acids with Ma dified gndirm acide age n't a
indicated that Val2, Thr3, Val6, lle9, Prol0, Valll and llel3"Baenino acids, while the two Orn
residues and one of the Lys residues are of4benfiguration®! The peak of -Ser in the HPLC profile

overl apped with the Mar f essibletocordiranghe configuratohathee f or e,
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two serine residues using this approach. However, bioinformatic analysis suggests that Lys7 and Ser8

are of the -configuration while Lys12 and Ser5 have tHeonfiguration??

Herein we report the first total synthesid#1landPA2, as well as the two analogsAlin which
the ring closing ester bond is replaced with an amide H@Ad-Dapa and®Al-Daba,Figure2.1). The
antibacterial activity of these peptides again&ram(+) bacterium and &ram( T1bacterium is also

reported.

2.3 Results and Discussio n

Our initial approach to prepaRAl andPA2was via an ofresin cyclization strategy as illustrated for
PAlin Scheme.1l. We envisioned attaching the peptides to a chlorotrityl (CITrt) polystyrene resin via
the side chain of Lys12 with tf@terminus protected as an allyl est&The linear peptidé.6 would

be assembled using Fmoc SPPS, incorporating Thr3 with an unprotected side chain, followed by
formation of the ester bondetween Thr3 and allgarotected llel3, to give peptide2. The alloc

groups would be removed and the peptide cyclized. PA1 would be obtained by installatOmaf

and the lipid tail followed by cleavage of the peptide from the resin and global deprotection.
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Scheme2.1 On-resin cyclization approach to PAL.
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The synthesis of peptid2l via standard Fmoc SPPS proceeded smoothly. On the other hand,
formation of the ester bond to give peptid® proved to be challenging? Nevertheless, after
examining different coupling conditions, it was found that pep#@ecould be prepared in near
guantitative yields after three 18 h couplings each using 10 equiv of alloclleOH and 10 equiv of DIC,
10 mol % DMAP,1% Triton X-100 in DCM, which are conditions that we have found to be effective
for forming depsi bonds durindné synthesis of daptomycin (another cLPA) and its analégale
have recently shown that formation of the depsi bond during the synthesis of daptemgltigs

proceeded faster when using a Trt Tentagesin, which is a PEgolystyrene copolymer, as opposed
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to standard polystyrene resii This wasnot the case with peptid2: the esterification required three

18 h couplings regardless of the resin type.

The ester bond in peptid®2 was unusually susceptible to addtalyzed hydrolysis. Removing
peptide2.2 from the resin using TFA/TIPSAD (1.5 h) resulted in complete hydrolysis of the ester
bond, even when using shorter reaction times. Completely protected peptidelld be obtained by

removing peptide.2 from the resin using ACOH/TFE/DCM (1:1:8).

The allyl groups in peptid22 were renoved using cat. Pd(PBhand exceshl,N-dimethylbarbituric
acid (DMBA).*®*However, we were unable to cyclize the resulting peptide in reasonable yield using a
wide variety of different conditions including BOP/HOAt/DIPEA and PyAOP/HOAt/ DIPEA!®150

The cyclization was also proceeded poorly when using Trt Tefiteegh.

Due to the difficulties encountered with them@sin cyclization, we decided to prep&landPA2
using an offresin cyclization strategy. Towards this end, andistawith Pro10 attached to-Q@ITrt
polystyrene resin, peptid2.3 was assembled by Fmoc SPPSchlieme2.2). The esterification
conditions that were used to couple alloclleOHStheme2.1 were used to couple FmoclleOH to
peptide2.3 (10 equiv of FmoclleOH, 10 equiv of DIC, 10 mol % DMAP% 38 h). Gauging the success
of the esterification reaction proved to be difficult. The ester bond in pepficdeas very susceptible
to acidcatalyzed hydrolysis. Attempts to deprotect and remove peptidérom the resin using
TFA/TIPS/HO resultedin complete hydrolysis of the ester bond. Although pep8decould be
cleaved off the support with all of the protecting groups intact using AcOH/TFE/DCM, we found it
difficult to obtain a good mass spectrum of the resulting hydrophobic peptide. However, it was found
if residues 11 and 12 were installed, using&thylpiperidine (2MP) in DMF for Fmoc removal to
prevent ester bond aminolysfé;'45the ester bond in the resulting peptig was stable enough such

that it could be cleaved from the resin using TFA/TIRS'Hand its mass spectrum obtained.

63



Unfortunately, it was found that the esterification proceeded with @8lyedficiency and peptid2.5
was produced as a 1:1 mixture of epimers. Similar results were obtained using a Trt Teethgel

Racemization most likely occurred during installation of 1le13.

Scheme2.2 Preparation of peptide 2.5.
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We attempted to improve the synthesis by performing the esterification reaction on a truncated

peptide and using alloclleOH. Towards this end, pe&ifavas prepared using Fmoc SPPSIo

minimize epimerization, a single 18 h coupling, using the conditions outlined above for [&Eptide

was used to install alloclleOH into peptid® (Scheme2.3). After elaboration to peptid25, it was

found that the epimeric ratio of peptié was improved to 4:1; however, the esterification reaction

proceeded with an efficiencyf only 50%. Similar results were obtained using a Trt Tentagesin.

Nevertheless, we proceeded with the synthesis by removing the Fmoc group.Srosing 2MP,

cleaving the resulting peptide from the resin using HFIP (20% in DCM), followed by cyclization with

BOP/HOALU/DIPEA to give peptid2.7. Peptide2.7 proved to be stable to standard global deprotection
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conditions (TFA/TIPS/EO), which enabled us to obtalhAl from peptide2.7 as a 4:1 mixture of

epimers. The major epimer could be separated from the minor epimer and the linear peptide by RP

HPLC. The yield of the major epimer BA1was 5.6% based on resin loading.

Scheme2.3 Synthesis of PA1 via an offesin cyclization.
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Although we could obtaiRA1 using the approach outlined8theme.3, the overall yield was low.
The low yield was mainly due to the poor efficiency of the esterification reaction and epimerization of
lle13 during the esterification reaction. We sought tauineent the difficult esterification reaction by

preparing analogs ¢tAlin which Thr3 is replaced withR,3-diaminopropionic acidRA1l-Dapa) or
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(2S 3R)-2,3-diaminobutyric acidPA1-Daba), converting the ringlosing ester bond to an amide bond.
Similar analogs of daptomycin have been repotté¢3For the synthesis d?Al-Dapa, we prepared
the linear peptid@.8 using FmoeprotectedF2-amina-3-azidopropionic acid (FmocDapaf)DH) as a
building block in place of FmocThrE¢heme2.4). We elected to use the azido group as the protecting
group for the 3amino group of Dapa as we had found it to be an effective -atamomic protecting

gr oup famimo group ef Dapa when preparing amide analogs of daptoAi¥Eine azido group

is reduced with DTT/DIPEA in DMF to the corresponding amino group usually within# h.
Unexpectedly, reduction of the azido group in pefiti@¢o give peptide.9 required extended reaction

times (2x 20 h) which resulted in the formation of a considerable amount of byproducts.

Scheme2.4 Reduction of the azido group in peptide 8 using DTT/DIPEA.
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The slow rate of estditation of peptide®.4 and2.6, and the sluggish rate of reduction of the azido
group in peptide.8 suggested to us that these peptides were aggrgg@/e sought to address this
issue by using a pseudoproline dipeptide as one of the building blocks. Pseudoprolines tend to favour

acis-amide, and the resulting peptide conformation is less prone tassel€iatiort3!:132.150

We modified our attempted synthesis of tiRAl-Dapa by incorporatig a -Orn4Ser5
pseudoproline dipeptide (FmoeOrn(Boc)Ser@"eMPro)OH) into the linear azido peptidel0
(Scheme 2.5). Subjecting peptid2.10to DTT, DIPEA in DMF resulted reduction of the azido group
in 2.10to the amine in just 4 h. It was also found that the reaction proceeded slightly faster and cleaner

using a Trt Tentag@lresin as opposed to a standard polystyre@&T2t resin.
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Schame 2.5 Synthesis of PA1Dapa.
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llel3, Lys12 and Valll were installed into peptiigl to give peptide2.12 using standard Fmoc
SPPS. Couplings from the branch point were slightly sluggish using HCTU/NMM; however, by
switching b the COMUbxymaNMM coupling system, these residues were readily introduced. Peptide
212 was cleaved for the support then cyclized to give pep@dE3. Cyclization with

BOP/HOAUDIPEA gave a complex mixture of products. However, cyclization with
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PyAOP/HOALt/DIPEA proceeded cleanly. Global deprotectio@.58 gavePAl-Dapa in an overall
31% vyield based on resin loading. The same route, except-potected (3,3R)-2-amino3-
azidobutyric acid (FmocDabag)OH) was used in place of FmocDapg@H and Trt Tentag&lresin
wasused instead of standard polystyrene resin, was employed to pRjkiRaba in an excellent

58% overall yield>*

Our success with using the pseudoproline dipeptide building block for the synth&#4-bBlapa
andPAl1-Daba prompted us to examine this approach ®istmthesis oPAL andPA2, as illustrated
in Scheme2.6 for the synthesis dPAlin. Peptide2.14 was prepared by Fmoc SPPS on Trt Tenfagel
resin. FmoclleOH was quantitatively cougplento peptide2.14 to give peptide2.15 after a single
overnight coupling using our previously descritmhditions. Lys12 and Valll were installed into
peptidevia Fmoc SPPS and usingVP for Fmoc removal, then the resulting pep&dks was cleaved
from the support with 1% TFA/DCM. Cyclization @&16 using PyAOP/HOAt/DIPEA proceeded
cleanly to give cyclipeptide2.17. Global deprotection of cyclic pepti@el 7gavePAlas a 4:1 mixture
of epimers that wereeparated by HPLC. The overall yield of the major epim&2dfwas 15% based
on resin loading. The same route, except anteisopentadecanoic acid was used in place of pentadecanoic

acid, was employed to prepd?d2, with the major epimer being obtained maverall 2% yield.

The NMR spectra of theynthesizedPAl andPA2 were essentially the same as that reported for an
authentid?AL/PA2/P-A3 mixture by Guo et al (sdeigure A.15to Figure A.23, Table A.1 andTable
A.2).** This confirms that Lys7 and Ser8 are of theonfiguration while Lys12 and Ser5 avéthe

“Ktonfiguration.

68



Scheme26Sy nt hesi s

o f-r @Ailn vad yac lainz oIf ’Ble mmH dp ssu chgp rao |

di peptide
BocHN
BocHN >Z)j\m
%N “OtBu
Fmoc SPPS using BocHN H /Y ;\
0 Fmoc Oxyma/COMU/NMM up to
N Thr, then DIC/HOAL for O,
Trt Tentagel Qo couplings. e} (e}
20 % 4-MP in DMF for Fmoc AN/YN% 00 N
removal H
Fmoc-lle-OH, DIC
cat. DMAP
Triton X-100
DCM, 18 h
BocHN/I BocHN
ocl
BOCHNH ﬁx(“ i ;YH BocHN 0] /OI H
N Y N OtBu H Xf No o~
R N B
BocHN OO AL o} BocHN ><N I 5 H/\g OtBu
Ou NH Fmoc SPPS (Lys'2, Val'!) o) NH
(0] : H 0] using Oxyma/COMU/NMM o 0o NH
RMAN/YN N 9 ~ for couplings and 20% )k B H .
H o AL H o ] “ : 2-MP in DMF for Fmoc removal Raq H/\( Y H 00
“N NH o _~ .
o H Eﬂ 2 N © “NHFmoc
. o 0 2.15
ocHN o ﬁ/'\i
QoY
2.16
1.1 % TFA in DCM
2. PyAOP/HOAU/DIPEA
DMF, 48 h
BocHN BocHN
(o)
o H 9 % H
BocHN 3 Hk N LN
‘ N Y N " "OtBu
MY
o oO NH 0 AL (o}
. AN; H%Nv 07 NH TFAITIPS/H,0
v v _—
ATH :OH o ~~ OO PA1
oA o N N
(REE B
o H o "

BocHN
217

As stated in the introduction, paenibacterin is produced as a mixture of three isomers bearing either

a 15carbon linearPA1, minor component), anteis®A2, major component), or iso {®3) lipid tail.**

These three isomers cde partial
achieve Figure 2.2). As expected,

component of authentic paenibac

ly resolved by HPLC, though baseline resolution is difficult to
the retention time of synthesiPé® matches that of the major

terin, and synthegl2ddwhich elutes slightly later, has a retention
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time matching that of the minor component of the authentic mixgiigei(e2.2). This is also clearly

demonstrated by a coinjectioni®Al, PA2 and authentic paenibacteriRigure?2.2).
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Figure 2.2 RP-HPLC chromatograms of syntheticPA1l, PA2, and natural paenibacterin.

We determined the minimum inhibitory concentration (MI€)each peptide against a strain of
Escherichia coliGram( 1 ) ) Baaillds sobfilis(Gram(+)) (Table2.1). The MICs of the major
epimers ofPA1 andPA2 were the same despite the variation in the structure of the acyl tail, and were
also identical to that of authentic paenibacterin. Moreovenrvti@ of the minor epimer oPAl was
greater than that of the major epimer of PA1; therefore, it is reasonable to assume that the major epimers
of PA1 and PA2 correspond to PAl1 aid\2 in authentic paenibacterin, consistent with our NMR
analyses. Itis mogikely that the minor epimers ¢fAlandPA2are a result of epimerization at lle13,
and so it appears that the stereochemistry di-tiabon of lle13 does not significantly impact activity.

With E. coliK-12, the MICs ofPA1 andPA2 fell well within the ranges reported by Huaagal with
otherGrara( T ) b & B.tsubtilisglt6appears to be particularly susceptibl®fil andPA2when

compared to the Graift) bacteria previously investigated by Yousef and coworkeltss interesting
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that replacing the ester bond with an amide bond had little or no effect on activity. RiiiBapa
showed slightly reduced activippmpared t¢®’Al andPA2, PAl-Daba matched that 6fA1andPA2.
This is in contrast to daptomycin where it has been shown that replacing the ester bond with an amide

bond severely impacts activit{?

Table 2.1 MICs? of PA1, PA2, PA1-Dapa andPA1-Daba and authentic paenibacterirf

Antibiotic E. coliK-12 B. subtilis1046
PolymyxinB 0.25 -
Daptomycin - 0.75
Authenticpaenibacterin 4 2

PA1 (major epimer) 4 2

PA1 (minor epimer) 8 4

PA2 (major epimer) 4 2
PAl-Dapa 8 8
PA1-Daba 4 2

aMICs are given in pg/mLPPolymyxinB and daptomycin are included for comparis

2.4 Conclusions

In summary, we have developed first total synthesis of genibacterilA1l and A2, as well as the
analogsPAl-Dapa andPAl-Daba. The use of a pseudoproline dipeptide significantly improved the
syntheses. We confirmed that the configurational assignments of residues 5, 7, 8 andcad frgdi
bioinformatics analysis, were correct. We demonstrated that paenibacterin retains its antibacterial
activity when the ester bond is replaced with an amide {Ti8ba) although some activity is lost if

the side chain methyl group is also removedrg¥hDapa). We also show that the activity of
paenibacterin is the same whether the lipid tail is anteiso or linear. Overall, these studies suggest that
paenibacterin may be amenable to further structural modification, with the aim of generating analogs

with improved activity against either Gragh) orGram( 1) bact eri a, or bot h.
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2.5 Further Studies

Following the successful synthesis of paenibacterin, we later modified our approach to minimize the
epimerization during esterification. This was also accompanieathi®r minor improvements to our
overall synthetic procedure. These improvements, and the rational behind them, are ou@livagaieén

3. This improved method was et to prepare a number of analogs of paenibacterin; described in

Chapters 3 and 4.

2.6 Experimental

General. All reagents used for peptide synthesis were obtained from commercial sources including

coupling reagents, resins, and the following amino acid Imgjidiocks: Fmoc -Orn(Boc)OH, Fmoe

Val-OH, FmoeThr-OH, FmoeLys(Boc}OH, Fmoe -Lys(Boc)OH, FmoeSer{-Bu)-OH, Fmoe
-Ser¢-Bu)-OH, Fmoelle-OH and Fmod”ro-OH. FmocDapa(N)-OH was prepared from Fmdgsn-

OH following literature proceduré8>'*® FmocDaba(N)-OH wasprepared using the procedure of

Moreira et al>2 Alloc-lle-OH was prepared according to a literature procettifRentadecanoic acid

was obtained for a commercial source-M&thyltetradecanoic acid was prepared froruthiflecenic

acid via a FriedeCrafts alkylation as reported by Biermann and Met2feACS grade,N, N 0

dimethylformamide (DMF), 4methylpiperidine (4VP), 2methylpiperidine (2MP), TFA,

triisopropylsilane (TIPS) were purchased from commercial suppliers and used without further

purification. CHCI, (DCM) was distilled from calcium hydride under nitrogen. THF was distilled from

sodium metal and benzophenone under nitrogen. Peptide synthesis foamgemanually using a

rotary mixer for agitation.

Peptide syntheses were monitored by treating small aliquots of resin with 95:2.5:2.5 TFAfJOPS/H
for 1.5 h, concentrating under an 8tream, and precipitating the peptide with cold ether befere re

dissdving in 1:1 CHCN/H,O and analyzing by RAPLC and LRMS. To avoid loss of peptide to

72



adsorption onto glassware, polypropylene vessels were used for all steps following the deprotection of

the crude peptide.

Analytical HPLC was accomplished with a revekphase C8 column (5um, 250 mm x 4.6 mm, 1
ml/min flow rate). Peptides were purified by reversed phasegmparative HPLC using a C8 column
(5um, 150 mm x 20 mm, 8 mL/min flow rate). High resolution positive ion electrospray (ESI+) mass
spectra were obined using an orbitrap mass spectrometer, dissolving samples in 1:1 M&DH/H
0.1% formic acid. NMR spectra of purified peptides (~5 mg in 500 4QID) were obtained using a
Bruker Avance 500 or 600 MHz NMR spectrometer in the caB&\@fandPAl-Dapa, ad a 500 MHz

NMR spectrometer foPA2 andPA1-Daba.

Resin loading was estimated using the procedure described by Guéfé &ftat.thoroughly drying,
10i 20 mg of the loaded resin was treated with 2 mL of 2% DBU in DMFR0 min, then diluted to
10 mL with CHCN. An aliquot of 1 mL was further diluted to 12.5 mL then absorbance was measured

at 304nm. Approximate loading was then calculated using an extinction coefficient of 2684 M

Fmoc- -Orn(Boc)-Ser(VeMePro)OH. Synthesis of the pseudoproline dipeptide was adapted from
literature procedures for the analogous FmocLys(Eoe) rM{M&ro)OH pseudoproline dipeptid#.
133,160.161Fmog -Orn(Boc)OH (1.5 g, 3.3 mmol) was dissolved in dry THF (6.75 mL) and DMF (1.5
mL) thenN-hydroxysuccinimide (760 mg, 6.6 mmol) was added, followed by EDC (1.27 g. 6.6 mmol)
and sirred for 4 h at room temperature. The solution was then concentrated-disdaleed in 1:1

ethyl acetate/hexanes (60 mL) and water (10 mL). Ethyl acetate was added until all solids dissolved,
then the organic layer was washed with watex (® mL), dred over NaSQ,, and concentrated. The
activated amino acid was dissolved in acetone (25 mL) to whkighrine, dissolved in 4.5 mL 10%
Na.COs(aqg.), was added. The mixture was stirred for 18 h. The mixture was co0l/&d &md acidified

to pH 3 with 5% HCand concentrated to approximately half the volume. Edbgtate (50 mL) was
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added then washed with water{25 mL) and brine, dried over b&Q:, and concentrated. The crude
dipeptide was dissolved in dry THF (50 mL) and-@i@ethoxypropane (2.03 ml,6.5 mmol) and

PPTS (166 mg, 0.66 mmol) were added. The solution was heated to reflux for 6 h, passing the
condensate over 4A molecular sieves. Upon cooling, triethylamir@p{L@vas added, then the
solution was concentrated to a white foam. Thede product was purified by flash chromatography
(Rr=0.15 in D% MeOH/90% DCM) using a gradient @if 10% MeOH in DCM. The purified dipeptide

was redissolved in a mixture of acetonitrile and water before lyophilizing to give a white powder (880
mg, 1.5mmol, 46%)*H NMR (300 MHz, DMSQGds) § 7J =877 HZ, 2H), 7.70 (d) = 6.8 Hz,

2H), 7.40 (tJ = 7.4 Hz, 2H), 7.30 () = 7.4 Hz, 2H), 6.73 ffoas 1H), 4.91 (d,) = 5.6, 1H), 4.3i 4.00

(m, 5H), 3.89 (g = 6.9 Hz, 1H), 2.85 (m, 1H), 1561.17 (M, 20H);*3C{*H} NMR (75 MHz, DMSO-

ds) 172.9, 169.6, 156.8, 156.0, 144.3, 144.2, 141.2, 128.1, 127.5, 125.8, 120.6, 95.7, 77.9, 67.1, 66.2,
59.3, 53.8, 47.2, 40.3, 28.8, 26.6, 25.4, 23.5 HRB&H(+) calcd for GiHaoN3Os m/z = [M+H]",

582.2810; found,582824.

Synthesis ofPAl-Dapa. 2-CI-TrtCl polystyrene resin (theoretical substitution = 1.5 mmol/g, 33.3 mg,

50 umol, 1 equiv) was swollen in dry DCM then loaded with FmocProOH (4 equiv) and DIPEA (8
equiv) in 1 mL dry DCM for 5 h and capped with 17:2:1 DCM/DIPEA/MeQOH (BO min). Loading
efficiency was estimated to 42 mmol/g Fmoc protecting groups were remdwusith 4MP (1.25

mL, 5 min, 20 min), and all Fmoc amino acids (5 equiv) were activated for one minute using HCTU (5
equiv) and NMM (5 equiv) in DMF (2.5 mL) then coupled fobi2 h. After all couplings and
deprotections, the resin was rinsed with DMFx(& min). Pentadecanoic acid was coupled using
identical conditions and extending the coupling time to 10 h. The azido group was reduced using a
solution of 2M DTT and 1M DIPEA in DMF (3 mL) underfor 4 h or until complete reduction was
confirmed by HPIC. The remaining amino acids were coupled using as described above, using COMU

(5 equiv), oxyma (5 equiv), and NMM (10 equiv) in place of HCTU/NMM, and using an extended
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coupling time of 16 h for lle13. After the final Fmoc deprotection of Valll, the vessirinsed3 x 2

min) with MeOH, iPrOH, and DCM. The protected peptide was then cleaved from the resin with 1%
TFA in DCM (2 mL, 3 x 2 min) draining into a flask containing 10% pyridine in MeOH (5 mL). The
resin was rinsedl( 2 mL each, 2 x 2 min) with OM, MeOH, iPrOH, then DCM again. The cleavage
and rinsing process was repeated 3 times. The combined washings were concentrated by rotary
evaporation, ceevaporating with toluene. The peptide was thedissolved in MeOH (1 mL) and
precipitated with coldvater (5 mL) and collected by centrifugation. Remaining water was removed
azeotropically with toluene. To cyclize, the protected peptide was dissolved in DMF (50 mL, 0.1 M)
that had been partially dried oveA #1S. While stirring, DIPEA (8 equiv) was addéallowed by
PyAOP (4 equiv) and HOAt (4 equiv) dissolved in DMF (3 mL). After stirring for 48 h, the DMF was
removed by rotary evaporation, -esaporating with heptane. The protected peptide was again
precipitated from MeOH with water as described ab®&vetecting groups were removed by treating
with 90:5:5 TFA/TIPS/HO (5 mL) for 2 h, then concentrating underdtteam and precipitating with

cold MTBE. The crude peptide was-dessolved in 4:1 bD/CH:CN (5 mL) and purified by semi
preparative reversed abe HPL((tr = 42 min linear gradient of 30:70 G&N:H.O (02% TFA) to

50:50 CHCN:H.O (02% TFA) over 60 mil. Fractions containing?Al-Dapa were pooled and
lyophilized givingPAl-Dapa as a white powder (8.9 mg, 31% yield based on resin loddkyPapa

was judged to be > 95% pure by analytical-IRPLC (tr = 28.8 min linear gradient of 10:90
CHsCN:H,O (02% TFA) to 90:10 CHCN:H,O (02% TFA) in 50 min. Sed-igure A.1 and Figure

A.2). HRMS-ESI* (m/z) calcd for GgH14dN18016 [M + H]?*, 795.5577; found, 795.5588he peptide

was also characterized by NMR (13t and**C NMR, as well as 2D*H-*C HSQC, HMBC, COSY,

TOCSY. Sed-igureA.24to FigureA.28 andTableA.3).

PAl-Daba. PAl-Daba was prepared using a procedure identical to that usedfdbapa except for

the following.FmocDaba()OH was used in place of FmocDapa®H. TrtCl Tentage? (theoretical
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substitution = 0.19 mmol/g, 263 md) fmol, 1 equiv) was usedBefore use, this resin was activated
with SOC} (2.5 equiv) and pyridine (5 equiv) in dry DCM (2.5 mL) and heated to reflux for 2 h before
rinsing with dry DCM(6 x 2 min) and drying under vacuum ovék BIS for 14 h. The resin was then
loaded with FmocProB using the same procedure described®ad-Dapa. Loading efficiency was
estimated to be 58%COMU (5 equiv),oxyma(5 equiv), and NMM (10 equiv) were used in place of
the HCTU/NMM as coupling agents. Reduction of the azido group with DTT/DIPEA waslexitém

16 h. Purification by reversed phase s@mdparative HPLGtr = 44 min linear gradient of 30:70
CHsCN:H,O (02% TFA) to 50:50 CHCN:H,O (02% TFA) in 60 min). Fractions containin@Al-
Daba were pooled and lyophilized giviRg\1-Daba as a white powder (27.0 mg, 58% vyield based on
resin loading) PAl-Daba was judged to be > 95% pure by analytical HPkG (29.1 min,linear
gradient of 10:90 CKCN:H,O (02% TFA) to 90:10 CHCN:H,O (02% TFA) in 50 min. Sed-igure

A.9 andFigureA.10in Appendix A HRMS-ESI* (m/z) calcd for GoH14gN18016[M+H] ?*, 802.5655;
found, 802.5688The peptide was also characterized by NMR (Dand**C NMR, as well as 2D:

1H-13C HSQC, HMBC, COSY, TOCSY. SéggureA.29to FigureA.34andTableA.3).
Synthesis ofPA1.

(a) Via the pseudoproline dipeptide approach §cheme2.6). TrtCl Tentagel® (theoréatal
substitution = 0.19 mmol/g, 526 mg,d@mol, 1 equiv) was activated with FmocProOH as described
above forPAl-Daba. The resin was then loaded using the same procedure described above. Loading
efficiency was estimated to be 84%. Amino acids up taridding the pseudoproline dipeptide were
coupled using 5 equiv of the amino acid, COMU (5 equiv), oxyma (5 equiv), and NMM (10 equiv) in
DMF (6 mL) for 15i 2 h. Thr3, Val2, -Ornl, and pentadecanoic acid residues were coupled using the
5 equiv of the free acid and DIC (5 equiv), HOAt (5 equiv) in DMF (3 mL) for 4 h. Up to this point,
Fmoc deprotection were accomplished usiagl and rinsing steps were performed as described

alove forPAl-Dapa. To form the depsi bond, FmoclleOH (10 equiv) was dissolved in dry DCM (6
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mL) then cooled t0@ °C before adding DIC (10 equiv) and stirring for 15 min. The mixture was warmed
to rt then added to the resin along with DMAP (0.1 equiv) ariebrTiX-100 (6 ul) followed by
agitating for 18 h. After installation of FmoclleOH, remaining couplings (FmocLys(Boc)OH and
FmocValOH) were accomplished using the initial COMXYmaNMM conditions. The Fmoc group
was removed using 20%MP in DMF + 1% fornic acid (1x 5 min, 1x 7 min). After each coupling

and Fmoc deprotection, the resin was rinsed as described ab&lfbrapa. Following the coupling

and Fmoc deprotection of Valll the peptide was cleaved from the resin and cyclized as described above
for PAl-Dapa.PAlwas purified by sempreparative reversed phase HPE£H39 min, linear gradient

of 30:70 CHCN:HzO (02% TFA) to 50:50 CHCN:H,O (02% TFA) in 60 min). Fractions containing
PA1 were pooled and lyophilized givingAl as a white powder {20 mg, 15% vyield based on resin
loading).PAlwas judged to be > 95% pure by analytical HPt«G(28.4 min, linear gradient of 10:90
CHsCN:H,O (02% TFA) to 90:10 CHCN:H.O (02% TFA) in 50 min, se€&igureA.3 andFigureA.4).
HRMS-ESI' (m/z) calcd for GoH147N170:17[M+H] 2%, 803.0575; found, 803.8%. The peptide was also
characterized by NMR (10H and*3C NMR, as well as 2D*H-13C HSQC, COSY, TOCSY. See
FigureA.15to FigureA.19). NMR data was consistent to that reported by Guo et al for paenibacterin

(aPALPA2/P-A3 mixture. Sedable A.1, andTableA.2).4

(b) Via the route outlined in Scheme2.3. 2-CITrtCl resin (theoretical substitution = 1.5 mmol/g,
42 mg, 625 pumol, 1 equiv) was loaded with FmocProOH as described abowAfbDaba. Loading
efficiency was estimated to be 0.75 mfgolAmino acids up -Orn4 were coupled using 5 equiv of
the amino acid, HCTU (5 equiv), and NMM (5 equiv) in DMF (6 mL) fdsi 2.h. Thr3 and Val2
residues were coupled using the 5 equiv of the free acid and DIC (5 equiv), HOAt (5 equiv) in DMF (3
mL) for 4 h. Up to this point, Fmoc deprotection were accomplished udiftig 4nd rinsing steps were
performed as described above Al-Dapa. To form the depsi bond, alloclleOH (10 equiv) was

dissolved in dry DCM (6 mL) then cooled @C before adding DIC (1@quiv) and stirring for 15
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min. The mixture was warmed to rt then added to the resin along with DMAP (0.1 equiv) and Triton
X-100 (& pL) followed by agitating this was repeatedx36 h). After installation of alloclleOH,
-Ornl and pentadecanoic aciéng coupled with DIC/HOALt for 4 h and 16raspectively. The Fmoc
group was removed using 2094vEP in DMF (3x 10 min). After each coupling and Fmoc deprotection,
the resin was rinsed as described abov@Ad-Dapa. The resin was rinsed with DMF (3 x ijrand
DCM (3 x 2 min), then the reaction vessel was flushed with dry Arof dthe vessel was added-1,3
dimethylbarbituric acid (DMBA, 10 equiv) and cat. Pd(BPH0.2 equiv) as a solution in 1:3
DMF/DCM. The resin was agitated by bubbling inert gadf@h then the resin was filtered and rinsed
with DCM (3 x 2 min) followed by a 1.0% solution of sodium diethyldithiocarbamate trihydrate in
DMF (3 x 3 min), then MF (3 x 2 min) and DCM (3 x 2 min). Lys12 and Valll were then coupled,
again using DIC/HOAt (4 h couplings). Valll was deprotected then the peptide was cleaved from the
resin with 20% HFIP in DCM. The peptide was concentrated then dissolved in DCM (12tham.)
BOP (4 equiv), HOAt (4 equiv), and DIPEA (4 equiv) were added before stirring for 3 days. After
cyclization the solvent was removed by rotary evaporatiorPaidwas purified by serApreparative
reversed phase HPLC as described abdveactions cotaining PA1 were pooled and lyophilized
giving PA1 as a white powde2.8 mg, 56% yield based on resin loadind)Al was judged to be >
95% pure by analytical HPLQg(= 30.5 min, linear gradient of 90:10 @EN:H.O + 01% TFA to
70:30 CHCN:H,O + 01% TFA in 40 min. Seé-igureA.11 andFigureA.12. HRMS-ESI* (m/z) calcd

for CrH14éN17017 [M+H] ", 1605.1077; found, 1605.1080

Paenibacterin A2. PA2 was prepared using a procedure identical to that usétiAfb(pseudoproline
dipeptide apprach) excepi2-methyltetradecanoic acid was used instead of pentadecanoi®Agid.
was purified by reversed phase sqmeparative HPLC(tr = 38 min linear gradient of 30:70
CHsCN:H,O (02% TFA) to 50:50 CHCN:H,O (02% TFA) in 60 min. Fractions containingA2

were pooled and lyophilized givingA2 as a white powder (12.4 mg, 21% based on resin loading.)
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PA2was judged to be > 95% pure by analytical HPLC. HRrG 28.1 minJinear gradient of 10:90
CHsCN:H;O (02% TFA) to 90:10 CHCN:H.O (02% TFA) in 50 min, se&igureA.7 andFigureA.8).
HRMS-ESI' (m/z) calcd for GoH14N170:17 [M+H]?*, 803.0575; found, 803.060Bhe peptide was also
characterized by NMR (10H and®®*C NMR, as well as 2D*H-3C HSQC, COSY, seEigureA.20

to Figure A.23). NMR data was consistent with that reported by Guo et al for paenilpacteri

(PAYPA2/P-A3 mixture)#

Antibacterial assays.The antibacterial activity of the synthetic peptides and authentic paeatibact
was determined by a broth microdilution as¥dpvernight bacterial ctiires were grown in LB broth

then diluted to approximately 1 x 8GFU/mL according to the measured optical densit§Gfnm
(ODeog). Two-fold serial dilutions were used to prepare a series of peptide solutions in LB broth which
were then inoculated withn equal volume of diluted bacterial culture inV@&ll microplates. Plates
were incubated for 24 h a73C then the MIC was determined by the lowest concentration at which

there was no visible growth of bacteria.
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Chapter 3

AStrucAauatrieRelt gti onship Study of Paeni

Li pid Taialn €lad n gothnh ¢ & eAscitd we st y

3.1 Preface

The majority of the results presented in this chapter were acquired after or alongside the results
presented ilChapter 4however, this work most closely relates to the conter@hapter 2and so has

been included out of chronological order. Also included early in this chapter are some findifegs that

to a series of improvements to our synthesis of paenibacterin describ€tapter 2 These

improvements were employed@hapter 4as well.

3.2 Introduction

NH, s PN D-Lys”
OH

. 0 o ™ .

N D-Orn H\)J\ B H D-Ser

2 “, RN

(0] NH

(0]

O _NH o o)
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6
: H\)J\ The3 s Val -
CH N - NY = o]
1429 N : N H : 169
0 PN “IN N\H/\N N
Val? H H
o Val‘11 Pr010
H,N Lys'2

Paenibacterin A1 (3.1)

Figure 3.1 Structure of paenibacterin Al (3.1).

Following our successful synthesis of paenibacterin &AL 3.1) we sought to further our
understanding of itstructureactivity relationshig (SARS). Previous studies on small lipopeptides

have identified hydrophobicity and net positive charge ag parameters affecting not only
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antibacterial activity, but also potential toxicity, measured as hemolytic acfi¥itfij. Highly
hydrophobic and/or cationic peptides tend to be more toxic than their less hydrophobic or cationic
counterparts. This tendency for toxicity is a weaibwn obstacleto the development of lipopeptide
drugs®® To develop analogs of paenibacterin that are clinically useful antibiotics, it is crucial that we
understand how to tune its activity to give the highest possible specificity for bacterial membranes over

those of human cells.

The most straightforwardparoach to modifying the overall hydrophobicity of paenibacterin is to
alter the length of the acyl tail. Many analogs of polymyxin with acyl tails of different length and
structure have been prepatf€tAs mentioned irChapter 1polymyxin B loses all antibacterial activity
if the acyl tail and an adjacent 4~diaminobutyric acid (Dab) residue are removed. This analog
(polymyxin B nonapeptide) does however retain the ability to permeabilize the membranes -of Gram
(1T) bacteria t oWmempmatiom bfareacetylbgrotipiattGee@rminus aso results
in a considerable decrease in potettéfPolymyxin B analogs acylated withchlorophenyl urea retain
good activity but interestingly the same is not true for a ailyilacylated nonapeptide anaf§§For
polymyxin, ideal activity is found with acyl tails ranging from97carbon atoms in length, which

coincides with the variants found in natdre.

In order to obtain paenibacterin analogs with a reduced charge, it is necessary to first identify which
cationic residues are required for activity. One way of doing this is via an alanine scan in which each
cationic residue is replaced with Alghis haspreviouslybeen done with polymyxirand his study
identified the Dab residue at position 5 as the most important to antibacterial activity as well as LPS
binding®’ In general substitution of the exocyclic Dab residues had the least impact on activity

compared to substitutions within the ring.
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3.3 Objectives

The objectives of the work described in this chapter were: (1) to develop an improvegchpprthe
synthesis of paenibacterin; (2) apply this improved approach to the synthesis of several paenibacterin
analogs in which the length of the lipid tail is varied and the cationic residues are substituted with
alanine; (3) to determine the effedttbese modifications on activity, as tested aganstubtilis1046
andE.coli K-12; and (4) synthesize an analog of one of the paenibactesari@ and determine its

activity againsB. subtilis1046 ancE.coli K-12.

3.4 Results and Discussion

3.4.1 Esterificat ion Onto a Truncated Linear Peptide

Prior to preparing a library of paenibacterin analogs, we first wished to improve our synthi®sis of

As shown inChapter 2we demonstrated that we could successfully form the ester bond between Fmoc
lle and Thr3 if a pseudoproline moiety was incorporated at residue S¢eeme2.6 in Chapter 2. In

this case, lle was coupled to decapepfidd, which included the gntadecanoyl tail. This resulted in
partial epimerization, likely the result of the slow esterification reaction. We reasoned that the
esterification would proceed more rapidly on the shorter, nonacylated nonafpii8eheme3.1),
leaving theN-terminal amino group Fmoc protectédlithout the acyl tail and penultimate lysine
residue, this peptide should be less prone to aggregdtideed, we found that this allowddr
complete esterification after one overnight coupling using DIC/DMAP, with little to no epimerization.
To all ow for selective r e-aminogrbup offleldwasorthbgohally F mo c
protected. We found that protectionl‘dﬁlle as arallyl carbamate3.3) or as an azido aci®.4) were

both equally viable. The alloc group could be removed pgliadiumcaialyzedTsuji-Trost reaction,

and reduction of the azide was accomplished by a Staudinger reduction usinig PBE/H,O and in

the presence of the symmetric anhydride of Rings(Boc)OH.#"1%8This method for azide reduction

was developed by the Taylor group, and inclusion of the anhydride prevents ester bond cleavage while
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giving in partial acylatiorof the amino group. The requirement for 10 equivalents of the subsequent
amino acid building block presents a significant disadvantage. Overall, allyl protection was deemed

more efficient and convenient.

Scheme3.1 Esterification on truncated peptide 2
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Following deprotection of the amino group, Lys12 and Valll were coupled onto pgptidagive
the intermediate peptid®6 in higher purity, i.e. with less epimerization, than if the same peptide was

obtained using the route describedscheme2.6.

Furthermore, HPLC analysis of samples obtained after cleavage/deprotection with TFA{OPS/H
showed that this intermediate was of very similar purity when obtained from the azido or the alloc

protected peptide-{gure3.2).
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Figure 3.2 Analytical RP-HPLC of peptide 3.6, cleaved and deprotectedtop) via peptide3.3;
(bottom)via peptide3.4.

This new and improved method for the synthesis of paenibacterin complements the method described
in Chapter 2 The obvious advantage is that reduced epimerizatidm $iotplifies purification and
improves yield. However, the requirement for sfemoc protected amino acids limits the possibility of

adapting this method for ugéth an automated peptide synthesizer.

3.4.2 Attempted Development of an Fmoc -S e r {*NgPro)-OH Buil ding Block

The requirement for a-Lys- or -Orncontaining pseudoproline dipeptide (i.e. Fme®rn(Boc)
Ser@"eMePro)OH) presents a shortcoming of our synthesis as these building blocks are not
commercially available, their synthesis is generally loelding, and the Fmec-Orn(Boc)/Fmoe

-Lys(Boc) precursors are costly.
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Figure 3.3 Pseudoproline building blocks used for the synthesis of skyllamycinsi &.16°

I nspired by Giltrap et al . ds us Eiguer3.3durihggheipseudopr
successful synthesis of the skyllamycifs,°we hoped that we could use Fr®e rM§MePro)}OH
(3.7, Schemed.2) as a more accessible building block for the synthesis of paenibacterin. This building

block was easily prepared from Fm8erOH and 2,2dimethoxypropane in al% yield (Schemes.2).

Scheme3.2 Preparation of FmocS e r M¢MePro)-OH.

e
OH BF3-OEt,

HO [ Acetone, rt, 20h - [ ><

\“\‘ NHFmoc Fmoc

3.7 (71%)

Initial results using3.7 were promising, as we found that it could be incorporated into a linear
precursor of paenibacterin by SPF(in Scheme3.3). Following Fmoc deprotection &.8 and
coupling of Fmod_ys(Boc) with HCTU/NMM, we cleaved/deprotected a portion of the resulting
peptide, which was assumed to be intermed&ewith TFA/TIPS/HO. Analytical HPLC analysis of
the cleaved material revealed a single peak which corresponded to @ilide determined by MS

(Schemes.3).
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Scheme3.3 Incorporation of 3.7 into a linear peptide.

"""""" o _Ot-Bu

: H G
HN /ﬁ)L j:’( NN 1.20 % 4-MP
OYQ Fmoc SPPS H/\[o]/ I\/ in DME
: F 0~ °N 2. FmocLys(Boc)OH
°Q LR moc| NHBoc O HCTU, NMM, DMF

Fmoc-Ser(¥MeMeprg) 3.8 O\O
OH
TFA/TIPS/H,0 8/)‘\
.
Fmoc
NH; 3.10

Intermediate X was assumed to be:

_Ot- Bu
o H/\[r
O
FmocHN BocHN
3.9
BocHN

The synthesis was continued as describeBcimeme3.1, including coupling of Thr3 and Val2 to
give 3.11, followed by esterification with Allodle-OH (Scheme3.4). After coupling of Valll, the
quality of the peptide 312) was examined by HPLC and MS after cleavage/deprotection.
Unfortundely, a complex mixture of products was observed. Some of these productgzhadues
that indicated they were the result of undesired amino acid couplings onto the Ser6 side chain (for

example peptid8.13.
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Figure 3.4 Analytical RP-HPLC of peptide 3.10. A mass of 966.58, corresponding to [M + ijas
detected by +ESMS.

This suggested that the pseudoproline was decomposing to the corresponding serine residue at some
point following the Fmoc depratéon of 3.8 with 4-MP. It is likely that decomposition occurs during
the following coupling, and so intermediatén Scheme3.3 must be peptid8.14 (Scheme3.4). The
high purity 0f3.10 can likely be attributed to the lower reactivity of the free serine alcohol compared
to the terminal amino group. However, during esterification of the Thr residue, a competing
esterification reactiorwith the unprotected Ser side chain took place. With the serine alcohol
unprotected, selective esterification of the Thside chain is impossible, and so the

FmocS e rMEM&Pro)}OH building block is unusable for the synthesis of paenibacterin analogs.
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Sdaheme3.4 Continued synthesis from peptide3.9.

Ot Bu

_Ot- Bu
o \/gf /W \/g(
Fmoc SPPS
—_—
FmocHN BocHN NHBoc
FmocHN
ﬁ NHBoc
3.9

BocHN
1. Alloc-lle-OH,DIC, DMAP
(cat.), DCM, 1% TX-100, 18h
2. Fmoc SPPS
3. Pd(PPh3)s, DMBA
4. Fmoc SPPS
Ot-Bu
- -
< N H 0 H/T I\/
)r 0 07N
TFAI/TIPS/H,0 NHBoc
-
Mixture of Peptides HOHN H HN ¢}
R ‘.
N o
T o © //.//\\0 NHBoc O
o “o
BocHN o%\/\/
N NHBoc
HN o
HN"U
FmocHN,
(¢]
3.12
Detected in mixture by MS:
NHFmoc /¢ IT Hﬁ(
NHBoc o o y o :/Otsu .
N A~ N~
NH; OH HOVLN N
via N 0 oo
9 — © o N
N FmocHN BocHN o
H  NHFmoc 5
BocHN
3.14
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The method described Dhapter 2allowed for the preparation of paenibacterin in relatively good
yield. However, later attempts to prepare analogs of paenibactuinvgry low yields (<1%). The
cause was later found to be letegm storage of FmeEro loaded Tentagdirt resin, butbefore this
cause was identifiedve closely examined many aspects of our synthesis, looking for ways to improve
yields. One step thaiagnered attention was tipalladiumcatalyzedalloc deprotection using DMBA
as a scavenger. DMBA (pk< 4.7) is similar in acidity to acetic acid (pK 4.8), which is commonly
used to cleave trityl ester linkefS. A more common scavenger for allyl deprotections on trityl resin is
phenylsilané?140172 A third common scavenger for palladitsatalyzed allyl deprotections is

dimedone (pK= 5.2), which is slightly less acidic than DMB&.

| o o,
WY o

DMBA dimedone phenylsilane

Figure 3.5 Common scavengers for allyl deprotections.

We compared twallyl deprotection methods, using either dimedone or phenylsilane as a scavenger.
As a further precaution for the dimedemethod we also rinsed the resin with a dilute DIPEA solution
in DCM immediately following filtration of the palladium/dimedone miduWhen approximately
equal volumes of resin were cleaved for analysis, we observed no substantial difference in the amount
of peptide observed by RRPLC. This suggests that either method is suitable. Dimedone was chosen
as the preferred scavenger siitégan inert crystalline solid, so preparation of the deprotection solution

iS more convenient.

Another minor modification to our previously published method for the synthesis of paenibacterin

was the use of hexafluoroisopropanol (HFIP) instead ofdiltEA in DCM for cleavage of the
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protected peptide from the resihTFA is used, itmust be neutralized with pyridine and a precipitation
step is required to remove the resulting pyridinium trifluoroacetate salt. HFIP on the other hand can be

directly ranovedin vacuq and so is considerably more convenient.

3.4.3 An Analog of PAL1 Containing Lysine in Place of Ornithine

H,N -
2
o Ak
NH, . o) o ™
1, RN
NH o ~
o ™y o N 07 >NH
)J\ : N\)k - o
CiaHag N/\H/ ~ON o ~ o
H : H H
0~ o RN N\H/\N)J\LN>
H H
o) o)
H,N

PAK (3.15)

Figure 3.6 Structure of PA1l- -Lysl- -Lys4 (PAK).

Since -Lys costs less thanOrn, we wished to determine if theOrn residues in paenibacterin could

be replaced with-Lys. We applied our improved method for the synthesRBAT to the synthesis of

this analog, abbreviatd®AK (3.15, Figure3.6). This analog was obtained in a 40% yield, and details

of its preparation are describedGhapter 4 The activity of PAK against both Gragn1 ) an@) Gr am
bacteria was determined by measuring the minimum inhibitory concentrations (MICs) against
Escheritia coli K-12 or Bacillus subtilis1046 respectively. The MIC of botRAL and polymyxin B

sulfate (PmxB) against these strains were also determiradde 3.1 contains the more recently
determined MIC values for botRAl1 and PAK, as well as PmxB and tetracycline. PAK &#dl

exhibited similar activity against Grar) B. subtilis1046 while PAK displayed improved activity
against Gran{ TE) coliK-12. The MICs ofPAland PmxB had been previously determine@hapter

2.1 However, when the MICs d?Al and PmxB wee reevaluated alongside PAK, we found that the
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activity of both peptides was higher (i.e. the MIC was lower) than what had been previously observed.
We are unsure of the cause of this discrepafigyossibility is that the discrepancy arose from some
change in the procedure or materials used. It is well known that the MIC of cationic peptides can be
affected significantly by binding to plastic and gl&$</® Even if the material used is the same (e.g.
polystyrene), microplates from different suppliers can result in drastically different’tiRsgardless

of the causgthe MIC values presented within this chapter, thougletdhan expected, were consistent

between trials and using different frozen bacterial stocks.

Table 3.1 MICs of PA1, PAK, and controls.

MIC (ug/ml)
Antibiotic
E. coliK-12 B. subtilis1046
Polymyxin B Sulfaté 0.03 0
Tetracycline HCI o} 4
PA12P 2 1
PAKP(3.15) 1 1

a2MICs values are considerably lower than previously reported values. MICs are consistent ¢
different frozen bacterial stocks are uststock peptide concentration has been corretcted
account for 1 equivalent of TFA for each lysine residue.
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Scheme3.5 General synthesis of PAK analogs
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3.4.4 Synthesis of PAK Analogs

Because of the improved activity and lower cost, PAK was used as the scaffold for all further analogs
of paenibacterinScheme8.5 outlines the generaparoach for the synthesis of analogs of PAK and the
positions of variation. In this approach, epimerization was minimized by forming the ester bond
between the side chain of Thr3 in truncated peidé and Alloclle1l3. The resulting peptidg17

was then elongated to the acyl ta&l1@). Allyl deprotection therallows for the coupling of residues

12 and 13 before the peptide is cleaved from the resin and cyclized in solution. Global deprotection

with concentrated TFA gives peptidg49.

3.4.5 Modificati on of the Acyl Tail .

PAK analogs having lipid tails of varying lengths were prepared and their MIC values were determined
againstB. subtilis1046 andE. coli K-12 (Table 3.1). The MIC values againg.coli K-12 did not
change upon decreasing the length of the lipid from 15 to 10 carbons. The MIC valuesBagaioisis
1046increased Zold upon decreasing thength of the lipid from 15 to 13 or 12 carbons amteased

4 and 8fold when the length was reduced to 11 to 10 carbmspectively. Analogs containing a 5
carbon or Zarbon tail were inactive against bdgh coli K-12 and B. subtilis1046 at 18 pg/mL.
Surprisingly, we found that adyrerebutyric acid (Pba) tail could be accommodated with only a 2
fold loss of activity againgt. coliK-12 and no loss of activity againBt subtilis1046. Incorporation

of the pyrene fluorophore is attractive becaofsigs ability to form excimers when two molecules are

in close proximity. Excimer fluorescence has been used to study the aggregation of the lipopeptide
antibiotic daptomycin and we anticipate tB&t6 will prove useful in future studies on the aggregation

of paenibacterid* FRET studies on a similarly labelled polymyxin analog have provided evidence for

self-association in model membrane
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Table 3.2 MIC of PAK with different acyl tails.

/\/\/W /:;}f
/\)L PAK(C13) PAK(C5)

\/\/\/\/W HoC
2N/\/\ PA;.(Z(.;IH) 3.2?
)FQ 7(\"‘ PAK(C2)
W
- i )
O W OO
3.26
NH PA;'(Z(;O) PAK(Pba)
_ MIC (ug/ml)
Peptide?
E. coliK-12 B. subtilis 1046
PAK(C13) 3.20) 1 2
PAK(C12) 3.21) 1 2
PAK(C11) 8.22 1 4
PAK(C10) 3.23) 1 8
PAK(C5) 3.29) 128 >128
PAK(C2) (3.25) >128 >128
PAK(Pba) 8.26) 2 2

aStock peptide concentration has been corrected to account for 1 equivalent of TFA for eac
residue.

These results suggest decreasing the length of the acyl tail from 15 to 10 carboatesaliectly
with the ability of paenibacterin to disrupt the cytoplasmic membrane of -Grabacteria, but does
not have a noticeable impact on its mechanism of action against(Gridf coli. The lack of any
observable effect on activity againstGkém ) bact eri a means that variat

allow us to tune the specificity of paenibactemimalogs, narrowing their spectrum of activity. We

95



anticipate that reduced acyl tail length will also result in reduced haemolytic actiitis ffroves to
be true ther8.23 may provide the desired balance between potent activity againstGralm b act er i a

and reduced toxicity at the expense of lower activity against Gfaustrains.

3.4.6 Alanine -Scan of All Cationic Residues

To examine the effect of reducing the cationic character of PAK on its activity, as well as the importance
of each specific cationic residue, we conducted an alatiae where alanine was incorporated in place

of each lysine residue in turn. The natu@figuration was preserved at each position, meanifiiza

was incorporated at position 7, position 4, and position 1; viltilla was incorporated at position 12.
Substitution at position 4 necessitated the preparation eAla containing pseudoprolindipeptide

(Fmoc -Ala-Ser@“eMePro)}OH, Scheme3.5).

Surprisingly, these analogs were all quite active against both-Gram v s(+) baGteria Trable
3.3). ForE. coli, alanine substitution at position 3.Z7) resulted in no Ias of activity, while only a
two-fold reduction was observed if alanine was substituted at positi828),(position 1 8.29), or
position 12 8.30). As for B. subtilis there was no lost activity when alanine was incorporated

position 7 8.27) or position 4 8.28); and a twefold reduction at position @3.29) or position 12 3.30).

Considering the correlation between net charge and toxicity of cationic lipopeptides, it is promising
that a reduction to an overall charge of +3 has little impact on activity. We can alseéhntatnclude
that the lysine residues at positions 4, 1, and 12 are more important for activity than the Lys at position
7 against Grarf T ) b a c t lgsiné a positierts il Bnel 12 are more important for activity than

lysine at positions 4 and 7 agsirGram(+) bacteria.
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Table 3.3 MIC of peptides bearing a single alanine substitution.

o) o R
2 H\)J\ : N
R/'HJ\N N N/\[rN Nom 327:R'=-CH; R? R3 R*=-(CH,)NH,
H 5 = H o

o R o N 3.28:R2=-CH; R', R3 R*=-(CHy)4NH,

)J\ /-\H/H v CH3 ©

CigHyg™ N TN o
Wl o o ., o 3.29: R3=-CH; R’,R? R*=-(CH,),;NH,

N N
I ﬂJ\Rﬂ I HJ\L] 3.30:R*=-CH, R, R R3=-(CH,),NH,

MIC (pug/ml)
Peptide?
E. coliK-12 B. subtilis1046
PAK- -Ala7 (3.27) 1 1
PAK- -Ala4 (3.28) 2 1
PAK- -Alal (3.29) 2 2
PAK-Alal2 (3.30) 2 2

aStock peptide concentration has been corrected to account for 1 equivalent of TFA for eacl
residue.

3.4.7 Double -Substitution Alanine Scan of All Cationic Residues

To further establish which lysine residues were essential for activity, we then prepared a series of PAK
analogs where two lysine residues were simultaneously substituted with alania@, Ag
stereochemistry at each position was preserved. Six peptides were prepared, with every possible
combination of substitutions at positions 7, 4, 1, and3121{3.36). The antibacterial activity of these

analogs is given iffable3.4.
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Table 3.4 MIC of peptides bearing a double alanine substitution.

3.31:R%, R®=-CH;  R', R*=-(CH,)NH,

o) y O R,
R2 - o 3.32: R%, R' =-CH R2, R* = -(CH,)4NH
,’)k” N%HWN SNy 3 (CH2)sNH;
o} 0 .

i R, O Oy NH PN 3.33:R3 R*=-CH;  R', R2=-(CHy),NH,
- K U e 07 "NH
Cuats” N \:)kN ? o 3.34:RZ R'=-CH; R R*=-(CHp),NH
H : H 0 ~ o 341 R% 3 ; (CH2)4NH,
0~ H = N
i 3.35:R?,R*=-CH;  R'" R®=-(CH,)4NH,

3.36:R", R*=-CH; R? R®=-(CH,),NH,

MIC (pg/ml)
Peptide? E. coliK-12 B. subtilis 1046
PAK- -Alal- -Ala4 (3.31) 32 2
PAK- -Alal- -Ala7 (3.32) 4 2
PAK- -Alal-Alal2(3.33) >64 4
PAK- -Ala4- -Ala7 (3.34) 4 2
PAK- -Ala4-Alal2 (3.35) 32 2
PAK- -Ala7-Alal2 (3.36) 4 2

aStock peptide concentration has been corrected to account for 1 equivalent of TFA for eacl
residue.

Unexpectedly, all analogs retained good activity ag&nsubtilis The majority of the disubstituted
peptides exhibited only a twiold loss in activity, with the exception 8f33 which was fouifold less
active than PAK. This analog contained alanine residues at positions 1 and 12, which further confirms

the finding that -Lys1 and Lys12 are most important for activity agaiGram(+) bacteria.

AgainstE. coli, the effects of certain alanine substitutions were considerably more pronounced. If
alanine was incorporated at positions 1 and3123| then no antibacterial activity was observed up to

64 pg/ml. Similarly, the analogs with alanine at positidnsnd4 (3.31) or positions4 and12 (3.35)
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displayed poor activity (MIC =3ug/ml). These results also fit well with the observation that lysine
residues at positions 4, 1, and 12 are important for activity againstGiamh b a c otleeranabbgs T h e
exhibited only a foufold reduction in activity. -Lys7 appears to be the least important for activity,
since all analogs containing alanine at position 7 remained quite aBiB& 3.34, 3.36). This is
somewhat unexmeed sincefor polymyxin, cationic residues within the ring are known to be more

important for activity?’

Another purpose of this alanine scan is the identification of which lysine residues could likely be
labelled with some fluorophore without impacting activity significantly. Labelling at position 7 would
likely impact activity the least, but the resultgld singlealanine substitutions suggest that the impact

of labelling at any position should have little effect.

These results show that it is possible to drastically reduce the net charge of paenibacterin to +2 while
retaining good activity. In contratd the effect of varying tailength, eliminating select cationgide
chails all ows for the tuning of p(®) dacteria,atlwotigh this n 6 s
property is likely not particularly useful. More important is the fact that the dvehakrge of
paenibacterin can be significantly reduced with only a moderate reduction in activity, so long as certain
residues are preserved. This may allow for the modulation of the potential toxicity of paenibacterin

analogs sinchaemolytic activity oftn correlates with the cationic character of a peptide.

The fact that the specific location of each alanine substitution had little effect on the activity against
B. subtilissuggests t hatMOAayansti Ghaa(€) tbacteria maysnot depend on any
specific intermolecular interaction, but instead depends on the overall amphipathic nature of the
molecule.On the other handhe fact that activity again&. coli was eliminated when alanine was
incorporated at certain positions suggests that the M§a#nat Grar( 1) bact eri a does

specific interaction, most likely with LPS.
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3.4.8 Paenibacterin B Series Analog

The general approach for the synthesis of PAK analogs was applied to the synthes@roYa -Lys
analog of a member of the paenibactdBiseries with a tridecanoyl acyl tail, abbreviaRBK(C13).
The paenibacterin B family of peptides have acyl tails of varying lengths, from 10 to 15 carbons. The
13 carbon tail was chosen for no particular reason other than that it lies in the mitdéelength
distribution>” Some members of the paenibacterin B series have reportedly been chemically

synthesized, though no experimental details were provided.

Scheme3.6 Synthesis of PBK(C13)

Peptide3.37 was prepared using the same method for the preparation of p&fédecorporating
FmocTyr(t-Bu)-OH at position 6 $cheme3.6). The alloc protecting group on llel3 was removed

followed by coupling of Prol12 and lle13. To remove MYe-moc protecting group of Pro12 we used
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