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On the other hand, the membrane of mycobacteria is more hydrophobic and rigid due
to the mycolyl-arabinogalactan-peptidoglycan (mAGP) complex (Figure 1.6¢).!¢ The
robust membrane serves as a barrier limiting the compounds with antimycobacterial
effect. Although some cationic amphiphiles have been identified to be effective against
mycobacteria, the physicochemical properties to target the mycobacterial membrane are
not well-understood.!® In addition, mycobacteria can be found inside of macrophages®;
therefore, balancing amphiphilicity must be considered for an effective and non-toxic

antimycobacterial agent .

Figure 1.6. Composition of the cell wall structure of a) Gram-negative b) Gram-positive,
and c) Mycobacteria (adapted from [26]).
1.3.1 Eukaryotic Cell Membrane
Unlike prokaryotes, eukaryotic cells possess internal membranes that encase
their organelles. The plasma membrane of eukaryotic cells are more complex with

increased hydrophobicity than bacterial cell walls, where the outer leaflet is mostly



composed of phosphatidylcholine, sphingomyelin, and glycolipids while the inner leaflet
is more anionic due to the presence of phosphatidylserine, and phosphatidylinositol
(Figure 1.7).272® These substantial differences make the chemical environment
surrounding eukaryotic cells dissimilar to that of Gram- negative and -positive bacterial
cells, but rather challenging when designing selectivity towards mycobacteria, due its

waxy and hydrophobic cell wall.
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Figure 1.7. The lipid components of the plasma membrane. (adapted from [27]).

1.3.2 Membrane Targeting Anti-TB Drugs
There are two main categories of mycobacterial membrane targeting agents. The first
class of agents are characterized by being cationic amphiphiles where balanced
hydrophobicity and positive charge density is crucial for direct disruption of the
membrane integrity.!”*? The second class are known for disrupting the function of
proteins in the membrane. It is not well-defined what are the physicochemical
requirements for the latter agents to effectively target the mycobacteria membrane without

disrupting it.8
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1.4 Antimicrobial Peptides and Synthetic Mimics

Cationic amphiphiles tend to be modeled after naturally occurring antimicrobial
peptides (AMPs). AMPs are ubiquitous short peptides in multicellular organisms.?* The
two main functions of AMPs are to modulate the host immune system, and to kill bacteria
without harming the host cells. AMPs are secondary structures containing mostly cationic
and hydrophobic amino acid residues responsible for its potent activity against microbes.>*
Due to the highly anionic environment of most bacteria, initial electrostatic interactions
occur; then the interaction of the hydrophobic moieties and the lipids can cause membrane
disruption (Figure 1.8). Alternatively, the initial adsorption causes an indirect effect in the
membrane by disruption intracellular functions via various mechanisms (Figure
1.8).333536

The innate selectivity of AMPs against bacterial over mammalian cells is attributed to
the careful balancing of amphiphilicity and cationic density, as increasing lipophilicity
can result in toxicity to mammalian cells. AMPs are an appealing candidate for
antimicrobial treatment due to their innate selectivity of over mammalian cells,
unconventional mode of action, and broad-spectrum activity.*3-** Nonetheless, potential
toxicity, enzymatic stability and selectivity to specific microbes have limited AMPs to
topical use in clinical applications.>?

To overcome these pitfalls, synthetic mimics of AMPs are being studied as a tunable
alternative to increase selectivity against specific microbes, stability against hydrolysis by
proteases and offer a more cost-effective synthetic pathway. Generally, AMP-mimics
design includes biocidal backbones, biocide-releasing or biocidal pendants with cationic

and hydrophobic moieties that lead to its broad-spectrum potent activity against microbes.
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The biocidal agents can kill bacteria upon contact and can be either cationic biocides,
antimicrobial peptides, or antibiotics, where the mode of action is dependent on the

biocidal agent.?78
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Figure 1.8. Proposed mechanisms of AMPs acting on bacterial membrane.®

Some common modifications of cationic biocidal mimics include positively charged
quaternary ammonium or guanidium as the cationic moiety, due to the ubiquitous
presence of lysine and arginine. Aida et al. reported stronger interaction of guanidinium
ions with the membrane over the ammonium ions. The effect was attributed to the

deprotonation of adjacent ammonium ions to minimize charge repulsion. Due to the H-
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bonding capabilities of guanidium, guanidinium ions are able to minimized charge
repulsion effectively via divalent salt-bridge with phosphate ions on the membrane

(Figure 1.9).%°

i b) Guanidinium lons
(@) Ammonium lons (b) Anion Binding| RO, OR
» @ ® ®

Repulsion Repulsion
[';iHT ............ . & & Hz(r?ﬂ(NHz ....... ,H.ZNYNH? HZNYNHQ HN\T/NH
HN NH HN NH
- L J =1 J
H §H % H ¥ H 3 H §H 3 H T H 3
0 r o] 0 0 0 0

Figure 1.9. Minimization of intramolecular charge repulsion between (a) proximal
ammonium ions by deprotonation and (b) proximal guanidinium ions by anion binding to
phosphate groups.®
Furthermore, Tew et al. showed amphiphilic cationic polymers can be tuned to be
highly active toward bacteria while retaining low cytotoxicity (Figure 1.10). The high
density of positive charged guanidium on a cationic polymer showed to increase
adsorption onto negatively charged bacterial membranes in comparison to the
ammonium analogue, and Magainin, a naturally occurring AMP.4°
Although AMPs and AMP-mimics effectiveness against mycobacteria is scarce in
comparison to Gram- positive and -negative bacteria, a few have been reported in
literature. For example, Purdy et al. concluded that Ub2, cationic amphiphile ubiquitin-
peptide synthetic agent disrupted the bacterial membrane.'* Phillips et al. reported
poly(dimethylaminoethyl methacrylate), a cationic synthetic AMP-mimic that showed
selective antimycobacterial properties over Gram-positive bacteria, via an alternative

mechanism than the predicted outer memabrane damage. *! Furthermore, Li et al.
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Figure 1.10. Tew et al showed guanidium pendant polymers showed broader spectrum
activity as well as selectivity in comparison to ammonium analog and known AMP,
Magainin. 40
investigated triphenylphosphonium (TPP) indole, a cationic amphiphile, and concluded its
antimycobacterial properties were due to caused depolarization of the mycobacterial
membrane.*? Similarly, Chen and coworkers observed that the known efflux pump
inhibitor, verapamil caused dissipation of the membrane energetics in mycobacteria which
triggered an indirect inhibition of efflux pumps, not direct as previously speculated.*?

These examples demonstrated that cationic amphiphiles mimicking AMPs can be designed

to target the mycobacteria membrane, directly or indirectly.

1.5 Guanylurea Functional Group

Guanidine-derivatives containing guanylurea (i.e., amidinourea) functional group are a
class of underexplored compounds composed of guanidine and urea, the extending H-
bonding combabilities (Figure 1.11). Castagnolo et al discovered that both macrocyclic and

linear amidinourea derivatives contained antifungal and antiviral activity.*** Guanylurea
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derivatives have also shown antiproliferative properties; it was speculated to be due to their

ability to mimic the natural nucleobases and interact with DNA.46

O,N
X=80,750,S 5

Figure 1.11. Examples of guanylurea derivatives.*’

Furthermore, our research group reported the rigidity around guanylurea and the
extended hydrogen bonding capabilities from guanylurea in poly(guanylurea)s-
piperazine (PGU-P) had significant selective antimicrobial property towards
mycobacteria, M. smegmatis, in comparison to Gram-positive and Gram-negative
bacteria (Figure 1.12).*® Previous work gave the motivation to further investigate the
mechanism of action against mycobacteria and explore the structure-activity relationship

(SAR) of these novel compounds.
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Figure 1.12. Structures of PGU-E and PGU-P previously tested for antimicrobial
properties, where PGU-P was found to have better antimicrobial activity against
mycobacteria.*®
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1.5.1 Synthesis of Poly(guanylurea)s
A simple polymerization technique was used to make affordable and non-toxic
oligomers. Step-growth polycondensation allowed to have one-pot synthesis of a
controlled addition of bifunctional monomers without the need of a catalyst while

yielding oligomers due to small number of repeating units (Scheme 1.1).%

Scheme 1.1. Schematic of polycondensation of bifunctional monomers with guanylurea
backbone.

small molecule
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1.5.2 Mechanism of Poly(guanylurea)s

Following the basic principles of step-growth polymerization, guanylurea
oligomers were synthesize by using bi-functional monomers a and b. For simplicity,
monomer a shows one sided N, N’-di-tert-butyloxycarbonyl (boc) protected guanidine in
Scheme 1.2. The addition of a base or the diamine initiates the reaction by extracting
the most acidic proton adjacent to the boc-group leading to the formation of the
isocyanate intermediate. The diamine performs a nucleophilic attack on the isocyanate
producing the guanylurea.>® The successive repetition of this process links monomer a
and monomer b forming guanylurea in the backbone and producing the desired
alternating copolymer (Scheme 1.1). Similarly, some polymers were made using a
diisocyanate bifunctional monomer and a guanidinium monomer where the initial acid-

base reaction is omitted for a synthetic pathway.
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Scheme 1.2. Schematic of the mechanism for the formation of guanylurea in the
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Our group previously reported that the rigidity in the poly(guanylurea) backbone

influences the minimum inhibitory concentration (MIC) and hemolytic activity of PGUs

Figure 1.12).*8 The results of the ethidium bromide assay after treating M. smegmatis,
g y

S. aureus and S. flexneri with PGU-P-8K and PGU-E-11K suggested that the increased

fluorescence intensity was due to possible membrane disruption (Figure 1.13C).

Additionally, few transmission electron microscopy (TEM) images appeared to show a

severely damaged membrane integrity by PGU-P-8K 24 h treatment (Figure 1.13B).

Preliminary results showed that the primary mechanism of action was due to disruption

of the membrane, as many AMPs and AMP-mimics do.*® SAR studies showed that

rigidity in the backbone structure played an important role in antimicrobial properties

(Figure 1.13), but further analysis was required for a thorough understanding of the

mode of action and selectively from PGU-P-8K on the mycobacterial membrane.
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Figure 1.13. PGU-P previously that rigidity in the backbone structure played an
important role in antimicrobial properties. TEM image of M. smegmatis. (A) intact cells
and (B) cells treated with PGU-P-8K. Scale bars: 500 nm (C) Kinetics of EB membrane
permeation and nucleic acids intercalation.*®

1.7 Summary

The continuation of previously reported work PGUs was focused on the mechanism
of action of these novel compounds. It additionally explored various degrees of
amphiphilicity, rigidity and aromaticity to understand the innate selective
antimycobacterial properties of PGUs. The overall aim of this dissertation was to
thoroughly study PGU-P-8K to identify the necessary key factors for innate selectively
on the mycobacterial membrane. Therefore, contributing to the development of
unconventional membrane targeting anti-TB drugs or drug adjuvants to improve TB
treatment.

Chapter 2 emphasized on elucidating the mechanism of action of PGU-P-8K
against the mycobacteria model organism, M. smegmatis for future improvements TB

therapy; the unique selectivity of PGU-P-8K was due membrane targeting effect. PGU-
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P-8K was found to disrupt bioenergetics in mycobacterial membrane, resulting in a
selective and fast-acting bactericidal agent.

Chapter 3 explored how the key functionalities (i.e., aromatic substituents,
amphiphilicity, rigidity) along the backbone of PGUs affect interaction to the
mycobacterial membrane and inherit antimycobacterial properties. Pathogenic
mycobacteria showed the most sensitivity to minor structural changes, where retaining
hydrophobicity in PGUs showed to be crucial for membrane interaction.

Lastly, the summation of the work investigated the translational outlook of PGUs
due to activity on hydrophobic cell membrane, non-toxicity, and possible cellular entry.
Preliminary R-PE delivery was performed using PGUs as a vehicle of intracellular

delivery of proteins.
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CHAPTER 2
PROTON MOTIVE FORCE-DISRUPTING ANTIMYCOBACTERIAL
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2.1 Abstract

Tuberculosis (TB) is a severe threat to global public health. Nonreplicating TB is
extremely difficult to eradicate using current TB drugs which primarily act on replicating
cells. Novel anti-TB drugs acting on unconventional targets are urgently needed to
efficiently combat TB and shorten TB treatment. The mycobacterial membrane is a
putative drug target as many transmembrane proteins and vital processes reside in the
membrane. Additionally, macromolecules have shown to be advantageous over small
molecules due to strong initial adsorption to the bacterial membrane. Although membrane
disrupting antimicrobial peptides and their synthetic mimics exhibit the potential to kill
nonreplicating TB, the lack of microbe selectivity, especially towards mycobacteria, has
been a concern. Here, we report that the recently developed poly(guanylurea-piperazine)-
8K (PGU-P-8K) shows fast (i.e., less than a day) at its minimum bactericidal concentration
(MBC). This effect was further explored and attributed it to the interference of the Proton
Motive Force (PMF) through disruption of the membrane potential via selective interaction
PGU-P-8K to the mycobacterial membrane. PGU-P-8K displayed targeting the
mycobacterial cell envelope by disrupting intracellular processes while retaining the cell
membrane integrity, confirmed by imagining of post-treatment cells and overexpression of
genes related to cell envelope stress. Additionally, PGU-P-8K potentiates bedaquiline, an
oxidative phosphorylation-targeting anti-TB drug. Targeting membrane energetics is a
promising approach to combat drug-resistant or latent mycobacterial infections as both
replicating and dormant mycobacteria rely on a polarized membrane for their survival. The

in-depth studies on the mode of action of PGU-P-8K on mycobacteria affect selectivity and
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