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ABSTRACT

Antimicrobial resistance is a human health issue that demands development of new
antibiotics with unique mechanisms of action to combat antibiotic failure in the clinic.
Methicillin-resistant Staphylococcus aureus (MRSA) has emerged as a particular resistant
pathogen associated with high levels of incidence and mortality. Isolation and structural
elucidation of the antibiotic natural products armeniaspirols A-C was first reported in 2012 by
Sanofi. Armeniaspirol possess an unprecedented scaffold and novel multiple mechanisms of
action. For these reasons the armeniaspirols were an ideal scaffold to investigate for the
development of antibiotics effective against current resistant pathogens.

A series of focused derivatives were synthesized and evaluated for antibiotic activity
against clinically relevant pathogens including methicillin-resistant Staphylococcus aureus and
vancomycin-resistant Enterococcus. Replacement of the N-methyl with N-hexyl and various N-
benzyl substituents lead to a substantial increase in antibiotic activity and potency for inhibition
of both ClpYQ and ClpXP, the intracellular targets of armeniaspirol.

Armeniaspirol is also known to disrupt the proton motive force (PMF) in bacteria, though
initial work by the Bronstrup lab suggested this was via shuttling of protons across the
membrane. With a library of analogues in hand from our previous study, we sought to
characterize their disruption of the PMF. Using a voltage sensitive dye-based assay and
checkerboard synergy-based assay we demonstrated that armeniaspirols disrupt the proton
motive force by dissipating the electrical potential (A¥) of the PMF, correcting the previous
literature, which suggested they disrupted the transmembrane proton gradient (ApH).

Lastly, our efforts toward the total synthesis of armeniaspirol A using an oxidative

chlorination transformation led to a constitutional isomer of armeniaspirol by an unexpected
ii



Lewis acid mediated rearrangement in the penultimate step. We characterized the scope of
carbonyl derivatives that could undergo successful oxidation generating the key a,B-dichloro-
a,B-unsaturated lactam of the armeniaspirol scaffold. Our work led to a mechanistic study
demonstrating how simple ketones undergo decomposition via acylium ion formation whereas
esters and amides are effectively oxidized to the desired product.

Overall, the research presented here lays the foundation for the future work to confirm
safety, efficacy, and toxicity of the armeniaspirols and to synthesize new analogues with
improved drug like characteristics. In addition, this thesis previews an evolution-based link
between armeniaspirol and its biosynthetic precursor that suggests mid- to late-stage biosynthetic
intermediates are likely to possess biological activity but via a different mechanism of action as
compared to the parent natural products. Furthermore, this analysis suggests that the intermediate
is likely to synergize with the natural product, increasing the fitness of the producing organism as

the pathway evolves.
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Chapter 1: Introduction

1.1 Antimicrobial resistance

Antimicrobial resistance is the occurrence of change within a microorganism that causes
common drugs treatments to become ineffective. This results in bacterial strains that continue to
grow despite the presence of previously effective antibiotics®. This phenomenon arises due to
horizontal gene transfer as well as rapid rates of genetic mutations when bacteria are subjected to
selection pressures by the addition of a drug. The evolutionary pressure rapidly selects for the
resistant mutants enabling this mutation to become fixed in the population®?.

Some of the highest risk pathogens associated with antimicrobial resistance have been
deemed the ‘ESKAPE’ pathogens. This includes Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter
spp*. A review of clinical and economic burdens reports that the ESKAPE pathogens are
associated with the highest risk of mortality and greater economic costs®. The report estimated
that 10 million deaths will be attributed to antimicrobial resistance by 2050, and 100 trillion USD
of the world’s economic outputs will be lost if substantive efforts are not made to contain this
threat*-,

Methicillin-resistant Staphylococcus aureus (MRSA), has emerged as a significant
pathogen associated with high levels of morbidity and mortality”®. Government initiatives and
programs have been put in place for the continued tracking and monitoring of new resistant
strains of MRSA®. Recently, new MRSA strains have emerged with resistance as well as lower
susceptibility to vancomycin and daptomycin, the current frontline treatment for MRSA

infections’®. As MRSA is resistant to nearly all p-lactam antibiotics, some fluoroquinolone
1



(levofloxacin), aminoglycosides (kanamycin), and macrolide antibiotics (erythromycin),8%! few

treatment options remain for clinicians to treat these pathogens.
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Figure 1.1 Structures and mechanisms of action of last line of defense treatment of MRSA

infections and three examples of current antibiotics that MRSA has developed resistance to.

The increased prevalence of antimicrobial resistance (and more resistant organisms being
discovered in the clinic) is compounded by the sharp decrease in output of new antibiotic
therapeutics from the pharmaceutical industry*?. Many major companies in the pharmaceutical
industry including Novartis, AstraZeneca and Sanofi have closed their antibiotic research

programs all together, with Johnson and Johnson (Janssen) the most recent as of February



2023, This comes as little surprise as the cost to develop a drug from a hit compound is
generally approximated at close to 1 billion dollars. With antibiotic treatments being single use
and having short-term longevity in the clinic due to the rapid emergence of resistance, there are
low recovery rates of investment capital and decreased profitability for companies developing
antibiotics. This can be seen with the recent example plazomicin, an aminoglycoside derivative
that was approved by the FDA in 2018. Achaogen, the company that developed the drug, filed
for bankruptcy in 2019 after sales amounted to roughly $80 million dollars, less than one tenth
the cost required to bring the drug to market*.

With rising rates of antimicrobial resistance and decreased pharma presence in the field, a
large portion of new antibiotic discovery and development has been placed on the shoulders of
academia. Academia now plays a vital role in uncovering both clinically and chemically unique
antibiotics that engage new targets to develop therapeutics to combat the threat that multidrug

resistant pathogens pose.

1.2 Natural product antibiotics

With the clear need and challenges for antibiotic development highlighted above, a new
approach to the problem must be taken. Natural products have been at the forefront of treating
antibiotic infections for almost a century, since the discovery of penicillin G in 1928. The
“golden age” of antibiotics, from the 1940s to the 1960s, saw over 30 new classes of antibiotics
(Figure 1.2) discovered and brought to the clinic!®!®. The majority of these therapeutic
compounds were natural products or of natural product origin (Figure 1.3). Following the
“Golden age”, synthetic second-generation derivatives were developed that were aimed at

improving these natural products’ clinical efficacy. During this lag phase, few new classes of



antibiotics were brought to the clinic. Recently, antibiotic research has fallen even further behind
as the current antibiotic pipeline is saturated with drug candidates that share substantial structural

homology (third and fourth generations) or are in the same class as known antibiotics.

< 1940 f 1940 - 1960 } 1960 - 1980 ! 1980 - 2000 2000 - Present
Penicillin Tetracyclines Quinolones Daptomycin
Sulfonamides Aminoglycosides Carbapenems

Rifamycins

Macrolides

Glycopeptides

Cephalosporins

Figure 1.2 Timeline of natural product antibiotic discovery. Highlighting the golden era of

antibiotics and the lag phase from the 1980s onwards.

Classes of antibiotics that share distinct structural features often function with similar
mechanisms of actions. This often enables resistant bacteria to rapidly evade new developed
compounds if they are based on a known scaffold and have a conserved mechanism of action®.
While 2013-2017 represented an uptick in the number of antibiotics approved by the Food and
Drug Administration (FDA), with seven new antibiotics approved, none of these possessed a
new mechanism of action’. Antibiotics with new or privileged targets that causes resistance to

arise at a much slower rate is clearly needed.



Approved antibacterial drugs by source

® Natural product

Natural product derivative

Figure 1.3 Source of FDA approved antibiotics highlighting prominence of natural products as

antibiotic therapeutics®’.

Recent advancements in natural product discovery are helping to spur new antibiotic
development. For example, a novel cultivation technique coined the iChip enables growth of
previously uncultivatable soil bacteria in situ such that the appropriate nutrients and growth
factors are present has enabled many new genera of bacteria to be discovered®®. As current
estimates suggest only 1% of bacterial diversity is cultivatable in the lab, this technology opens
the door to growing orders of magnitude more bacterial strains, including many that are rich in
secondary metabolites. As a proof of principle, this approach was used to discover teixobactin
from the previously uncharacterized bacteria Eleftheria terrae®. Teixobactin is a potent Gram-
positive antibiotic, active against MRSA, vancomycin resistant E. faecalis (VRE) and penicillin
resistant S. pneumoniae (PRSP). It displays a similar mechanism of vancomycin by binding to
lipid 11, a precursor to peptidoglycan. As it binds to a bacterial cell wall building block that is not
directly encoded in the genome, development of resistance mutants is much slower, as has been

seen for vancomycin.



Another recent approach in drug discovery research has come in the form of
polypharmacology. Polypharmacology is the design or use of pharmaceutical agents that act on
multiple targets or disease pathways. This trait was deemed undesirable for many years in
industry due to concerns over off-target activity leading to toxicity issues'®. This led to most drug
development programs focused on a “one target-one molecule” approach. However, a data
mining analysis suggested that each drug with a natural product origin interacts with 2-7
targets?®. This inherent polypharmacolgy is likely built into natural products as they have been
selected for through evolution for desirable biological interactions across a wide spread of
organisms. Over half of approved antibiotics since 2015 have multitarget mechanisms of action,
likely stemming from the drugs’ natural product origins?'. Polypharmacology may provide a new
attractive avenue for the development of antibiotic therapeutics for two reasons. First, resistance
will arise at a lower rate since concurrent mutations in multiple targets, which is statistically
improbable, is required for resistance?®. Secondly, inhibiting multiple cellular processes within a
cell can lead to synergism, improving potency??. These two factors create an intriguing avenue to
pursue natural products as a viable option in combatting antimicrobial resistance due to increased

potency with multiple cellular targets and lower likelihood of resistance developing.

1.3 Armeniaspirol discovery and initial pharmacological characterization

Isolation and structural elucidation of armeniaspirols A-C was first reported in 2012 by
the now defunct Sanofi antibiotic discovery team?. Monitoring the metabolite profiles of the
growth on ISP-2 by HPLC, the authors describe the emergence of three new peaks in the
methanolic extracts of the crude broth. Each peak was collected using preparatory HPLC and

analyzed using a suite of NMR, computer aided NMR simulations, mass spectrometry and X-ray



crystallography. This computer-assisted structure elucidation method (CASE) used H and *C
chemical shifts, multiplicities, carbon hybridization state, as well as COSY, HSQC and HMBC
connectivities to build a molecular connectivity diagram (MCD). A total of 19834 molecules
were generated using MCD, which was narrowed down to 9 molecules when checked against
chemical feasibility, ring rules, and chemical formula. An extra CASE method using predicted
13C-spectra were used to compare predicted and experimental spectra where the best match
resulted in the structure of armeniaspirol. All three structures of armeniaspirols A-C containing
the unprecedented spiro-[4.4]non-8-ene skeleton were then confirmed by X-ray crystallography,
which also confirmed the R stereochemistry contained in the natural product?®,

Biological evaluation of armeniaspirol A-C showed them to be potent Gram-positive
antibiotics effective against bacteria including MRSA, PRSP, and VRE. In addition to their
potency, no resistant S. aureus mutants could be detected even after 30 serial passages with
subtherapeutic levels of the compounds. Armeniaspirol A-C showed no inhibition of Gram-
negative pathogens (E. coli or P. aeruginosa) or fungi (C. albicans) and showed no toxicity in
human hepatocyte HepG2 cells or activity against the hERG cardiac channel. Despite the
electrophilic Michael acceptor present in the lactam of the armeniaspirols under physiological
conditions the armeniaspirols were stable in PBS buffer for over 24 hours and showed only
minor instability in the presence of 10 mM glutathione, 10 mM isobutylamine or cytochromes
CYP3A4 and CYP2D6%.

The Sanofi group furthered the development of the armeniaspirols by conducting a
preliminary SAR study by synthesizing semi-synthetic and synthetic derivatives®*. Their findings
showed that substitution of B-chlorine on the Michael accepter with amine, thiol and alcohol

nucleophiles rendered no improvements in activity. Reduction of the central ketone, and
7



alkylation of the phenol led to reduction in activity (Figure 1.4). The only derivatives that were
tolerated were the incorporation of halogens into the aromatic moiety, although this did not
improve the potency. These analogues arose during attempts to synthesize the natural product,
including the challenging N,O spiro ketal center. Unfortunately, during the construction of the
spiro center using the electrophilic chlorine source, N-chlorosuccinimide (NCS), unintended
chlorination of the aromatic moiety occurred, yielding Cl-armeniaspirol. Several attempts to
change reagent, solvent, and temperature to construct the spiro center were reported; however,
unwanted incorporation of the halogen could not be avoided. This was, however, a key finding
from a medicinal chemistry perspective as a method of accessing these halogenated analogues
was established. The synthesis of a library of armeniaspirol analogues using this chemistry will

be discussed in detail in chapter 2.

N
o |
Figure 1.4 Structure of armeniaspirol A. Functional groups required for activity from the initial

SAR study are highlighted in green.

Lastly, to further support the safety profile of armeniaspirol, an MRSA-induced sepsis
model was done in mice, which showed increased survival rates and reduction of blood

bacteremia levels at 15 mg/kg/d using IV administration. With the unique structure, high
8



potency, and promising safety data coupled to the need for new and novel mechanism of action
antibiotics, armeniaspirol made for an obvious candidate for investigation into the mechanism of

action and further SAR studies.

1.4 Armeniaspirol competitively inhibits ClpXP and ClpYQ

To determine the mechanism of action of armeniaspirol, a host of proteomic and in vitro
biochemical assays were conducted®. The B. subtilis proteome has been extensively
fingerprinted in response to known antibiotics of various mechanisms including those that inhibit
protein biosynthesis, fatty acid biosynthesis, cell wall biosynthesis, and DNA damaging
agents?226-2% Thus, it is known that treatment with varying antibiotics with distinct mechanisms
of action causes changes in the abundance of specific protein biomarkers that are characteristic
of the drug’s mechanism of action. Therefore, when the armeniaspirol treated proteomic profile
was compared to the expected changes from known antibiotic treatments, no increase in key
associated proteins was observed indicating armeniaspirol may display a unique mechanism of
action. To further support this, a checkerboard synergy assay was done comparing armeniaspirol
with a panel of known antibiotics. If synergy is observed between two antibiotic compounds, it is
often indicative that they function through a similar mechanism of action. However, no synergy
was observed when armeniaspirol was co-administered with tetracycline, cerulenin, penicillin or
ciprofloxacin.

A competitive activity-based protein profiling experiment using armeniaspirol was
conducted in B. subtilis to try to discover its potential protein targets. With armeniaspirol’s
electrophilic Michael acceptor, the cell lysate was first treated with the chlorinated natural

product followed by a bioorthogonal alkyne-containing analogue to facilitate a competitive



protein capture using crosslinking with biotin azide and capture on streptavidin beads. This
competitive profiling assay facilitates capture of all remaining off target proteins which can be
counter screened against the proteins obtained from the pull-down probe alone to rule out false
positives. From this pull-down assay, twelve proteins showed a statistically significant (p-value
2) increase in abundance. After ruling out targets associated with the primary metabolism,
translation (due to the fingerprinting and synergy assays) and other remaining proteins with no
implications in antibiotic activity, this left protein target ClpP with a 3.3-fold increase in the

probe only capture experiment.

Protein clients
[¥]

AAA+ protease
(ClpXP, ClpYQ)

o "
5-chloroarmeniaspirol

Cell Division Arrest

Figure 1.5 Armeniaspirol inhibits cellular AAA+ proteases ClpXP and ClpYQ competitively to

cause cell division arrest.

ClpP is the proteolytic component of the ClpXP AAA+ protease that plays a role in
bacterial physiology by degrading damaged and misfolded proteins and is associated with
virulence in Gram-positive pathogens. In one of the four biological replicates of the probe-only
inhibitor capture experiment, ClpQ —another AAA+ protease— was detected in high
abundance. The detection of the Clp proteases indicated that these proteases could be a potential

target of armeniaspirol. To interrogate this hypothesis, a kinetic in vitro evaluation of the
10



proteolytic activity was conducted using purified protein from B. subtilis and E. coli.
Armeniaspirol showed a dose response towards proteolytic activity of both ClpYQ and ClpXP
allowing for a determination of an ICsp value for each protein. An increase in apparent Kym and a
stable Vmax in the presence of increasing inhibitor concentrations, showed armeniaspirol
functions as a competitive inhibitor of the Clp proteases. Under conditions of competitive
inhibition, the Cheng-Prusoff equation allows for the conversion of 1Csg values to obtain K; of
armeniaspirol for each protease. Lastly, the double knockout mutants of CIlpP and ClpQ were
synthetically lethal to the organism. Synthetic lethality is a situation in which mutations to two
genes together result in cell death, but a knockout of either gene alone does not. This aspect is in
line with armeniaspirol inhibiting both ClpXP and ClpYQ which causes cell death. By chemical
and quantitative proteomics, biochemical assays, armeniaspirols are shown to competitively
inhibit the AAA+ proteases CIpXP and ClpYQ displaying an unprecedented mechanism of

action.

1.5 Total synthesis of armeniasprol and ability to depolarize cell membranes of Gram-

positive bacteria

The armeniaspirol compounds arise biosynthetically from halogenated pyrroles, which
are converted to the spirocyclic armeniaspirol through a flavin-dependent monooxygenase3-3t,
The halogenated biosynthetic precursor to armeniaspirol shares structural and functional group
homology (contain a carbonyl linker between the aryl and halogenated pyrrole moiety) to a class
of compounds often referred to as halopyrroles including pyoluteorin and the pyrrolomycins
(Figure 1.6)*%®, These compounds show potent activity against Gram-positive pathogens;

however, no clear mechanism of action had been deduced from this family of compounds until a

11



2019 study on the pyrrolomycins, produced by Streptomyces vitaminophilus 34, The study
demonstrated that the pyrrolomycins are “protonophores”, compounds that shuttle protons across
membranes resulting in membrane depolarization. The transmembrane proton gradient is
responsible for powering ATP synthesis in bacteria and is generated through the electron
transport chain. When it is disrupted, bacteria can undergo energy depletion and cell death. The
authors concluded that the pyrrolomycins are protonophores through a variety of biochemical
and biophysical experiments. This included attempting to generate resistant mutants, pH
dependent MICs, examining morphology using microscopy, examining charge on either side of a
lipid bilayer, testing mitochondrial respiration levels, and using fluorescent cationic dyes to
examine changes in membrane potential. The group postulated that ability to transfer protons
across the membrane was due to the decreased pKa of the phenols by the electron withdrawing
groups on the ring. This enabled the phenols to be readily ionisable, facilitating transfer of
protons through the membrane as a neutral molecule, followed by formation of the phenoxide

intracellularly, releasing the proton.

OH O OH O
pyrrolomycin C pyoluteorin
cl Cl
HO OH Arm15 HO fo) Cl
=~
=
H Arm16 /N o
o (o}
Biosynthetic armeniaspirol A

Precursor
Figure 1.6 Structure of select potent halopyrrole antibiotics which function as protonophores and

the proposed biosynthetic precursor of armeniaspirol.
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With armeniaspirols’ structural similarity to the pyrrolomycins, a 2021 publication
reported that armeniaspirols also function as protonophores®. In addition, this work also detailed
the total synthesis of the natural product. This study used many of the same experiments as the
pyrrolomycin study, including assays using voltage sensitive dyes in Gram-positive and -
negative bacteria, ion conductance assays across a planar lipid bilayer, and pH-sensitive dyes
encapsulated in unilamellar vesicle as well as pH dependent MICs, to demonstrate the
protonophore activity of armeniaspirols®®

In the first part of this study, the authors detailed the first total synthesis of armeniaspirol.
The synthesis was based on an early-stage chlorination to avoid the problem of electrophilic
substitution of the electron rich aryl moiety that led to the unintended chlorination in all previous
syntheses. The synthesis started with methyl addition into the carbonyl of a functionalized a-f
unsaturated, o-f dichlorinated maleimide followed by subsequent dehydration to yield the exo-
olefin (Figure 1.7). This set the stage for an annulation reaction based on an oxidative radical
[3+2] cross coupling between the aryl moiety and pyrrole moiety. DDQ oxidized the
corresponding free phenol to the semiquinone with a C4 carbon radical that could then engage
the exo double bond of the pyrrole moiety. Only one regioisomer was formed as the addition to
the olefin likely generated the more stable carbon radical at the more substituted position as
opposed to a primary radical intermediate. This formed the central ring in armeniaspirol. With
the full carbon skeleton constructed, the penultimate compound was converted to armeniaspirol
after screening a wide variety of benzylic oxidation conditions. The efficient five step synthesis
constructed the spiro center with a [3+2] cycloaddition using an exocyclic double bond on a

heterocycle.
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[3+2]
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IS: 2.TFA Cl coupllng HO

Figure 1.7 Synthesis of armeniaspirol by Arsetti et al*®.

=i

The second portion of the study detailed the experiments that led to the conclusion that
armeniaspirol functions as a protonophore resulting in membrane depolarization. Akin to the
pyrrolomycin work, the initial hypothesis was based on the activity of the natural product
compared to the phenol methyl ether. To evaluate the role of the protonation state of the phenol,
the MICs of armeniaspirol were determined at varying pH, showing enhanced potency at low pH
(MIC = 1.3 ug mL! at pH 6.5; MIC = 16 ug mL™" at pH 10). However, it is well documented
that ionic strength and pH of the medium can have a drastic effect on antibiotic potency due to
increase in penetration or accumulation within bacteria.

Next, membrane depolarization was probed using cationic fluorescent dyes in both Gram-
positive and genetically manipulated Gram-negative bacteria (S. aureus, Micrococcus luteus, E.
coli AtolC). These assays showed that bacterial membranes were depolarized at concentrations
compared to the known, non-antibiotic protonophore CCCP. This was followed up in the
mitochondria of HelLa cells using a fluorescence-based assay where the integrity of

mitochondrial membranes was monitored. Armeniaspirol was shown to compromise the
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mitochondrial membrane at concentrations as low as 1 uM. A second assay using mitochondria
was conducted where oxygen consumption was monitored. If oxidative phosphorylation is
uncoupled by membrane depolarization, this breaks the link between electron transport and ATP
production, which causes an increase in the flow of electrons through the electron transport chain
and results in an increase in oxygen consumption. In this study an increase in oxygen
consumption was observed at 10 uM. This is comparable to the positive control CCCP.

The final assays that were conducted measured translocation of ions across a bilayer
composed of 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) in a protein independent
manner. At varying pH levels the flow of ions was monitored and detected as an electric current.
The ion conductance values aligned with that of CCCP and at lower pH an increased
conductance was observed which supported the conclusion armeniaspirol acted as an ion carrier
across the membrane. A second orthogonal method for the detection of proton transport across a
membrane was conducted using unilaminar vesicles composed of 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC). This was done by monitoring the flow of protons on either
side of the membrane using a pH sensitive dye in the presence of armeniaspirol at varying pH on
either side of the vesicle. It showed proton translocation by armeniaspirol. Interestingly two
other synthetic compounds were tested, the methylated phenol and the precursor to the total
synthesis with the ketone absent at the benzylic position but with the phenol free. Unexpectedly
they reported that both compounds demonstrated proton transport capability but at a reduced
ability compared to armeniaspirol, with the anisole compound being a stronger proton
translocator than the compound lacking the ketone but with the free phenol. With the key
hypothesis being the need for an ionizable free phenol to transport protons for antibiotic activity,

it is of great surprise to see a compound with no ionizable groups being capable of proton
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translocation. This publication formed the basis for a hypothesis that armeniaspirols interfere
with bacterial membranes in a protein-independent manner.

The pyrrolomycin and armeniaspirol mechanism of action studies provided an important
preliminary investigation into how armeniaspirol causes cell death. Both studies only showed
that the membrane potential was being disrupted but a thorough investigation into how this
happened in bacterial organisms was absent. This is highlighted by the lack of discussion or even
mention of anything related to the proton motive force (PMF). The proton motive force is the
electrochemical potential gradient that bacteria establish to drive ATP synthesis®. It is dictated
by two components, the electric potential (A¥) and the transmembrane proton gradient (ApH)?'.
Bacteria exhibit tight regulatory control over both factors where changes a change in one are
compensated for by adjustment of the other to maintain a constant PMF. This complex interplay
between both aspects makes it often difficult to discern which aspect of the PMF is being
disrupted. It has been shown extensively through the literature that small molecules can
selectively disrupt either aspect of the PMF leading to membrane depolarization?3¢°, A more

thorough analysis of how armeniaspirol disrupts the PMF is discussed in detail in Chapter 3.

1.6 Thesis overview, goals summary and conclusion/outlook

The need for effective antibiotics against drug resistant Gram-positive bacteria with novel
mechanisms of action has been clearly highlighted. A major research and development gap in
new clinical antibiotics coupled to the rapid rise in microbial resistance has generated a push to
develop innovative ways to overcome antimicrobial resistance. A new approach using
compounds displaying polypharmacology could provide a new avenue to develop clinical

antibiotics with increased potency and less likely to develop resistance. The potent natural
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product antibiotic armeniaspirol, with its unique scaffold, mechanism of action and
polypharmacology provide an intriguing opportunity to develop and investigate its potential as
an antibiotic therapeutic.

Chapter 2 describes the design and execution of a medicinal chemistry study where a
series of armeniaspirol analogues were synthesized to interrogate the effects of structural
changes on potency at the two protein targets ClpXP and ClpYQ. We used in vitro and in silico
models to evaluate the analogues and determined that balancing the potency at both targets
resulted in the most potent antibiotics that showed no toxicity in human cells.

In chapter 3 we evaluate the armeniaspirol analogues’ effect on the PMF. The
armeniaspirols disrupt the transmembrane electrical potential (A¥), not the transmembrane
proton gradient (ApH) of the PMF. Disruption of the AW is necessary for antibiotic activity but
not sufficient. We propose that disruption of the AY and inhibition of the Clp proteases work in
concert to effect antibiotic activity.

Chapter 4 explores the scope and mechanism of an oxidative chlorination reaction of
pyrrole-2-carbonyl compounds. This reaction was proposed to be used for the total synthesis of
armeniaspirol, by utilizing this early-stage chlorination to avoiding unintended chlorination of
the electron rich phenyl ring. Surprisingly, this strategy was derailed in the penultimate step
which yielded a skeletal rearranged product which was a constitutional isomer of the natural
product. These constitiutional isomers were coined pseudoarmeniaspirol and were tested for
antibiotic potency as well as were evaluated for known targets of armeniaspirol, ClpXP, ClpYQ,

and disruption of the proton motive force.
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Chapter 2: Armeniaspirol analogues with more potent Gram-positive
antibiotic activity show enhanced inhibition of the ATP-dependent proteases

ClpXP and ClpYQ

2.1 Introduction

The research presented in this chapter was born out of our desire to identify and develop
a novel antibiotic for the treatment of antibiotic resistant Gram-positive bacterial infections®. As
armeniaspirol possess an unprecedented scaffold and a unique mechanism of action it is likely to
be effective against current MDR bacteria®. It was previously shown that incorporation of a
halogen into the 5 position of the phenyl ring still yielded potent antibiotics (Figure 2.1)°. By
leveraging the chemistry published by the Sanofi group® to access the skeleton of armeniaspirol,
we set out to conduct a study to answer key medicinal chemistry questions related to structure-

activity relationships surrounding armeniaspirol.

Figure 2.1 Preliminary SAR studies and new targeted areas for SAR

The preliminary SAR study by Sanofi® suggested the free phenol, B-chloride, and the
central ketone were required for activity (Figure 2.1). This was further supported by preliminary

unpublished data from our lab 23. In addition, we knew that alkyl modifications on the amide
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nitrogen were tolerated. With these in mind, we set out to design a synthesis where we could use
a late-stage diversification to access a wide scope of analogs (Figure 2.1). The alkylation of the
amide nitrogen in the penultimate step of the synthesis, provided the ideal opportunity to conduct
a SAR study on this chemical space. In addition to probing the functionality on the amide, two
parallel analogues were designed to probe the functionality of the aliphatic chain present in
armeniaspirol. With N-alkyl chains providing increased lipophilic character, we decided to
truncate the native hexyl chain on the aromatic core to a methyl group to probe questions

surrounding the lipophilicity of armeniaspirol.

Figure 2.2 Improved inhibition of protein targets ClpXP and ClpYQ by armeniaspirol led to
improved antibiotic activity in gram positive pathogens. Armeniaspirol diversification points

studied are highlighted in blue.

With the goal of developing antibiotics with improved potency and decreased resistance,

this first-generation library of compounds provided the first published improvement in antibiotic

potency of the scaffold which allowed for further Kkinetic evaluation of both protein targets
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ClpYQ and ClpXP. Further safety and toxicity assays were conducted confirming the well-

established safety profile of armeniaspirol.
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