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Abstract

Antimicrobial peptides represent a vast pool of biomolecules that may serve as the next generation
of therapeutic agents. The alarming surge of multidrug-resistant bacterial pathogens able to repel
and deactivate almost all clinically-used antibiotics drives our necessity to develop novel
therapeutics, such as peptide-based agents. Arguably, the problem of antimicrobial resistance is
more serious in Gram-negative bacteria (GNB), relative to Gram-positive bacteria, as they
typically carry multiple chromosomal-mediated resistance mechanisms and possess an intrinsic
mechanism that restricts the entry of most antibiotics. This intrinsic resistance mechanism in GNB
consists of the outer (OM) and inner membranes (IM), and overexpressed multidrug efflux
systems. The OM and IM impose an orthogonal constraint on the type of molecules able to traverse
to the cytosol. The OM prevents the entry of large hydrophobic molecules while the IM prevents
the diffusion of large hydrophilic molecules. Once the antibiotic enters the periplasm or the

cytosol, it can then be efficiently expelled by a multitude of efflux pumps.

Peptide-based agents, including naturally-occurring antimicrobial peptides and their mimics,
usually target bacterial membranes. These membranotropic actions include perturbation of both
the OM and IM (that can lead to lysis and intracellular component leakage), and sequestering of
lipid components that may inactivate transmembrane proteins such as efflux pumps. The degree
of membrane perturbation varies from each peptide, as some peptides result in overall membrane
dissolution (lysis) while some induce only localized membrane disruption. My doctoral research
work capitalized on this membranotropic mechanism to develop investigative peptide-based
agents against GNB that act as stand-alone antibiotics or as helper molecules, called adjuvants, in
combination with other established antibiotics. In this context, peptide-based adjuvants work in



synergy through the enhancement of antibiotic cellular entry by either inducing localized
imperfections (pores) in membranes, that allow diffusion of molecules, or sequestering lipid

components surrounding efflux pumps, that prevent the debilitating action of efflux.

My work took inspiration from amphiphilic membrane-acting antimicrobial peptides to develop
potent short synthetic lead adjuvants that in combination with clinically-used antibiotics can
effectively eradicate GNB. Peptide-based adjuvants in this thesis comprised of short proline-rich
lipopeptides, dilipid ultrashort cationic lipopeptides and polymyxins derivatives. Specifically,
polymyxin analogs in this thesis included dilipid polymyxins and polymyxin Bz-tobramycin
hybrid. The work described herein utilized these membranotropic adjuvants to revitalize the
activity of antibiotics from intrinsic resistance of GNB. My doctoral research work presented

herein follow a ‘sandwich thesis’ format.
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Chapter 1: Antimicrobial peptides as promising therapeutic agents

This chapter is based on my publication:

Ronald Domalaon, George G. Zhanel, Frank Schweizer. 2016. Short antimicrobial peptides and
peptide scaffolds as promising antibacterial agents. Curr Top Med Chem 16:1217-1230. doi:

10.2174/1568026615666150915112459.

Reproduced with permission.

1.1. Introductory remarks

In this chapter, antimicrobial peptides will be discussed as a vast reservoir of potential therapeutic
agents that may mitigate the problem of antimicrobial resistance. Most of these peptides act on
bacterial membranes and therefore are perceived to by-pass most of the resistance mechanisms in
Gram-negative and Gram-positive bacteria, including the sieving properties of the outer and inner
membranes, and the intracellular concentration-limiting efflux. Large (>20 amino acids)
antimicrobial peptides require significant cost in production and development, and therefore their
shorter counterparts are more viable options as clinical candidates. Hence, the peptides that will

be elaborated in this chapter are specifically those with shorter lengths of <10 amino acids.

1.2. Contributions of authors

Ronald Domalaon did an extensive literature survey on the topics: antimicrobial peptides and
peptide-based mimetics. This review article is fully written by Ronald Domalaon with guidance
from George G. Zhanel and Frank Schweizer. All authors were responsible for the final form of

this review paper.



1.3. Abstract

Antimicrobial peptides have recently garnered significant attention as an emerging source of
potential antibiotics, due to the swift emergence of multidrug-resistant bacteria and a dwindling
antibiotic pipeline. The vast majority of antimicrobial peptides are long, comprised of more than
10 amino acids, resulting in significant production costs for their synthesis while simultaneously
displaying metabolic instability and relatively poor pharmacological profiles. To counter these
problems, efforts have been shifted to shorter molecules and the development of new
peptidomimetic approaches. In this paper, we review promising short, naturally-isolated or
synthetic, antimicrobial peptides, along with their mimics, and discuss their merits as potential

antibacterial agents.

1.4. Antimicrobial peptides as an emerging class of antibacterials

Emergence of resistant microorganisms to conventional antibiotics, especially multidrug-resistant
(MDR) strains to which the pathogen is resistant to more than three antibiotic classes, imposes a
severe health threat worldwide (1-3). A recent update by the World Health Organization (WHO)
indicates that antimicrobial resistance is rising rapidly whereas effective antibacterial agents are
dwindling to a few, causing much burden physically, economically and socially to governments
across the globe (4). Thus, development of new antibiotics able to combat resistant bacterial strains

is crucial.

Antimicrobial peptides (AMPs) are promising antibiotic candidates as they usually possess

multiple modes of action in which the bacterial cell membrane is the main target, rendering less



likely for the pathogen to overcome; although distinct resistance mechanisms have been described
(5). AMPs can be of natural origin or synthetically made. The former may be classified as host-
defense peptides (HDPs) as higher organisms (plants and animals) produce these molecules as a
part of their innate immunity. The first reported HDPs are cecropins (isolated from pupae of the
moth Hyalophora cecropia in 1981 (6)), defensins (obtained from mammalian neutrophils in 1985
(7)) and magainins (isolated from the skin of the African clawed frog Xenopus laevis in 1987 (8)).
HDPs are genetically-encoded conserved natural immunity components that may modulate
cellular functions such as chemoattraction, gene transcription and cytokine production and/or
release, while simultaneously possessing direct antimicrobial activity (9—12). HDPs may also take
part in wound healing and angiogenesis processes (13). For example, the cathelicidin LL-37 is
expressed in immune cells (such as neutrophils, monocytes, dendritic cells, and macrophage
subsets), mast cells and epithelial cells (14, 15). LL-37 is an amphipathic a-helical 37 amino acid-
containing peptide that exhibits broad-spectrum direct antimicrobial activity, as well as various
indirect beneficial immunomodulatory properties for rapid bacterial clearance. Induction of
endogenous LL-37 has been an attractive concept in anti-infective therapy (14) as certain inducer
molecules such as butyrate (16), vitamin D3 (17), litocholic acid (18), bacterial products (19) are
found to induce their expression in cells, strengthening the immune system to abate bacterial
invasion. However, the increased expression of LL-37 may also have adverse consequences such
as altered inflammatory responses in the body. Polymyxins make up another class of important
AMPs. Polymyxins were first isolated from the bacterial culture of the Gram-positive Bacillus
polymyxa in 1947 (20), in which polymyxin B and E (also known as colistin) are the most well-
known as they are both FDA-approved antibiotics used as last resort agents against multidrug-

resistant (MDR) Gram-negative bacterial infection (21-23). Polymyxins are non-ribosomal cyclic



decalipopeptides that possess narrow spectrum antibacterial activity with multiple modes of action.
It is widely accepted that polymyxin’s main mode of action involves enhanced permeability of the
bacterial cell membrane, resulting from an initial lipopolysaccharide-specific interaction (24, 25).
Polymyxin has also been reported to inhibit the bacterial respiratory pathway (26), to bind to
ribosomal RNA (27) and induce hydroxyl radical production (28). Moreover recent research

suggests that polymyxins may also possess immunoprotective properties (29).

The search for a common motif or scaffolds amongst AMPs/HDPs and the advancement of the
understanding on how they act upon their target drives the development of synthetic AMPs
(SAMPs). Some SAMPs are developed by truncating existing HDPs to the minimum residues
needed for their biological activity. Others are designed with the knowledge that most HDPs rely
solely on their physicochemical properties for their antimicrobial activity (30). The latter approach
takes into account that most AMPs are amphiphilic, possessing a spatially separated hydrophobic
and hydrophilic (usually cationic) domain. Their amphiphilic nature has proven to be crucial for
antimicrobial activity, independent of the amino acids present in the peptide (30, 31) Thus,
engineering small peptides that have a distinct portion consisting of hydrophobic amino acids and
another portion consisting of hydrophilic (usually cationic) amino acids has yielded biologically
active compounds against microorganisms (32). Another successful approach is the conjugation
of hydrophilic (usually cationic) amino acid residues to hydrophobic fatty acids, hence, the
production of synthetic lipopeptides (33). One of the most successful antimicrobial agents
produced by this approach is the semi-synthetic tridecalipopeptide surotomycin (CB-183, 315)
(34) by Cubist Pharmaceuticals, which has potent activity against Clostridium difficile,

Enterococcus faecalis and other Gram-positive pathogens (35, 36). Surotomycin is a derivative of



the naturally-occurring FDA-approved antibacterial lipopeptide daptomycin (Cubicin®) (37, 38).
Currently!, surotomycin is undergoing two phase-111 clinical trials for the treatment of C. difficile-
associated diarrhea (39). It is noteworthy that some AMPs also possess antitumor and

antiproliferative activity (40, 41).

Concerns about AMPs as possible antibiotics are their metabolic instability and relatively poor
pharmacological profile. Some AMPs also exhibit hemolytic activity against erythrocytes and
toxicity against eukaryotic cells. In order to circumvent these problems, peptidomimetic
approaches or the removal of the “peptide-like” character are performed on AMP lead structures
resulting in an increase in promising antibiotic candidates in clinical trials. These include the

introduction of D-amino acids, cyclization, and/or different molecular scaffolds.

How do AMPs exert their biological function? Amphiphilicity, achieved by peptide organization
into certain secondary structures or aggregates, is arguably the most important physicochemical
property of AMPs. Secondary structures such as a-helices, B-sheets (B-hairpins), and extended
structures are commonly seen in longer AMPs with more than 10 amino acid residues but are
usually absent in short AMPs (42). AMPs are usually cationic, which confers selectivity for the
anionic bacterial cell membrane when compared to the zwitterionic eukaryotic cell membrane.
While still unclear due to the complexity of experimental designs, the presence of sterols (such as
cholesterol and phytosterol) in eukaryotic cell membranes may also impart protection from AMPs

via alteration in membrane fluidity, which in turn may disrupt the membrane insertion of AMPs

! The term current in the context of surotomycin refers to data up to 2014. Unfortunately. surotomycin failed to
demonstrate superiority to vancomycin against C. difficile in the two phase 3 clinical trials referred in the text (Boix
V, Fedorak RN, Mullane KM, Pesant Y, et al. 2017. Open Forum Infect Dis. doi: 10.1093/ofid/ofw275.).



(43, 44). Electrostatic interaction of the positively charged AMP with either lipopolysaccharide
(LPS) in Gram-negative or lipoteichoic acid in Gram-positive bacteria (both negatively charged)
is believed to be the first step in AMP’s mode of action. Subsequently, AMPs exhibit their
antibacterial activity through different reported mechanisms: (1) by changing membrane potential
(45), (2) by producing transmembrane pore formation or defects resulting in cell leakage (46), (3)
by modifying the native distribution of membrane lipids resulting in destabilization of structure
(47), (4) by triggering lethal processes such as the induction of autolytic enzymes (48) and (5) by
interacting and/or interfering with intracellular targets (49). Notably, most AMPs exhibit multiple

modes of action (50, 51), rendering the pathogen less likely to develop resistance.

1.5. Short AMPs of ten or fewer amino acids as lead antibacterial molecules

The development of new anti-infective agents requires a repetitive cycle of lead optimization
where the desired biological activity is maximized and the toxicity to mammalian cells reduced.
The vast majority of AMPs are comprised of 10 or more amino acids. However, shorter AMPs are
especially attractive as lead compounds as production costs are lower. In addition, many short

AMPs are of equal antibacterial potency against clinical isolates when compared to longer AMPs.

As of November 2014, the “Antimicrobial Peptide Database” (APD) recorded 52 antibacterial
peptides of 10 amino acids or less out of 2008 reported AMPs of natural origin (although the
database only records AMPs less than or equal to 100 residues) (52). Note that the reported figures
only take into account isolated AMPs and adding unnatural (synthetic) ones would greatly increase
the count. In order for our survey to be feasible, we will highlight the merits of two promising

classes of short AMPs containing five to ten amino acid residues: the tryptophan- & arginine- rich



short AMPs and the proline-rich short AMPs. We will also briefly discuss ultrashort AMPs, which

contain four amino acids or fewer, and their benefits for further shortening the peptide length.

Tryptophan- and arginine-rich short antimicrobial peptides (TARAMPS). Perhaps the two most
common amino acids present in AMPs are tryptophan (W) and arginine (R) as both are found in
many antimicrobial peptides, such as the cathelicidins indolicidin and tritrpticin, at an unusually
high proportion. Both, tryptophan and arginine play important roles for the function of AMPs. It
is known that tryptophan residues have a strong preference for the interfacial regions of lipid
bilayers, as observed in experimental and theoretical studies (53, 54). For example, a molecular
dynamics (MD) simulation of the AMP dermaseptin S3 demonstrated that the tryptophan residue
is involved in peptide-lipid interactions (55). Another study showed that tryptophan associates
with the polar choline head group in bilayers via a cation-n interaction, resulting in favorable
intermolecular interactions (56). This cation-n interaction comes from the quadrupole moment of
tryptophan’s indole ring donating electron density to a positively charged atom (usually an
amino/ammonium group but also guanidinium groups) (57, 58). Therefore, an indole ring is more
optimal for interacting with positively charged groups in phospholipids than with hydrophobic
fatty acyl chains, rendering the tryptophan-rich AMP with excellent membrane inserting
capabilities. Intramolecular cation-n interactions are observed in most AMPs rich in tryptophan
and arginine residues, preferring a parallel (stacked) intramolecular arrangement of the two
residues as the AMP inserts itself into the membrane (59, 60). This interaction makes the entry of
the peptide into the lipid bilayer more energetically favorable as the positively charged

guanidinium group of arginine is effectively shielded from the hydrophobic environment (57, 61).



There have been several comprehensive review articles focused on TARAMPs longer than ten

amino acids in the literature (54, 62).

So far, all reported short TARAMPs with ten or fewer amino acids are synthetically made by either
modifying HDPs or were discovered by screening combinatorial peptide libraries. Most HDP-
based TARAMPs are obtained from truncating lactoferrin, an 80 kDa antimicrobial protein that
also acts as an iron-binding protein found in milk. The idea of truncation stemmed from the
discovery of a 25-residue peptide called lactoferricin, released from the N-terminal region of
bovine lactoferrin by pepsin that exhibited potent bactericidal activity (63). Further truncation and
sequence modification led to the discovery of short lactoferrin-derived TARAMPs LF11-324, M6
and Octa 1 (Table 1-1). LF11-324 is a decapeptide with an amidated C-terminus that exhibited
good bactericidal activity against E. coli and showed low hemolysis (<10%) at 500 pg/mL (64).
LF11-324’s mode of action is most likely cell membrane perturbation due to its ability to induce
membrane curvature strain and bilayer thinning in E. coli lipid model membranes (65). Both
peptides M6 and Octa 1 exhibit better antimicrobial activity than LF11-324. Furthermore, M6
scored an ECso of 765 pg/mL against red blood cell (RBC) while no hemolytic activity was
reported for Octa 1 up to a concentration of 1000 pg/mL (66, 67). Unfortunately, no mode of action
studies have been published for either compound. As seen in Table 1-1, both M6 and Octa 1
contain significantly more tryptophan residues (at least three) in comparison to LF11-324 (which
only has one) while all three peptides contain a significant number of arginines. One may argue
that the better biological activity of M6 and Octa 1 in comparison to LF11-324 may derive from

the increased number of cation-=r interactions.



Table 1-1 Minimum inhibitory concentration (MIC) of selected short tryptophan- and arginine-
rich antimicrobial peptides (TARAMPS)

Compound / Sequence MIC (uM unless otherwise specified) [Organism Ref

tested]
LF11-324 /| PFFWRIRIRR-NH: 8 pg/mL [E. coli] (64)
M6 / WRFRWRW-NH <2.1[S. aureus] 4.2 [E. coli] (66)
Octa 1 / RRWYRWWR-NH: 1.8 [S. aureus] 3.7 [E. coli] (67)
Ac-RRWWCR-NH; 1“5&2@1'- [S. 12-18 pug/mL [E. coli]  (68)
Pac-525 / Ac-KWRRWVRWI-NH; 4 [S. aureus] 2 [E. coli] (70)
Pac-525rey / AC-IWRVWRRWK-NH> 4 [S. aureus] 4 [E. coli] (70)
MP196 / RWRWRW-NH, 5 ug/mL [S. aureus] 5 ug/mL [E. _Cf)li] (72)
5.3 [MRSA] 1.3 [B. subtilis] (74)
FcCO-WRWRW-NH> 48 [MRSA] 12 [B. subtilis] (74)
MP276 / RcCO-WRWRW-NH> 5.8 [MRSA] 2.9 [B. subtilis] (74)
N-Csg / K(Ce) RWRWRW-NH: 1 [S. aureus] 5 [E. coli] (75)
C-Cs / RWRWRWK(Cs)-NH2 2 [S. aureus] 2-5 [E. coli] (75)
D5-NH2 / RWKRWWRRKK-NH2 3 [S. aureus] 3 [E. coli] (77)
D5-COOH / RWKRWWRRKK 6 [S. aureus] 3 [E. coli] (77)
AMP-C10-3 / C10-RKWWK-NH; 3.9 pug/mL [S. aureus]  3.9-7.8 pg/mL [E. coli]  (79)
RW3/ Ac-RRWFWR-NH> 31.3 [B. subtilis] 125 [E. coli] (80)
cRW3 / cyclo(RRWFWR) 3.9 [B. subtilis] 2 [E. coli] (80)

E. coli = Escherichia coli; S. aureus = Staphylococcus aureus; MRSA = methicillin-resistant S. aureus; B. subtilis =
Bacillus subtilis

Arguably the earliest non-hemolytic short TARAMP, Ac-RRWWCR-NH; was described in 1991
by Houghten and coworkers using combinatorial strategies (68). This hexapeptide displayed
modest antibacterial activity against Gram-negative and Gram-positive bacteria (Table 1-1) (68,
69). Another TARAMP, Pac-525, exhibited good antibacterial activity and was found to bind
strongly to negatively charged phospholipid vesicles, resulting in an efficient calcein dye leakage
(even at a very low peptide concentration of 1 uM) (70). This, along with the fact that its all-D
analog possesses similar activity (70), suggested that Pac-525 does not require chiral recognition

by a receptor and targets the cell membrane resulting in permeation and cell death. Interestingly,



the amino acid sequence does not seem to be of importance as its reverse sequence Pac-525ry
exhibits similar antibacterial activities (Table 1-1). Most likely, these synthetically developed
TARAMPs rely on their overall amphiphilicity, in addition to the before-mentioned tryptophan-

arginine interactions, for their biological activity.

A library of tri-, tetra-, penta- and hexa-peptide AMPs consisting of only R and W residues were
reported by Strem and coworkers who found that the hexapeptide MP196 (RWRWRW-NH>) as
the most active (Table 1-1) (71). Additional studies on MP196 was described by Liu and coworkers
in which they found that a decrease of RW repeats results in a loss of antibacterial activity while
addition of RW repeats leads to an increase in hemolytic activity (72). MP196’s mode of action
against pathogens was found to be membrane depolarization (not membrane permeabilization or
pore formation) since no ion leakage was observed in model membranes or in vivo experiments;
although bacterial cell morphology was found to be disturbed (73). Further studies confirmed that
MP196 inhibited the bacterial respiratory chain by interacting with cytochrome c, resulting in its
detachment from the membrane (73). Also, MP196 induces delocalization of the lipid Il
biosynthesis protein MurG from the intracellular membrane surface. Both actions of MP196

explain the observed disturbance in the bacterial cell morphology, which is indicative of cell stress.

Modifications on both terminal ends of MP196, as a scaffold, have been reported by Metzler-Nolte
and coworkers in hopes of achieving a better pharmacological profile (Fig. 1-1 & Table 1-1). First,
they explored the effects of metallocenoyl groups incorporated into MP196’s N-terminus (via an
amide linkage) by replacing arginine with an organometallic moiety resulting into the sequence

M(CO)WRWRW-NH: (74). The presence of a metallocenoyl fragment may contribute lipophilic
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bulk and/or intricate redox-activity to MP196. They found that the ruthenocene Rc(CO)WRWRW-
NH: analog, also known as MP276, showed similar activity as MP196 while the ferrocene
Fc(CO)WRWRW-NH> exhibits inferior activity (74). Unfortunately, MP276 also showed higher
hemolytic activity against RBC (64% hemolysis at 192 pM) and toxicity against several
mammalian cell lines (74). Another approach reported was the introduction of an unnatural lysine
residue, where either a ferrocenoyl or acyl group (from 2 to 14 carbons-long) is attached to the
amino-side chain of lysine, to either the N- or C- terminal region of MP196 in hopes of optimizing
its amphiphilic characteristic (Fig. 1-1). The most active derivative contains octanoic acid (Cs)
within the design, having both N- and C- terminus incorporation (N-Cg and C-Csg, respectively)
exhibit similar antimicrobial activity (Table 1-1) (75). Interestingly, the C-Cg analog displayed
significantly lower hemolytic activity of 10-20% at 250 pg/mL in comparison to N-Cs,
having >50% hemolysis at similar concentration. Combinatorial efforts via L- to D-amino acid
replacement of C-Cg yielded several derivatives that exhibited similar antibacterial activity but

much lower hemolytic activity (76).
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Figure 1-1 Modifications of the lead sequence MP196 by the attachment of a metallocenoyl group
or an N-g-anchored fatty acid lysine residue at either the C- or N- terminus.

Attempts to optimize the activity of TARAMPs have also been reported on different lead peptide

sequences. The antibacterial effect of C-terminal amidation was explored on the membrane-
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targeting decapeptide D5 (Table 1-1). It was found that the amidated counterpart D5-NH> was
slightly more active than the free carboxylic acid D5-COOH against S. aureus although its %
hemolysis at 100 uM increased by a factor of two (from 3% to 6.5%) (77). The subtle biological
activity differences between the amidated and non-amidated counterparts may not significantly
impact the design but the fact that an amidated C-terminus renders possible exopeptidase resistance
is an advantage to keep in mind (78). Fatty acyl addition, from hexanoic to octadecanoic acid, on
the N-terminus of the peptide sequence RKWWK-NH: resulted in a library of lipopeptides that
clearly exhibits a hydrophobic threshold (79). AMP-C10-3 containing decanoic acid (C10) was
found to be the optimal acyl length as an increase or a decrease in the length resulted in a loss of
activity. The effects of cyclization have also been reported. Wessolowski and coworkers found
that cyclization increases both antibacterial and hemolytic activity for a series of hexapeptides
(80). For example, the peptide sequence Ac-RRWFWR-NH: is 62-fold less active against E. coli
in its linear form than its cyclized form (Table 1-1). Similarly, its hemolytic activity is lower by a
factor of three when it is linear (6.1% hemolysis in comparison to 18.5% at 100 uM peptide
concentration) (80). A merit of their design is that peptide cyclization confers much better
peptidase resistance in comparison to either amidation of the C-terminus, acylation of the N-

terminus or both peptide terminal modifications (78).

Proline-rich short antimicrobial peptides (PRAMPSs). Proline-rich antimicrobial peptides
(PRAMPs) are bacterial-targeting molecules that contain an unusually high amount of proline
(typically from 25 to 50%) (81). Commonly, PRAMPs have a PXP or PXYP sequence-motif,
where X and Y can be any of the common 20 amino acids but usually is L-arginine and P is L-

proline (81). The mode of action of PRAMPs differs from other AMPs as they do not kill the
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pathogen via lysis, rather, they translocate inside the cell membrane to affect intracellular
machineries (82). In fact, several studies have shown that their all-D enantiomers are much less
active (if not completely inactive) (82, 83), indicating that PRAMPs interact with chiral
intracellular targets. Interestingly, many PRAMPs show antibacterial selectivity against Gram-
negative bacteria and are less active against Gram-positive microorganisms. There have been
several comprehensive review articles focused on PRAMPs longer than ten amino acids in the

literature (81, 84, 85).

A paradox is observed with shorter PRAMPSs, containing ten or fewer amino acids, with respect to
their longer counterparts. Almost all (with the exception of stylisin) reported short PRAMPS
exhibit good antimicrobial activity against Gram-positive but little activity against Gram-negative
microorganisms (see Table 1-2). Moreover, in contrast to larger acyclic PRAMPSs, all reported

short PRAMPs are cyclic and do not possess PXP or PXYP motifs (except stylisin).
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Table 1-2 Minimum inhibitory concentration (MIC) of selected short proline-rich antimicrobial

peptides (PRAMPS)

Compound / Sequence MIC (ug/mL) [Organism tested] Ref
empedopeptin 1.6 [S. aureus] >100 [E. coli] (86)
tripropeptin A 6.25 [MRSA] 50 [E. faecium VCM res] (89)
tripropeptin B 0.78 [MRSA] 25 [E. faecium VCM res] (89)
tripropeptin C 0.78 [MRSA] 6.25 [E. faecium VCM res]  (89)
tripropeptin D 0.78 [MRSA] 3.13 [E. faecium VCM res]  (89)
tripropeptin E 0.78 [MRSA] 3.13 [E. faecium VCM res]  (89)
tripropeptin Z 25 [MRSA] >100 [E. ff‘ees‘j‘i“m VEM  (gg)
plusbacin Al 1.6 [MRSA] 6.3 [E. faecium] (91)
plusbacin A2 0.8 [MRSA] 3.1 [E. faecium] (91)
plusbacin A3 0.4 [MRSA] 1.6 [E. faecium] (91)
plusbacin A4 0.4 [MRSA] 1.6 [E. faecium] (91)
plusbacin B1 1.6 [MRSA] 12.5 [E. faecium] (91)
plusbacin B2 0.8 [MRSA] 3.1 [E. faecium] (91)
plusbacin B3 0.8 [MRSA] 3.1 [E. faecium] (91)
plusbacin B4 0.8 [MRSA] 6.3 [E. faecium] (91)

ADEP-4 0.05 [S. aureus] <0.01 [E. faecalis] (100)
ADEP-4-analogl 0.6 [MRSA] 0.04 [E. faecalis VCM res]  (101)
ADEP-4-analog?2 0.024 [S. aureus] <0.00002 [E. faecalis] (102)

stylisin 1 12.5 [S. aureus] 6 [K. pneumoniae] (104)

cyc[YPLPFIP] 25 [B. subtilis] 6 [P. aeruginosa]
linear stylisin 1 12.5 [S. aureus] 6 [K. pneumoniae] (104)
Boc-YPLPFIP-OMe 25 [B. subtilis] 6 [P. aeruginosa]

stylisin 2 12.5 [S. aureus] 6 [K. pneumoniae] (105)

cyc[PIPFPPY] 25 [B. subtilis] 6 [P. aeruginosa]
linear stylisin 2 12.5 [S. aureus] 6 [K. pneumoniae] (105)

Boc-PIPFPPY-OMe

25 [B. subtilis]

6 [P. aeruginosa]

E. coli = Escherichia coli; S. aureus = Staphylococcus aureus; MRSA = methicillin-resistant S. aureus; B. subtilis =
Bacillus subtilis; E. faecium = Enterococcus faecium; E. faecalis = Enterococcus faecalis; VCM res = vancomycin
resistant; K. pneumoniae = Klebsiella pneumoniae; P. aeruginosa = Pseudomonas aeruginosa
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The naturally-occuring empedopeptin, tripropeptin and plusbacin are lipodepsioctapeptide
PRAMP families which differ only in the composition of three amino acids (Fig. 1-2).
Empedopeptin shows good activity against Gram-positive bacteria (Table 1-2) and low inherent
toxicity, with an intravenous LDsp of 560 mg/kg in mouse models (86). Empedopeptin is found to
selectively interfere with late stages of cell wall biosynthesis via calcium ion-dependent complex
formation with peptidoglycan precursors (lipid Il and other bactoprenol-containing molecules)
(87). Studies on the nature of the hydrophobic acyl chain in tripropeptins indicate that a certain
hydrophobic threshold is needed for antibacterial activity (88). Indeed, tripropeptins C, D and E
containing 14-, 15- and 16-carbon acyl chains, respectively, are most active against Gram-positive
bacteria in comparison to shorter acyl chain counterparts (Fig 1-2 & Table 1-2) (89). Interestingly,
variant branched acyl chains do not confer any differences as the iso-branched tripropeptin C and
the anteiso-branched tripropeptin aiC have similar antibacterial activity (90). Isolated from
Pseudomonas spp. PB-6250, the plusbacin family exhibit excellent activity against Gram-positive
bacteria in vitro and in vivo (Fig. 1-2 & Table 1-2) (91). It has been suggested on the basis of their
structural similarity that the tripropeptin and plusbacin families display the same mode(s) of action

(87, 92).
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Compound AAs AA7 AAs Alkyl Ref
empedopeptin Pro  Ser Pro -(CH2)10-CHs (93)
tripropeptin A Thr  Pro  Pro -(CH2)7-CH(CH3)CH3 (94)
tripropeptin B Thr  Pro  Pro -(CH2)s-CH(CH3)CHs3 (94)
tripropeptin C Thr  Pro  Pro -(CH2)9-CH(CH3)CHs3 (94)
tripropeptinaiC ~ Thr  Pro  Pro -(CH2)s-CH(CH3)CH2CH3 (90)
tripropeptin D Thr  Pro  Pro -(CH2)10-CH(CHs3)CHs (94)
tripropeptin E Thr  Pro Pro -(CH2)11-CH(CH3)CH3 (89)
tripropeptin Z Thr  Pro  Pro -(CH2)6-CH(CH3)CHs3 (94)
plusbacin Al Thr  Ala  Hyp -(CH2)10-CHs (95)
plusbacin A2 Thr  Ala  Hyp -(CH2)9-CH(CH3)CHz3 (95)
plusbacin A3 Thr  Ala  Hyp -(CH2)10-CH(CHs3)CHs (95)
plusbacin A4 Thr  Ala  Hyp -(CH2)12-CHs (95)
plusbacin B1 Thr  Ala  Pro -(CH2)10-CHs (95)
plusbacin B2 Thr Ala  Pro -(CH2)9-CH(CH3)CHs3 (95)
plusbacin B3 Thr Ala  Pro -(CH2)10-CH(CH3)CHj3 (95)
plusbacin B4 Thr Ala  Pro -(CH2)12-CHs (95)

Figure 1-2 Structure of empedopeptin, tripropeptins and plusbacins.

Residues consist of a mixture of L- and D- amino acids. Stereochemistry of each component
removed for simplicity but can be found in their corresponding references.

One of the best studied natural product-inspired short PRAMPs are the cyclic acyldepsipeptides
(ADEPs). ADEPs kill Gram-positive pathogens via a unique mechanism that involves

dysregulation of caseinolytic peptidase (ClpP) activity (96, 97), which is crucial for cellular protein
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turnover. Progress in ADEP development is due to consecutive pharmacological improvements,
at Bayer Healthcare AG and other research groups, of the lead natural products A54556 A & B
(98) and enopeptins A & B (99) (Fig. 1-3). The synthetic ADEP-4 was first reported as an
optimized molecule in 2006 (100), followed by ADEP-4-analogl in 2010 (101) and ADEP-4-
analog2 in 2014 (102). All three ADEPs have excellent antibacterial activity against Gram-positive
bacteria with MICs in the low pg/mL to ng/mL range (100-102) (Table 1-2) while no activity has

been reported against Gram-negative bacteria.

The cyclic stylisins 1 and 2, naturally-isolated from the Jamaican sponge Stylissa caribica (103),
were synthesized in the laboratory and found to exhibit good antimicrobial activity (Table 1-2)
against Gram-negative and Gram-positive (to a lesser extent) bacteria (104, 105). Furthermore,
both their linear counterparts (although acylated on the N-terminus and methyl esterified on the C-
terminus) yielded similar MIC values. Interestingly, both stylisins 1 and 2 are the only reported
short PRAMPs to demonstrate a similar antimicrobial activity profile (higher activity against
Gram-negative bacteria than Gram-positive) when compared to their longer counterparts, although
no mechanistic studies are yet reported. This similarity in antibacterial activity may be due to the

presence of the PXP motif within the stylisin sequence.
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Figure 1-3 Structure of A) natural product and B) synthetic ADEPs.

Synthetic ADEPs are obtained by successive structure optimizations and modifications of natural
product ADEPs.

Ultrashort antimicrobial peptides. Antimicrobial peptides consisting of four or fewer amino acids
form the subcategory of ultrashort peptides. The term “ultrashort” was coined in order to further

classify AMPs by their sequence length and examples which fit into this subcategory include
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antibacterial diketopiperazines (106) and N-terminally quaternized dipeptide amphiphiles (107,
108). Our research group has been interested in the development of ultrashort cationic lipopeptides
(USCLs) which were initially reported by Shai and coworkers (109) in 2006. These amphiphilic
USCLs consist of four or fewer amino acids (which are usually hydrophilic) conjugated to a fatty
acid. They exhibit broad-spectrum antibacterial activity against Gram-positive and Gram-negative
bacteria via cell membrane disruption and permeabilization. We have found that some USCLs may
also display beneficial immunomodulatory properties and do not stimulate the production of pro-
inflammatory cytokines such as TNF-a and IL-1f (110). There are recent publications involving
the optimization of the USCL-template (111, 112). For instance, we described the importance of
amino acid-side chain flexibility in USCLs as incorporation of ring-constrained amino acids
resulted in loss of antibacterial activity. MIC comparison of the side chain-flexible USCL-Dab1
to its ring-constrained USCL-Pcal counterpart (Fig. 1-4) showed up to a 32-fold decrease in
activity (8 pg/mL versus 32 pg/mL against MRSA and 8 pg/mL versus 256 pg/mL against P.
aeruginosa, respectively) (113). Interestingly, we found that USCL-Pcat1 that only contain four L-
4-aminoprolines conjugated to palmitic acid populate a left-handed polyproline 11 helical
secondary structure in water (113), possibly the first smallest ultrashort antimicrobial peptide
reported to have a high secondary structural propensity as they are thought not to favor any

secondary structure in solution.
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Figure 1-4 Ultrashort cationic lipopeptide structure comparison of the side-chain flexible L-
diaminobutyric acid (Dab) and its ring-constrained counterpart L-4-aminoproline (Pcat).

Both compounds have their N-terminus ligated to palmitic acid (C16) and their C-terminus
amidated.

1.6. Peptidomimetic approaches

Major drawbacks of AMPs and short AMPs are their limited stability toward proteolysis resulting
in short half-lives, inherent toxicity, poor bioavailability and rapid excretion. In order to
circumvent these problems, peptide mimics coined “peptidomimetics” have been designed.
Peptidomimetics encompasses all performed modifications on a lead peptide structure in order to
remove their “peptide-like” characteristics in hopes for increased stability against proteases and
improved pharmacological profile while retaining their biological activity. It includes strategies
employing -peptides (114), peptoids (114), arylamide and phenylene ethynylene oligomers (115),
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ceragenin-based mimetics (116), a-helical mimetics (115, 117, 118), B-turn mimetics (117), N-
acylated-N-aminoethyl peptides (AA peptides) (119, 120), oligoacyllysines (OAKSs) (115, 121)
and peptide dendrimers (115, 117). Extensive reviews have been published for peptidomimetics,

thus, we will only highlight some of the new approaches reported in the past two years.

Table 1-3 Minimum inhibitory concentration (MIC) of selected peptidomimetic compounds

Compound MIC (ug/mL unless otherwise specified) [Organism tested] Ref
HDM4 8 UM [E. coli?] 2 UM [E. coli®] (122)
10 uM [A. baumannii] 10 uM [P. aeruginosa] (123)
SMAPM 3 28 [MRSA.] >:2 [VRE] (124)

3.5 [E. coli] 1.6 [P. aeruginosa]
GS-Sw(LF) open 8 [S. aureus] 16 [S. epidermidis] (125)
GS-Sw(LF) closed 128 [S. aureus] 128 [S. epidermidis] (125)

3 = CTX-M-15 extended-spectrum p-lactamase (ESBL)-producer; ® = New Delhi metallo-B-lactamase-1 (NDM-1)-
producer; E. coli = Escherichia coli; S. aureus = Staphylococcus aureus; MRSA = methicillin-resistant S. aureus; S.
epidermidis = Staphylococcus epidermidis; P. aeruginosa = Pseudomonas aeruginosa; A. baumannii = Acinetobacter
baumannii; VRE = vancomycin-resistant Enterococci;

HDM-4 (Fig. 1-5A) consists of an alternating L-lysine and phenylalanine peptoid mimic, NPhe,
with its N-terminus acetylated and C-terminus amidated. HDM-4 has been reported to possess
excellent antibacterial activity (Table 1-3) against a wide array of clinically-relevant multi-drug
resistant E. coli strains (including extended-spectrum B-lactamase- and New Delhi metallo-p-
lactamase-1- producing strains) (122). Also, HDM-4 exhibits low toxicity against red blood cells
and HeLa cells. A follow-up report shows that it is also active against other Gram-negative bacteria
and possesses multispecies anti-biofilm activity at sub-MIC levels (123). As a mode of action
against pathogens, strong evidence suggests a multiple non-specific targeting mechanism similar
to most AMPs (123). As expected, HDM-4 does not confer resistance development of E. coli as

shown after 20 cycles of repetitive sub-MIC treatment. More interesting is that HDM-4 exhibits
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beneficial immunomodulatory properties as it induces the production of the chemoattractants
interleukin-8 (IL-8), monocyte chemotactic protein-1 (MCP-1) and MCP-3 from human peripheral
blood mononuclear cells (123). Furthermore, it has been shown to suppress LPS-mediated release

of the pro-inflammatory cytokines IL-6 and tumor necrosis factor-o. (TNF-a).
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Figure 1-5 A) Structures of highlighted peptidomimetics and B) the photoreversible nature of the
diarylethene-based amino acid analog incorporated to gramicidin S.

Another interesting class of peptidomimetics published in 2014 are the small molecular
antibacterial peptoid mimics (SMAPM) by Haldar and coworkers in which aliphatic, aromatic and
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lysine residues are covalently fused via a tertiary amide linkage (124). Both the aliphatic and
aromatic portions confer hydrophobicity while the lysine residue confers hydrophilicity (via its N-
terminal and amino side-chain). SMAPM possess good in vitro activity against both Gram-positive
and Gram-negative bacteria. As an example, SMAPM 3 (Fig. 1-5A & Table 1-3) exhibits broad-
spectrum activity and shows bactericidal activity within an hour (at 3x and 6x MIC). Furthermore,
the antibacterial activity of SMAPM in the presence of plasma does not change, suggesting good
proteolytic stability and bioavailability (as the compound’s antibacterial activity seems to be

unaffected by the presence of plasma proteins) (124).

Very unconventional to anti-infective agent development, peptidomimetics of the AMP gramicidin
S that possess antibacterial activity tunable by light have been recently reported (Fig. 1-5A & Table
1-3) (125). This was achieved by incorporating a reversibly photoisomerizable diarylethene-based
amino acid analog into the peptide sequence. The resulting photochromic compounds possess two
different molecular isomers, open and closed forms that are tunable by irradiation with
ultraviolet/visible light (Fig. 1-5B). The compounds’ open form possesses stronger antibacterial
activity than their closed form (up to 16-fold difference) (125). Similarly, their hemolytic activity
against erythrocytes is also different for each isomer (125). As an example, GS-Sw(LF) loses
antibacterial activity by 16-fold against S. aureus and decreases hemolytic activity by a factor of
three (from 47pg/mL to >128ug/mL concentration to reach 50% RBC hemolysis) in its closed
form. MD simulations provided a possible rationale for the differences: photoswitching leads to
changes in amphiphilicty and that the open form closely resembles the spatial arrangement of

unmodified gramicidin S (125).
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1.7. Short AMP-based peptidomimetics in clinical trials

As proof that the peptidomimetic approach can yield promising anti-infective agents, we will
highlight several of these AMP-mimics currently in clinical trials (see Fig. 1-6). Lytixar (LTX-
109) owned by Lytix Biopharma AS was developed by continuous structural modifications of
short TARAMP lead molecules undertaken by Svendsen and coworkers (126-128). To impart bulk
hydrophobicity, they incorporated a synthetically-modified tryptophan analog they called
“supertryptophan” also known as B-(2,5,7-tri-tert-butylindol-3-yl)alanine (Tbt). Moreover, they
attached 2-phenylethylamine on the C-terminus via an amide linkage to further impart
hydrophobicity and proteolytic resistance. Lytixar exhibits potent in vitro bactericidal activity
against multidrug-resistant S. aureus strains (MRSA, vancomycin-intermediate, vancomycin-
resistant, daptomycin-nonsusceptible and linezolid-nonsusceptible strains) (129). Interestingly,
they found that Lytixar’s activity against the Gram-negative bacteria E. coli and P. aeruginosa is
sensitive to its stereochemical composition (L- or D-amino acids) while its activity is devoid of
stereochemical bias against the Gram-positive S. aureus (130). Changes in the compound’s
stereochemistry results in different degrees of spatial amphipathicity, as observed by MD
simulations and NMR studies. Analogs that possess a lower amphipathic nature exhibit lower
antimicrobial activity against the two Gram-negative bacteria (130). Indeed, the drug’s
amphipathic nature certainly plays a big role in effective insertion into the pathogen’s cell
membrane that leads to cell death. Lytixar? successfully completed two Phase I/11a clinical studies
for (1) nasal decolonization of MRSA/MSSA (methicillin-resistant and methicillin-sensitive S.

aureus) bacteria and (2) treatment of uncomplicated Gram-positive skin infections in 2011.

2 As of 2018, lytixar also known as LTX 109 had been discontinued and removed in the drug pipeline of Lytix
Biopharma (https://adisinsight.springer.com/drugs/800032182).
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Figure 1-6 Structures of the highlighted peptidomimetics currently in clinical trials.

The arylamide foldamer peptidomimetic brilacidin (PMX30063), previously owned by PolyMedix
but was then acquired by Cellceutix in September 20132, was initially engineered by DeGrado and
coworkers (131-133). Successive modification of lead compounds were performed by decorating
the arylamide scaffold with different functional groups in efforts to refine the overall amphiphilic
nature, which resulted in an increase in potency and decrease in toxicity. Brilacidin possesses a
planar, conformationally-restrained, scaffold with four positive guanadinyl and pyridinyl moieties
as well as two hydrophobic trifluoromethane groups (Fig. 1-6). It exhibits potent and broad
spectrum in vitro bactericidal activity against Gram-positive and Gram-negative pathogens,
including several multidrug-resistant strains. Brilacidin has been demonstrated to cause membrane
depolarization in S. aureus (134). Cellceutix disclosed that the compound also has anti-
inflammatory and anti-biofilm properties. A completed multinational double-blind Phase 2a
clinical trial with Brilacidin for the treatment of Acute Bacterial Skin and Skin Structure Infections

(ABSSSI) revealed the compound’s safe and generally well-tolerated profile. In October 2014,

3 Brilacidin is currently being developed by Innovation Pharmaceuticals Inc.
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Cellceutix completed a Phase 2b clinical trial with Brilacidin for ABSSSI, focusing on different
dosing regimens and its comparison to a standard 7-day regimen of the FDA-approved
daptomycin. They found that a single-dose of Brilacidin administered intravenously is well
tolerated and has a comparable efficacy to a standard 7-day intravenous treatment with
daptomycin. According to the company, this dosing regimen will be used in an upcoming Phase 3

program?,

The Pseudomonas-specific antibacterial POL7080, based on the AMP protegrin I, was developed
by researchers at the University of Zurich and Polyphor Ltd by employing a Protein Epitope
Mimetics (PEM) approach. This peptidomimetic approach undertakes the design of molecules that
mimic the functionally important epitopes of biologically relevant peptides and proteins, such as
those based on B-hairpin and a-helix secondary structures (117). POL7080 contains the loop
sequence found in protegrin | which is linked to a D-proline-L-proline template, previously
reported to stabilize B-hairpin conformations within the macrocycle (135). Unfortunately, the
structure of POL7080 has yet to be disclosed in the literature. POL7080 possesses a nanomolar
range antibacterial activity against Pseudomonas spp. and kills the pathogen via a non-
membranolytic mode of action, in contrast to most AMPs (136). It was found that POL7080 targets
a homolog of the B-barrel protein LptD (Omp/OstA), which is a widely distributed outer membrane
protein in Gram-negative bacteria that functions in the assembly of LPS. Furthermore, the drug

candidate showed potent in vivo antimicrobial activity in a mouse septicemia infection model

4 Brilacidin has completed another Phase 2 clinical trial for the prevention of oral mucositis in head and neck cancer
patients, to which positive clinical outcome was met (http://www.ipharminc.com/press-
release/2017/12/11/innovation-pharmaceuticals-reports-positive-topline-results-from-phase-2-placebo-controlled-
trial-of-brilacidin-for-the-prevention-of-oral-mucositis-in-head-and-neck-cancer-patients). However, Phase 3
clinical trial has yet to commence as of November 2018.
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(136). Currently®, POL7080 is in a Phase 1 clinical trial to evaluate the pharmacokinetics and
safety of the drug administered in a single intravenous infusion to subjects with renal impairment.
Also, POL7080 is undergoing two Phase 2 clinical trials for lower respiratory tract infections
caused by P. aeruginosa, specifically for patients suffering exacerbation of non-cystic fibrosis

bronchiectasis and for patients with ventilator-associated P. aeruginosa pneumonia.

1.8. Conclusion

AMPs are emerging as a new source of antibacterials with impressive activity against drug-
resistant bacterial strains. While initial work has concentrated on AMP sequences with more than
ten amino acids, recent research indicates that many of the relevant biological properties of AMPs
are retained in shorter sequences and small peptide scaffolds. This may facilitate easier drug
development and optimization due to their short nature. Furthermore, new peptidomimetic
approaches have been developed to circumvent drawbacks of peptide-based drugs, resulting in an
increased number of AMP-based drug candidates currently in clinical trials. As such, AMPs are

considered as frontrunners for future antibiotics.
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1.10. Concluding remarks

This chapter highlighted antimicrobial peptides as potential source of therapeutic agents. The
advantages and disadvantages of this class of biomolecules were discussed, including chemical
techniques in the form of peptidomimetics to alleviate the issue peptide lability in biological
systems. Several subclasses of antimicrobial peptides were also elaborated that would be the
background of upcoming chapters. For instance, the proline-rich antimicrobial peptides (PRAMPS)
will be the main peptide scaffold used on Chapter 4. Ultrashort cationic lipopetides will then be
designed and elaborated on Chapter 5. Furthermore, the development of new polymyxin

derivatives will be discussed on Chapter 6.
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Chapter 2: Challenges in developing therapeutic agents targeting Gram-

negative bacteria

This chapter is based on my publication:

Ronald Domalaon, Temilolu Idowu, George G. Zhanel, Frank Schweizer. 2018. Antibiotic
Hybrids: the Next Generation of Agents and Adjuvants against Gram-Negative Pathogens?. Clin

Microbiol Rev 31:¢00077-17. doi: 10.1128/CMR.00077-17.

Reproduced with permission.

2.1. Introductory remarks

The previous chapter emphasized the potential of antimicrobial peptides as therapeutic agents.
However, it is not easy to develop therapeutic agents, more so if these agents are meant to eradicate
antibiotic-resistant Gram-negative pathogens. My doctoral research involved the chemical
preparation and microbiological evaluation of agents aimed against Gram-negative bacteria. For
one to fully realize the importance of this research, one must understand the difficulties and
intricacies in the development of these agents. In this chapter, the problem in developing
therapeutic agents to combat antibiotic-resistant Gram-negative bacteria will be extensively
discussed. Moreover, several innovative strategies will be introduced that may address the issue

of antimicrobial resistance.

2.2. Contributions of authors

Ronald Domalaon did an extensive literature survey on the topics: developmental challenges in

designing antibiotics aimed to treat Gram-negative bacterial infections and antibiotic hybrids with
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a focus on those active against Gram-negative bacteria. Consequently, sections pertaining to these
topics were fully written by Ronald Domalaon. Temilolu Idowu focused on sections pertaining to
tobramycin-based hybrids and adjuvants, including examples and mechanistic interpretation of
relevant data (sections not included in this chapter). Guidance and helpful feedback were provided
by George G. Zhanel and Frank Schweizer. All authors were responsible for the final form of this

review paper.

2.3. Drug resistance drives the development of new antibiotics

The rapid global dissemination of Gram-positive and Gram-negative bacterial pathogens that are
resistant to currently available antimicrobial therapies, in both hospital and community settings,
marks the onset of a possible severe worldwide health crisis (1-3). Out of all these pathogens, the
ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa and Enterobacter species) bacteria (4), account for the
majority of nosocomial infections worldwide with increasing incidence of drug resistance every
year (2, 5). Incidence of clinical isolates belonging to the ESKAPE group that exhibit either
multidrug-resistance (MDR), extensively drug-resistance (XDR) or pandrug-resistance (PDR) is
quite alarming (6-8). MDR is defined as non-susceptibility to at least one agent in >3 chemically
dissimilar antibiotic classes, XDR as non-susceptibility to at least one agent in all but <2
chemically dissimilar antibiotic classes, and PDR as non-susceptibility to all agents in all antibiotic
classes (9). However, the problem is arguably more serious for Gram-negative organisms which
are more frequently MDR and for which no novel antibacterial drug entities with novel modes of

action (only new drug combinations) have been approved for clinical use in five decades (2, 10,
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11). Indeed, four out of the six ESKAPE pathogens (K. pneumoniae, A. baumannii, P. aeruginosa

and Enterobacter spp.) are Gram-negative bacilli.

Various health organizations have been vocal about the urgent need to develop new antibiotics,
especially against drug-resistant Gram-negative ESKAPE bacilli. For instance, the World Health
Organization (WHO) has raised its utmost concern about the possibility of a post-antibiotic era
where common infections and minor injuries may result in significant morbidity and mortality
(12). World leaders convened in September 2016 during the 71st United Nations General
Assembly (UNGA) to discuss the issue of antimicrobial resistance, an event that resulted in each
governing body taking a unified stance towards preventing a post-antibiotic era (13-15). The
increasing frequency of bacterial infections caused by MDR pathogens and the lack of effective
therapeutic options for treatment is apparent worldwide. In response to the dwindling antibiotic
pipeline, the Infectious Diseases Society of America (IDSA) in 2010 launched the “10 x °20
Initiative” that challenged stakeholders to advance ten new US Food and Drug Administration
(FDA)-approved systemic agents to treat bacterial infections by 2020 (16). In a follow-up report
three years later (2013), IDSA noted the definite but slow progress towards achieving the goal of
10 x 20 Initiative, to which only one systemic agent (ceftaroline fosamil) has materialized (17).
As of November 2017, nine new FDA-approved systemic new molecular entities (NME)
antibiotics have been developed (Table 2-1), with a projection that the goal of IDSA will most
likely come to fruition®. However, only six (ceftaroline fosamil, ceftolozane-tazobactam,

ceftazidime-avibactam, delafloxacin, meropenem-vaborbactam, and secnidazole) out of the nine

& Three more systemic NME have been approved as of November 2018, including the tetracyclines eravacycline and
omadacycline, and the aminoglycoside plazomicin
(https://www.fda.gov/Drugs/DevelopmentApprovalProcess/Druglnnovation/ucm537040.htm). Therefore, the IDSA
goal had been successfully met. Notably, all three agents possessed activity against MDR Gram-negative bacteria.
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systemic agents are used for the treatment of drug-resistant Gram-negative bacterial infections.

Two (fidaxomicin and finafloxacin otic suspension) are approved as non-systemic antibacterial

agents.

Table 2-1 FDA-approved New Molecular Entities (NME) antibiotics from 2010 — November 2017

Able to treat antibiotic-

Route of drug

Year Name Class resistant Gram-negative . .
o . administration
ESKAPE bacterial infection?
2010 ceftaroline cephalosporin Yes Systemic
fosamil
2011 fidaxomicin macrolide No Non-systemic
2014  dalbavancin lipoglycopeptide No Systemic
2014  oritavancin lipoglycopeptide No Systemic
2014 tedizolid oxazolidinone No Systemic
phosphate
cephalosporin + B-lactamase .
2014  ceftolozane- Lo Yes Systemic
inhibitor
tazobactam
2014 finafloxacin fluoroquinolone Yes Non-systemic
otic suspension
o cephalosporin + B-lactamase )
2015 ceftazidime- Lo Yes Systemic
) inhibitor
avibactam
2017 delafloxacin fluoroquinolone Yes Systemic
- + R-
2017 meropenem ‘carl'oa‘penem B-lactamase Ves Systemic
vaborbactam inhibitor
2017 secnidazole nitroimidazole Yes Systemic
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The limited availability of antibiotics to treat MDR Gram-negative bacterial infections remains a
serious problem. It is therefore imperative to develop new agents or new therapeutic strategies able

to overcome drug resistance in these organisms.

2.4. Permeability is an important consideration in developing antibiotics for Gram-

negative bacteria

Bacteria are classified as Gram-positive and Gram-negative (with some exceptions such as
mycobacteria) based on their prokaryotic cell membrane structure. Gram-positive bacteria possess
a thick cell wall that consists of peptidoglycan and teichoic acid layers anchored on the cytoplasmic
membrane. On the other hand, Gram-negative bacteria have a thin peptidoglycan layer that is
surrounded by an inner (IM) and outer membrane (OM), thus forming the periplasmic space (Fig.
2-1). The double layer of protection in Gram-negative bacteria, in addition to an abundance of
efflux pumps and highly-selective porins, makes it more difficult for an intracellularly targeting

agent to elicit its antibacterial function (18).

The outer membrane is efficient in restricting molecular passage. The OM is an asymmetric bilayer
(Fig. 2-1) with an inner leaflet solely consisting of phospholipids and an outer leaflet that contains
an abundance of lipopolysaccharides (LPS). The polymeric LPS is composed of three domains:
the hydrophobic lipid A, the hydrophilic core oligosaccharides and the hydrophilic O-antigen.
Lipid A is responsible for forming a lipid bilayer with the inner leaflet. Core oligosaccharides and
O-antigen, which extend outwards to the extracellular environment, are responsible for cellular
recognition and virulence (amongst other functions). The presence of the OM makes Gram-

negative bacteria intrinsically resistant to many antibiotics, especially those with high molecular
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weight and hydrophobicity. For instance, the LPS structure renders the bacterial OM more
restrictive to hydrophobic antibiotics in comparison to the IM (19). It has been argued that the
hydrophilic carbohydrate component of LPS creates a hydration sphere that restricts the movement
and passage of hydrophobic molecules across the membrane (20). The efficient packing of lipid
A, due to its molecular organization and lower unsaturated fatty acid content in comparison to a
normal phospholipid bilayer, results in lower OM fluidity (21-23), thus limiting membrane
permeation of hydrophobic agents. Integral membrane proteins that interact directly with LPS,
such as the outer membrane protein H (OprH) in P. aeruginosa (24) and the Tol-Pal complex in
Escherichia coli (25), further augment the stability and therefore the impermeability of the
membrane. Experimental evidence shows 50-100 times slower hydrophobic probe permeation
rates in lipid bilayers that contain lipopolysaccharide (reflective of the OM) in comparison to
bilayers that only consist of phospholipids (reflective of the IM) (26). Structural variabilities and
modifications in the LPS, especially the lipid A portion, result in significant differences in drug
permeation rates among Gram-negative organisms (27). It is therefore clear that the OM
constitutes a major hurdle for drug uptake in Gram-negative bacteria, especially for P. aeruginosa

that has a 12-100 times reduced outer membrane permeability relative to E. coli (28).
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Figure 2-1 Dual-membrane of Gram-negative bacteria.

The periplasmic space that contains a thin peptidoglycan layer is enclosed by the outer (OM) and
the inner membrane (IM). The asymmetric OM has an inner leaflet composed of phospholipids
and an outer leaflet abundant with lipopolysaccharide (LPS). The LPS is mainly sectioned into the
hydrophobic lipid A (structure expanded in dashed red box), the hydrophilic core oligosaccharides
(blue hexagons) and the hydrophilic O-antigen (black diamonds). Some degree of variation,
however, exist between Gram-negative bacteria. The lipid A structure typically has two
negatively-charged phosphate groups stabilized by divalent cation (such as Mg?*) bridge between
adjacent lipid A phosphate groups that imparts structural stability to the OM. Both inner and outer
leaflet of the IM consists mainly of hydrophobic phospholipids. The difference in molecular
composition between the OM and IM results in their orthogonal sieving properties.

Membrane permeation is a limitation to most but not all agents with high molecular weight. The
glycopeptide antibiotic vancomycin, with a molecular weight of 1449.3 g/mol, lacks antibacterial
activity against most clinically-relevant Gram-negative bacteria. Vancomycin inhibits
peptidoglycan synthesis by sequestering peptidoglycan precursors that ultimately prevent glycan
cross-linking. In Gram-positive organisms, vancomycin exerts its antibacterial activity uninhibited
as its target is located at the cell membrane. However, it must traverse the OM and reach the
periplasmic space to elicit its function in Gram-negative organisms, a feat which vancomycin is

incapable of achieving due to the protective membrane barrier. The loss of antibacterial activity
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due to membrane impermeability is true for almost all clinically-used glycopeptide antibiotics (29,
30). Most antibiotics and biomolecules with molecular weights higher than 600 g/mol are
incapable of traversing the OM (31), with few exceptions including polybasic amphiphiles, such
as polymyxins and antimicrobial peptides, and nonbasic energy-sources, such as maltohexaoses

(32, 33).

Charged (cationic or zwitterionic) or non-charged small hydrophilic molecules are typically able
to enter the periplasmic space via non-specific protein channels called porins. Examples of such
antibiotics with porin-dependent uptake include B-lactams, fluoroquinolones, and sulfonamides.
These p-barrel-structured integral protein channels allow water-soluble molecules to traverse the
restrictive hydrophobic membrane through their water-filled cavity (34—36). However, porins
impose molecular sieving properties as only small molecules, typically < 600 g/mol, are believed
to pass through its narrow channel (37—39). Drug permeation through porins may also vary among
Gram-negative bacteria. For instance, P. aeruginosa possesses a lower outer membrane
permeability in comparison to E. coli as they express a more selective outer membrane protein F
(OprF) porin (28, 39). The OprF porin constitutes a majority of the porins present in P. aeruginosa
(40). Porins that are present in relatively lower amounts in P. aeruginosa include OprB, OprC,
OprD, OprE, OprF, OprG, OprH, and others (41, 42). OprF porin has been shown to also allow
solute diffusion much more slowly than classical porins as a consequence of their structural
conformation (39, 43). For example, the monosaccharide L-arabinose was found to diffuse 50-
times slower in OprF porin in P. aeruginosa relative to the OmpF porin channel of E. coli (44).

Low intracellular drug concentration due to slow porin-mediated influx in P. aeruginosa is
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exacerbated by the abundance of multidrug efflux pumps and resistance-encoding genes (28, 43,

45)(28, 43, 45).

However, several antibiotics with high molecular weight (> 600 g/mol) are able to pass through
the OM in a mode of uptake independent of porins or passive diffusion. These compounds are
mostly cationic and are hydrophilic (such as aminoglycosides (46)) or amphiphilic (such as
polymyxins) in nature (46). They are able to transit the OM via a ‘self-promoted’ uptake
mechanism which is characterized by the initial displacement of divalent cations (Ca®* or Mg*")
that results in OM destabilization (47). Electrostatic interaction between the positively-charged
divalent cations and the negatively-charged phosphate groups on lipid A stabilizes the LPS
structure (48-50). It is perceived that the subsequent localized OM disruption from divalent cation
displacement facilitates the penetration of the antibiotic into the periplasmic space (51, 52). It has
been widely documented in early years that the antibacterial activity of aminoglycosides and
polymyxins are antagonized by the exogenous addition of Mg?* and Ca?" cations (53-56). This
observation was later attributed to be a hallmark of the self-promoted uptake mechanism; that it
entails the displacement of divalent cation LPS bridges and that exogenous supplementation of the
divalent cations immediately arrests the process (57). The physicochemical requirements for a
molecule to display a self-promoted uptake are yet to be fully understood, although the propensity
of a molecule to be protonated (to effectively carry one or more positive charges) under

physiological conditions and to strongly interact with LPS may be necessary characteristics.

Inner membrane as second restrictive barrier for agents with cytosolic targets. The phospholipid

bilayer that comprises the IM greatly limits the diffusion of hydrophilic molecules. Compared to
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the OM, hydrophobic molecules easily traverse the IM through passive diffusion. However,
charged solutes such as sodium cations and hydrophilic nutrients such as glucose enter freely into
the cytosol once they traverse the OM. Their uptake is achieved through the use of solute-specific
energy-dependent transporter proteins (58). Some weakly-charged or neutral amphiphilic
compounds may also enter the cytosol by utilizing the proton motive force (PMF) (59, 60).
Bacterial PMF is governed by proton gradient, ApH, and membrane potential, A¥. The ApH is
believed to facilitate the diffusion of weakly-charged molecules through charge neutralization,
while the AY is perceived to stimulate electrochemical interaction that leads to molecular uptake
(61, 62). For instance, the cytoplasmic uptake of the sulfonamide (63) and tetracycline (64) classes
of antibiotics is ApH-dependent, while the uptake of the aminoglycoside class of antibiotics

appears to be A¥-dependent (65).

Intracellular drug concentration is greatly affected by efflux. Once a drug makes its way
intracellularly, it could be effluxed out before mediating its antibacterial effect. Efflux pumps are
membrane proteins that can expel their substrates from the cytosol into the periplasm or from the
periplasm into the external environment. So far, all studied Gram-negative organisms are known
to express at least one multidrug efflux pump (66). Bacterial efflux systems have been extensively
reviewed in the literature, and readers are encouraged to consult references (67—72). However, it
should be noted that drug efflux affects the intracellular concentration of a therapeutic agent and

overexpression of multidrug efflux pumps confers intrinsic antibiotic resistance on the pathogen.

There is an urgent need for guidelines to develop agents able to penetrate both outer and inner

membranes. It is evident that drug permeability in Gram-negative bacteria is more challenging for
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antibiotics with cytosolic targets as they must transit two protective lipid bilayers (73). One
approach to overcome this involves appending or tweaking different functional groups on a lead
structure, in the hope of generating more amenable derivatives with enhanced biological activity
and cellular permeation. ‘Rules of thumb’ knowledge in structural modification are used by
medicinal chemists to make rational decisions for drug optimization. The Lipinski’s rule of five
for favorable drug oral bioavailability (74) has become a popular in silico guideline for developing
therapeutic agents that are able to cross the intestinal epithelial cells. To possess good
pharmacokinetics in the human body, Lipinski’s rule proposes that an agent may not have: (1)
more than five hydrogen bond donors, (2) more than ten hydrogen bond acceptors, (3) molecular
weight greater than 500 g/mol and a lipophilicity factor (log P) greater than five, as measured by
the octanol-water partition coefficient (74, 75). Unfortunately, Lipinski’s metrics do not hold true
for antibacterial agents that require bacterial membrane penetration. Molecular passage through
the OM appears to be governed by a different set of physicochemical rules that are orthogonal to
the 1M (18). Compounds that are solely optimized to traverse the OM most likely would not be
able to cross the 1M, and vice-versa. A widely-acceptable set of membrane permeation rules for
antibacterial agents appear to be non-existent (76). An attempt had earlier been made to formulate
a guideline by binning all antibiotics in the pipeline and in clinical evaluation to correlate
discernable physicochemical parameters with antibacterial activity (77). Compounds were binned
into three categories, namely; compounds with only anti-Gram-positive activity, compounds that
have anti-Gram-negative activity, and compounds that are anti-pseudomonal. A high polarity (for
porin uptake) and reasonable level of lipophilicity (to ensure lipid membrane penetration) was
observed to be ideal for anti-Gram-negative agents (77). By exploiting the ideal physicochemical

properties revealed from binning antibiotics, an effort to optimize the anti-Gram-negative bacteria
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activity of oxazolidinones was recently described (78). Members of the oxazolidinone class of
antibiotic, such as linezolid, do not have potent activity against most Gram-negative organisms,
presumably due to permeation impediments across the OM and/or efflux (79). The most active
prepared oxazolidinone analog demonstrated only modest enhancement against E. coli and that, as
the authors noted, a fully-realized set of permeation guidelines are direly needed for optimizing
lead compounds (78). A recent article emphasized the inherent hurdles in developing agents able
to permeate the Gram-negative membranes and suggested that the binning process should be
further refined to include the route(s) of cellular entry for each antibacterial agents (18). However,
the development of reliable methods that allows data mining for cellular entry and accumulation
of antibiotics are necessary to realize this suggestion. At this point, several experimental protocols
may hold the key to tackling this proposition. For instance, the elucidation of bacterial uptake
mechanisms and subsequent quantification of cytoplasmic accumulation that utilizes techniques
such as tandem liquid chromatography — mass spectrometry (LC-MS) (80, 81), Raman
spectroscopy (82) and microspectroscopy (83), have been reported. A proof-of-concept study that
utilizes LC-MS for quantification and several correlation programs for analysis has been described
for ten sulfonyladenosine-containing agents in terms of their membrane permeation in E. coli,
Bacillus subtilis, and Mycobacterium smegmatis (84). This systematic approach successfully
delineated the relationship between the physicochemical properties and the cytoplasmic
accumulation of sulfonyladenosines. For instance, the cytoplasmic accumulation of the ten
sulfonyladenosine-containing compounds in E. coli were positively correlated to hydrophobicity
but negatively correlated with polarity (84). The platform is envisioned by the authors (84) to be
applicable to a larger diverse panel of chemical agents and other bacterial organisms, and may

therefore be utilized in formulating a set of antibacterial permeation rules in the future.
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The impermeability of Gram-negative bacterial membranes greatly limits our capability to develop
new antibiotics, and there is an apparent void in the fundamental understanding of
physicochemical properties necessary for an agent to overcome the double barrier of protection in
Gram-negative bacteria. However, recent advances have shed some light on this hurdle (84, 85).
It has recently been shown that for small molecules to accumulate in the Gram-negative bacteria
E. coli, they must contain an amine group (primary amine preferred over secondary or tertiary), be
amphiphilic, be rigid, and have low globularity (defined as the spatial parameter of the molecule)
(85). Applying these rules, the natural product deoxynybomycin, that targets DNA gyrase and
which is only active against Gram-positive bacteria, was converted into an antibiotic with activity
against a diverse panel of multidrug-resistant Gram-negative pathogens, excluding P. aeruginosa

(85).

It may also be argued that instead of spending great efforts and resources in the development of
intracellularly-targeting antibacterials, one may focus on exploring membrane targets that are
easily accessible (86). For instance, the membranolytic function of antimicrobial peptides and
amphiphilic agents (87-90) or the inhibition of essential outer membrane proteins (91, 92) may be
exploited. Looking forward, we foresee the materialization of the essential paradigm to predict

bacterial membrane penetration. But for how long? Only time will tell.

2.5. Therapeutic approaches to overcome antimicrobial resistance

Clinicians have been saddled with the onerous task of refining medical practices and procedures

to combat the spread of antibiotic resistance, but only so much can be achieved if new agents are

60



not developed to supplement our current antibiotic arsenal. Pathogens have shown their resilience
to withstand antibiotic monotherapy due to their rapid doubling times and high mutation rates.
Some pathogens, such as from the mycobacterium genus or those that form persister cells, display
antibiotic tolerance due to their slow growth or dormancy (93). However, the notion of antibiotic
tolerance has only been observed in vitro, and a recent in vivo experiment suggests that non-
replicating bacteria might not necessarily confer resistance (94). Acquired resistance is mostly due
to the selective pressure an agent exerts towards a bacterial population. Mutation(s) that confer
overall fitness under such antibiotic stress (causing the bacteria to survive) are propagated in
surviving cells and therefore give rise to a drug-resistant population. Moreover, it has been
documented that some pathogens under antibiotic monotherapy may induce resistance
mechanisms that confer cross-resistance to other chemically-unrelated antibiotic classes (95). For
instance, overexpression of multidrug efflux systems possessing wide ambiguity in substrates may
confer resistance to several chemically-unrelated antibiotic classes. Conversely, resistance
mechanisms that confer hypersusceptibility to other antibiotics, known as collateral susceptibility,
have also been reported (96). Drug-resistant bacteria may overexpress genes that encode molecular
defense mechanisms such as efflux pumps or drug-inactivating enzymes. These resistance genes
can disseminate to a different organism via horizontal gene transfer of mobile genetic elements
such as plasmids, transposons and integrons (97). One way to solve this problem is to continually
develop new antibiotics and/or new drug classes that delay the evolution of drug resistance. Further
understanding of the molecular interplay that governs pathogenic responses during antibiotic
therapy is, however, essential to guide the developmental process of overcoming drug resistance.
Fundamental progress in basic science is as vital as it is in clinical science. A close rapport between

clinicians and scientists is indeed critical to address the problem of antibiotic resistance
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development and dissemination. Herein, we discuss some therapeutic approaches that may be able

to delay the development of antibiotic resistance and briefly elucidate the hypotheses behind them.

Anti-virulence therapy. The development of agents that are not bactericidal but indirectly inhibit
the molecular pathway responsible for bacterial communication is a viable strategy to address the
problem of antibiotic resistance (98-100). This therapeutic approach is based on the purported
delayed bacterial resistance development as it is perceived that such agents exert reduced
evolutionary selective pressure (101). On the other hand, agents that challenge bacterial survival
by directly inhibiting a molecular target may result in higher rates of resistance development. For
example, blocking bacterial quorum sensing may be a feasible approach. Quorum sensing is
characterized by bacterial production release and group-wide detection of auto-inducer molecules
as a mode of bacterial communication with their neighbors (102). This network of communication
is triggered by environmental factors within the microbial community, such as differences in
bacterial density or the presence of environmental challenges (either physical or chemical) (103,
104). Once these signaling molecules are detected, cascades of physiological and metabolic
changes occur by orchestrated alterations in bacterial gene expression, resulting in the secretion of
biomolecules needed for biofilm formation and virulence (105). Therefore, hindering quorum
sensing may result in the pathogen not being able to cause harm to the host. For extensive
discussion of bacterial quorum sensing and the development of agents able to quench this bacterial
process, the readers are directed to other informative review papers (103, 105-108). Several agents
that block quorum sensing are in pre-clinical development. For example, the synthetic agent meta-
bromothiolactone (mBTL) has been reported to curb the production of the virulence factor

pyocyanin and biofilm formation in P. aeruginosa by affecting the regulation of Las and Rhl
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guorum-sensing systems (109). Moreover, in vitro protection of human lung epithelial cells and in
vivo protection of Caenorhabditis elegans by mBTL against P. aeruginosa have been described
(109). A follow-up report detailed the optimization of mBTL for enhanced stability as the
thiolactone ring is susceptible to chemical and enzymatic hydrolysis (110). Other anti-quorum
sensing agents (111-114) have also been reported to exhibit similar promising in vitro and in vivo
results. However, this paradigm has been recently challenged (115, 116) and several clinical
isolates have been reported to be resistant to established anti-quorum sensing agents (117). Anti-

quorum sensing agents are yet to reach clinical trials.

Combination therapy. Combination therapy has been well-received by the scientific and medical
community, and has existed for more than three decades (118). Clinicians often prescribe two or
more antibiotics concomitantly, during empirical treatment to ensure coverage of all possible
bacterial pathogens and resistance profiles. It was later realized that the use of multiple antibiotic
agents in a therapeutic cocktail may limit the development of resistance in vitro in comparison to
drug monotherapy. The overall expected clinical outcome for this strategy is to have lower patient
mortality rates. However, combination therapy is not limited to antibiotic agents but includes
therapeutic interventions that may use bio-active helper molecules, also known as adjuvants, to
enhance the efficacy of a primary antibiotic. In fact, it has been argued that the adjuvant-antibiotic
combination approach offers a more attractive option in the treatment of drug resistant bacterial
infection than using multiple antibiotics (119). Here we discuss combination therapy as: (i) an

antibiotic-adjuvant approach and (ii) antibiotic-antibiotic approach.
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() Antibiotic-adjuvant combination approach. Arguably the most successful therapeutic strategy
of the 21st century, the antibiotic-adjuvant approach has resulted in several drug entities on the
market. The paradigm entails the use of bio-active adjuvants that augment the antibiotic efficacy
of a primary antibiotic against drug-resistant pathogens. The adjuvant may possess weak to no
antibacterial activity on its own but is able to either impede antibiotic resistance mechanisms or
potentiate antibiotic action. An adjuvant may be an efflux pump inhibitor (to prevent extrusion of
drugs), a membrane permeabilizer (to increase the number of molecules that penetrate the
membrane) or an enzyme inhibitor (to prevent degradation of drugs before reaching their targets)

(119).

(a) B-lactam and [-lactamase inhibitor combination. Augmentin® is a clinically-used broad-
spectrum antibiotic combination of amoxicillin and clavulanic acid (120). Clavulanic acid is a -
lactamase inhibitor that acts in synchrony with the B-lactam amoxicillin to prevent bacterial
growth. These B-lactamase inhibitors, such as clavulanic acid, block the function of B-lactamases
or p-lactam-hydrolyzing enzymes by forming an irreversible bond with the enzyme’s
functional/active site. Clavulanic acid by itself possesses poor intrinsic activity against pathogens
but it efficiently inhibits wide-spread p-lactamases such as many types of the extended-spectrum
B-lactamase (ESBL) family (121). Inhibition of ESBLs is especially important as this group of 3-
lactamases are promiscuous and are able to hydrolyze penicillins, cephalosporins (first-, second-
and third- generations) and monobactams (such as aztreonam) (122, 123). Augmentin® was first
introduced in 1981 by GlaxoSmithKline and continues its clinical usefulness even today (124,
125). It is not surprising for a B-lactam to be a cornerstone antibiotic in an antibiotic-adjuvant

approach as they are considered to be an ideal drug in terms of their efficacy and tolerability.
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Unfortunately, their “idealness” has been significantly threatened by the global spread of bacterial
B-lactamase-encoding genes. The pursuit of adjuvants that inhibit B-lactamases is therefore crucial
to retain clinical effectiveness of the B-lactam class of antibiotics. The recent approvals of
ceftolozane-tazobactam in 2014, ceftazidime-avibactam in 2015, and meropenem-vaborbactam by
the FDA in 2017 (Table 2-1), for the treatment of drug-resistant Gram-positive and Gram-negative
bacterial infections, are indicative of the continued interest in the development of combination
therapies that includes a B-lactam and a p-lactamase inhibitor. At least four more -lactam-based
antibiotic-adjuvant combinations are currently in clinical trials (126, 127). The popularity of the
antibiotic-adjuvant strategy is apparent in the amount of drug combinations under pre-clinical
evaluation. We will briefly highlight three examples, although readers are encouraged to further

read extensive reviews elsewhere (119, 128-130).

(b) Imipenem-cilastatin-relebactam ftriple combination. In 1985, the combination of the
carbapenem, imipenem, and the adjuvant cilastatin was approved for use in the United States under
the trade name Primaxin® (131). Imipenem is a broad spectrum antibiotic that is rapidly degraded
by the human renal enzyme dehydropeptidase-1, and the resulting metabolite poses potential for
nephrotoxicity (132). Thus, addition of the dehydropeptidase-1 inhibitor cilastatin to imipenem
prevents imipenem’s degradation and nephrotoxicity. Cilastatin also blocks megalin-mediated
proximal tubule uptake of cationic antibiotics (133), further lowering the risk of kidney damage.
However, the recent increase in bacterial infections caused by carbapenemase-producing
organisms that inactivate imipenem calls for an improvement in this therapy. The combination of
imipenem-cilastatin with the addition of the diazabicyclooctane B-lactamase inhibitor relebactam

(also known as MK-7655) is currently in Phase 3 clinical trial for the treatment of Gram-negative
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bacterial infections (134). The adjuvant relebactam is able to inhibit the activity of ESBL, class A
(e.g. KPC) and class C (e.g. AmpC) B-lactamases against imipenem by irreversibly blocking their
functional/active site (135). The triple combination was found to be generally well tolerated in
patients, with commonly reported adverse effects being nausea, vomiting and diarrhea (136).
Recently, a Phase 3 randomized, double-blind, non-inferiority study of imipenem-
cilastatin/relebactam in comparison to imipenem-cilastatin/colistimethate sodium for the treatment
of hospital-acquired bacterial pneumonia (HABP), ventilator-associated bacterial pneumonia
(VABP), complicated intra-abdominal infection (clAl) and complicated urinary tract infection
(cUTI) (https://clinicaltrials.gov/ct2/show/study/NCT02452047) was completed. Results are yet
to be disclosed. Another Phase 3 randomized, double-blind non-inferiority study of imipenem-
cilastatin/relebactam against piperacillin/tazobactam for the treatment of HABP or VABP is
currently recruiting (https://clinicaltrials.gov/ct2/show/NCT02493764). Moreover, a Phase 3 non-
randomized, open label study for the efficacy and safety of imipenem-cilastatin/relebactam for the
treatment of clAl and cUTI IS currently ongoing in Japan
(https://clinicaltrials.gov/ct2/show/NCT03293485). The activity of the triple combination,
unfortunately, is very limited against organisms that harbor metallo-f-lactamase such as New
Delhi Metallo-p-lactamase-1 (NDM-1), imipenemase (IMP) and Verona integron-encoded

metallo-B-lactamase (VIM) (134, 135).

(c) Aspergillomarasmine A. The adjuvant aspergillomarasmine A (AMA) was recently discovered
to resuscitate the biocidal activity of the carbapenem drug, meropenem, against metallo-p-
lactamase-producing organisms (137). The fungal metabolite AMA was first isolated in the 1960s

(138) and was later evaluated for its anti-hypertensive properties (139, 140). In an antibiotic era
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where enzymes capable of degrading even the most powerful B-lactam (eg. carbapenems) are
abundant, it is promising to find AMA able to inhibit metallo-p-lactamases such as the NDM-1
enzyme. AMA was found to sequester zinc cations (137) which are essential for the hydrolytic
activity of metallo-p-lactamases (141, 142). In a mouse model of NDM-1-positive K. pneumoniae
infection, a single dose of meropenem (10 mg/kg) and AMA (30 mg/kg) combination led to > 95%
survival after five days post-infection (137). Meropenem alone (10 mg/kg) or AMA alone (30
mg/kg) both resulted in 0% survival (137). These promising results stimulate the need for an
optimized dosing regimen of AMA in combination with carbapenems for the treatment of metallo-
B-lactamase-producing pathogens. Currently, medicinal chemists are looking into optimizing the
chemical structure of this adjuvant. The total synthesis (143), structure-activity relationship studies

(144), and structural reassignment (145) of AMA have all been recently reported.

(d) SPR741. A polymyxin-based antimicrobial peptide SPR741 (formerly NAB741) is currently
being developed by Evotec AG and Spero Therapeutics as an adjuvant that potentiates antibiotics
against Gram-negative pathogens (146). The recently completed randomized, quadruple-blind
Phase 1 clinical study for safety and tolerability in healthy volunteers
(https://clinicaltrials.gov/ct2/show/NCT03022175) yielded favorable results for this adjuvant.
SPR741 was well tolerated by healthy adult volunteers in a single dose of up to 800 mg, and at
doses of up to 600 mg every eight hours for 14 days (https://sperotherapeutics.com/). In contrast
to polymyxins, SPR741 has poor activity against Gram-negative pathogens on its own but can
permeabilize the outer membrane to facilitate entry of other antibiotics into the bacterial cell (147).
For instance, SPR741 was reported to sensitize Enterobacteriaceae and A. baumannii but not P.

aeruginosa to an extensive panel of antibiotics including clarithromycin, fusidic acid and
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rifampicin (148-150). These three antibiotics are not classical drugs used to treat Gram-negative
bacillary infections due to intrinsic resistance, notably OM impermeability. At 2 pg/mL of
SPR741, the MICso and MICqo of rifampicin against a panel of MDR E. coli were 0.016 and 0.06
pg/mL, respectively (148). Rifampicin alone has an MICso and MICgo of 16 and >128 pg/mL,
respectively, against the same panel of E. coli strains (148). At similar concentrations of SPR741,
strong rifampicin potentiation was also described against a panel of MDR A. baumannii (148). The
in vivo efficacy of SPR741 and rifampicin combination was shown in murine thigh and lung
infection models (151, 152). Interestingly, the characteristic nephrotoxic concerns usually
associated with polymyxins (153, 154) were not observed with SPR741 at a dose of 60 mg/kg/day

in cynomolgus monkeys after seven days of a one-hour infusion thrice daily (155).

(i) Antibiotic-antibiotic combination approach. The use of two or more antibiotic agents that have
different targets, which may or may not be for a single biochemical process, presents another
attractive strategy to overcome drug resistance. The hypotheses of the antibiotic-antibiotic
combination approach are: (a) to achieve drug synergism between each drug component in a way
that enhances treatment efficacy, and (b) to simultaneously impact multiple targets in pathogens,
resulting in the suppression of antibiotic resistance development and complete eradication of
bacterial strains with intermediate susceptibility or resistance to one of two antibiotics. The
assumption is that the bacterial cell will have difficulty surviving with multiple “hits” at the same
time. Clinicians sometimes employ this strategy during empirical treatment of infection, and such
an approach might indeed prolong the clinical utility of antibiotics. For instance, the combination
of trimethoprim-sulfamethoxazole has been in use since 1968 for the treatment of bacterial

infections caused by the Enterobacteriaceae family and non-fermentative opportunistic pathogens
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(156, 157). Both antibiotics work together to inhibit sequential steps in bacterial folic acid
synthesis, which is detrimental as most bacteria are obligate folate synthesizers while humans
acquire folate through diet. The sulfonamide, sulfamethoxazole, inhibits dihydropteroate synthase
that converts para-aminobenzoic acid to dihydrofolate and trimethoprim inhibits dihydrofolate
reductase that converts dihydrofolate to tetrahydrofolate (folic acid’s bioactive form) (157).
Trimethoprim-sulfamethoxazole is an efficacious antibiotic used to treat urinary tract and select
gastrointestinal bacterial infections (158, 159). Sulfamethoxazole may be replaced with the
sulfonamide, sulfametrole, in some European Union countries, although both, when combined
with trimethoprim, exhibit the same clinical efficacy (160). However, the success of the
trimethoprim-sulfamethoxazole combination has been affected by the dissemination of resistance
mechanisms that prevent both antibiotics from eliciting their biological functions. Overexpression
of multidrug efflux pumps able to expel both trimethoprim and sulfamethoxazole out of the cell
and membrane modifications that limit their intracellular permeation are problematic (156). Many
other antibiotic-antibiotic combinations are used in the clinic including those of tigecycline +

gentamicin, tigecycline + colistin and carbapenem + colistin (161), to name a few.

Challenges of combination therapy. Considering the ‘success’ of several antibiotic-antibiotic
combinations in the past few decades, the strategy remains fallible as several important
pharmacological questions remain unanswered. For instance, other than in tuberculosis, there is
no clinical evidence to support the notion that antibiotic resistance is suppressed by antibiotic-
antibiotic combinations (162). This is a tough concept to prove as clinical studies are usually
designed not to measure emergence of antibiotic resistance, but to prevent or treat it. This data

may only be extrapolated from in vitro and in animal models, but may be different in human hosts.
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The clinical translatability of drug synergy in vitro and in animal models to humans is also
debatable (162). The limited available clinical evidence suggests a statistically-insignificant
difference between antibiotic-antibiotic combination therapy and monotherapy in the treatment of
Gram-negative bacterial infections in terms of mortality rates, which is the postulated clinical
outcome for synergistic drug combinations (163-165). For instance, a systematic study reports no
appreciable improvement for the combination of [-lactam/aminoglycoside over B-lactam
monotherapy in treating endocarditis caused by a Gram-positive bacterial (e.g. Staphylococcus
aureus) infection, even though the combination shows synergism in vitro (166). Another study
shows that the combination of B-lactam and either aminoglycoside or fluorogquinolone in
comparison to B-lactam monotherapy impose no benefit in patient mortality for treating infections
caused by the Gram-negative P. aeruginosa (164). However, it should be noted that the supporting
evidence for these studies were based on meta-analyses of a small number of available clinical
data that includes those during early years where drug resistance was not as prevalent. Caution
should therefore be taken in data extrapolation to fit the current landscape where incidences of
MDR and XDR bacterial infections are much higher. Currently, there seems to be an apparent
consensus that combination therapy is preferred for treating MDR pathogenic infections of
severely ill patients and for empirical therapy (167). Lack of pharmacokinetic complementarity
between different drugs might indeed contribute to the discrepancies between in vitro data and
clinical observations (168). Each drug component may be absorbed or distributed in the human
body to different degrees. Pharmacokinetic variances, but also the patient’s overall condition,
would certainly impose a challenge in fine-tuning dosages of administered drugs to replicate their
observed in vitro synergy as both drugs are required to be at the site of infection at their optimal

concentrations simultaneously. Non-complementary absorption and distribution rates may
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therefore be circumvented by fusing both pharmacophoric molecules together to make a single

hybrid antibacterial agent.

Antibiotic hybrids against antibiotic-resistant bacteria. The antibiotic hybrid strategy precipitated
from the countless attempts to discover new synthetic scaffolds that may yield antibiotics capable
of overcoming drug resistance. Scientific ingenuity led to the development of molecular hybrids
(Fig. 2-2) by fusing different biologically-active agents into one heteromeric entity with the hope
of retaining the biological action of the constituent fragments. A molecular linker/tether is often
used to append the participating agents together via a covalent bond, although molecules could
also be fused together directly. The mode of covalent attachment also could be designed as either
cleavable or non-cleavable (see Fig. 2-2). A cleavable linker is expected to be enzymatically
biotransformed once the hybrid reaches its site of action (the bacteria) while a non-cleavable linker
remains unchanged throughout its time-course in the body. The former constitutes a hybrid
prodrug approach while the latter constitutes a hybrid drug approach. The hypothesis of antibiotic
hybrid integrates the working concept of suppressing drug resistance evolution in combination
therapy into a monotherapy, thus presenting a molecular agent (instead of two) with single
pharmacokinetic profile. It also eliminates the problem of non-complementary
pharmacodynamics. Hybrid drugs are also postulated to eradicate bacterial strains with
intermediate susceptibility or resistance to one of the covalently-linked drug fragments. Although
unpredictable, retaining antibacterial potency against pathogens that possess intermediate
susceptibility or resistance to both drug components is possible as the process of hybridization

may also impart additional physicochemical properties that could alter the hybrid’s
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pharmacological spectrum. For instance, hybridization of two therapeutic agents may enhance the

efficacy or even impart a new mechanism of antibacterial action to the resulting hybrid agent.

Stable

Pharmacophore A Linker

Pharmacophore B

Antibiotic Hybrid Drugs

e

Linker

Pharmacophore A === Cleavable? ™  Pharmacophore B

ﬁ Yes

Antibiotic Hybrid Prodrugs

Pharmacophore A === ===  Pharmacophore B

Figure 2-2 Two different pharmacophoric domains attached covalently by a linker domain.

The lability of the linker determines the type of antibiotic hybrid generated. A linker that can be
enzymatically degraded (preferably by only bacterial-specific enzymes) gives rise to two
functional pharmacophoric entities and thus used in the antibiotic hybrid prodrug strategy. A linker
that is inert to enzymatic degradation is used to hold the two pharmacophoric domains together in
the antibiotic hybrid drug strategy.

Definition of an antibiotic hybrid. What defines a hybrid agent? The literature offers various

subjective definitions of hybrid agents, depending on the context in which they are being used. In
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this account however, we define a hybrid antibiotic as a synthetic construct of two or more
pharmacophores belonging to an established agent known to elicit a desired antimicrobial effect.
This encompasses agents described as either dual-action antibiotic hybrids (169, 170), chimeric
antibiotics (171, 172), multivalent/divalent antibiotics (173-175) and antibiotic conjugates (176).
Moreover, the antibiotic hybrid approach is not confined to covalent fusion of antibacterial agents
and may also include beneficial adjuvants such as resistance enzyme inhibitors, membrane
permeabilizers, siderophores, and efflux pumps inhibitors. The notion of bimodality (coined as
“dual-action” in 1994 (169)) in prospective antibiotic hybrids suggests the need for the covalently-
appended agents to retain their known biological action. However, our experience reveals that it
might indeed not be necessary to retain both known activities as an unexpected third mode of
action may arise from the fusion of two therapeutic agents (vide infra). Moreover, some antibiotic
hybrids are able to “resuscitate” the antibacterial potency of legacy antibiotics against drug-
resistant pathogens. Legacy antibiotics pertains to widely-used antibacterial agents that have been
clinically-used for decades and that their clinical efficacy is currently being challenged by the rise

of antibiotic resistance mechanisms.

2.6. Conclusion

There is an urgent need to develop new therapeutics able to treat antibiotic-resistant infections,
especially those caused by MDR Gram-negative pathogens. However, coming up with a magic
bullet to address this problem has over the years proven to be elusive. Several strategies were
highlighted to potentially develop new efficacious antibiotics, yet, these are only a few of the
possible solutions to this ever-worsening global issue. Imagination is perhaps the greatest

limitation to drug discovery.
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2.8. Concluding remarks

This chapter highlighted the difficulties in developing agents and strategies able to overcome the
intrinsic and genetic antibiotic resistance mechanism, with much emphasis on the former, of Gram-
negative bacteria. Combination therapy of antibiotics and adjuvants was emphasized as a possible
way to overcome resistance, to which strategy will be employed in the upcoming chapters (4, 5, 6
and 7). The concept of antibiotic hybrids was also defined, to which will be the main concept in

Chapter 7. The following chapter will outline this thesis objectives.

96



Chapter 3: Thesis objectives

In line with the necessity to address the problem of antimicrobial resistance, my thesis seeks to
explore new investigational agents based on antimicrobial peptides to serve as lead structures for
the development of future therapeutic agents. While the antibacterial activity of each developed
agent in the upcoming chapters were evaluated, the main strategy for these projects followed
combination therapy (as discussed in Chapter 2) wherein the developed investigational compound
served as an adjuvant to enhance the efficacy of existing antibiotics against multidrug-resistant

(MDR) Gram-negative bacteria (GNB).

The objective of Chapter 4 is the development of short proline-rich lipopeptides (SPRLPs),
consisting of seven amino acids and varying lipids, as adjuvants to potentiate the antibacterial
activity of minocycline and rifampicin against MDR Pseudomonas aeruginosa. Proline-rich
antimicrobial peptides were extensively discussed in Chapter 1. In this project, the following were

investigated:

e Preparation of a library of SPRLPs through peptide synthesis

e Antibacterial activity of SPRLPs against Gram-positive and Gram-negative bacteria

e Hemolytic activity of SPRLPs towards red blood cells

e Synergism of SPRLPs with a panel of existing antibiotics against MDR clinical isolates of
P. aeruginosa

e Cytotoxicity of lead SPRLP adjuvant

e Initial attempt to optimize the lead SPRLP adjuvant structure via D-amino acid replacement
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Chapter 5 explores the potential of dilipid ultrashort cationic lipopeptides (dUSCLs), consisting of
only four amino acids and varying dilipids, to serve as adjuvant partners to chloramphenicol and
other antibiotic classes against MDR GNB. These membrane-acting ultrashort cationic
lipopeptides were extensively discussed in Chapter 1. In this project, the following were

investigated:

e Preparation of a library of dUSCLs through peptide synthesis

e Antibacterial activity of dUSCLs against Gram-positive and Gram-negative bacteria

e Hemolytic activity of dUSCLs towards red blood cells

e Synergism of dUSCLs with a panel of existing antibiotics against MDR clinical isolates of
P. aeruginosa, Acinetobacter baumannii, Escherichia coli, Klebsiella pneumoniae and

Enterobacter cloacae

Chapter 6 focuses on the structure-activity relationship study of the effect of hydrophobicity via
lipid composition in dilipid polymyxin B (PMB) analogs. Moreover, this chapter also focuses on
the potential for these analogs as adjuvant partners for existing antibiotics against P. aeruginosa.
The ten amino acid-comprising polymyxin antibiotic was discussed in Chapter 1. In this chapter,

the following were investigated:

e Preparation of dilipid PMBs through peptide and organic synthesis
e Antibacterial activity of dilipid PMBs against Gram-positive and Gram-negative bacteria
compared to clinically-used polymyxins

e Hemolytic activity of dilipid PMBs towards red blood cells compared to clinically-used

polymyxins
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Synergism of dilipid PMBs in combination with a panel of existing antibiotics against P.
aeruginosa compared to the well-known membrane permeabilizer polymyxin B
nonapeptide

Contribution of hydrophobicity via lipid component towards polymyxin’s ability to resist

active efflux in P. aeruginosa

The objective of Chapter 7 is to explore the biological effect (antibacterial and adjuvant property)

of covalently linking the peptide-based antibiotic polymyxin to the carbohydrate-based antibiotic

aminoglycoside, therefore generating antibiotic hybrids. Specifically, polymyxin Bz (PMB3) was

appended to tobramycin. The concept of antibiotic hybrids was extensively discussed in Chapter

2. In this chapter, the following were investigated:

Complex preparation of antibiotic hybrids consisting of PMB3 and tobramycin
Antibacterial activity of PMBs-tobramycin hybrids against Gram-positive and Gram-
negative bacteria compared to PMB3 and tobramycin

Hemolytic activity of PMBzs-tobramycin hybrids towards red blood cells

Synergism of PMBs-tobramycin hybrids with a panel of existing antibiotics against P.
aeruginosa compared to PMB3 and tobramycin

Enhancement of antibacterial activity of minocycline, rifampicin and vancomycin in
combination with PMBzs-tobramycin hybrids against P. aeruginosa, A. baumannii and K.

pneumoniae.
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The concluding Chapter 8 summarizes my efforts in the development of these investigational
peptide-based agents. Following Chapter 8 comprises of Appendices | to IV that compose of
complimentary data for Chapters 4 to 7, respectively. Appendix V contains copyright permissions

for used articles in this thesis.
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Chapter 4: Development of short proline-rich lipopeptides as adjuvants

This chapter is based on my publication:

Ronald Domalaon, Yaroslav Sanchak, Linet Cherono Koskei, Yinfeng Lyu, George G. Zhanel,
Gilbert Arthur, Frank Schweizer. 2018. Short proline-rich lipopeptide potentiates minocycline and
rifampin against multidrug- and extensively drug-resistant Pseudomonas aeruginosa. Antimicrob

Agents Chemother 62:02374-17. doi: 10.1128/AAC.02374-17.

Reproduced with permission.

4.1. Introductory remarks

As discussed in Chapter 2, combination therapy is a viable strategy to overcome antimicrobial
resistance especially against Gram-negative bacteria to which arguably are difficult to treat due to
their intrinsic resistance mechanisms (double protective membrane + overexpressed multidrug
efflux systems) that are coupled to multiple chromosomal resistance mechanisms. In this chapter,
synthetic proline-rich antimicrobial peptides (as discussed in Chapter 1) were acylated to yield
lipopeptides that possess the ability to enhance antibacterial activity of minocycline and rifampin
(also called rifampicin) against clinical isolates of multidrug- and extensively drug-resistant
Pseudomonas aeruginosa. A lead lipopeptide candidate was identified to be non-cytotoxic and
non-hemolytic, that appeared to have a chemical structure amenable to peptidomimetic

modification.
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4.2. Contributions of authors

Ronald Domalaon and Yaroslav Sanchak prepared, purified and characterized all lipopeptides for
this study. Ronald Domalaon evaluated the microbiological activity of all the lipopeptides alone
and in combination with other antibiotics in this study. George G. Zhanel and Frank Schweizer
guided the antimicrobial evaluation of the compounds. Yinfeng Lyu and Ronald Domalaon
assessed the hemolytic properties of the lipopeptides. Linet Cherono Koskei and Gilbert Arthur
assessed the cytotoxicity of the lead lipopeptide adjuvant for this study. Ronald Domalaon
interpreted all the chemical and biological data with helpful insights from George G. Zhanel,
Gilbert Arthur and Frank Schweizer. All authors were responsible for the final form of this research

article.

4.3. Abstract

A series of 16 short proline-rich lipopeptides (SPRLPs) were constructed to mimic longer
naturally-existing proline-rich antimicrobial peptides. Antibacterial assessment revealed that
lipopeptides containing hexadecanoic acid (Cie) possess optimal antibacterial activity relative to
others with shorter lipid component. SPRLPs were further evaluated for their potential to serve as
adjuvants in combination with existing antibiotics to enhance antibacterial activity against drug-
resistant Pseudomonas aeruginosa. Out of sixteen prepared SPRLPs, C1-PRP was found to
significantly potentiate the antibiotics minocycline and rifampicin against multidrug- and
extensively drug-resistant (MDR/XDR) P. aeruginosa clinical isolates. This non-hemolytic Cio-
PRP is comprised of a heptapeptide sequence PRPRPRP-NH> acylated to dodecanoic acid (C1») at
the N-terminus. The adjuvant potency of Ci>-PRP was apparent by its ability to reduce the

minimum inhibitory concentration of minocycline and rifampicin below their interpretative
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susceptibility breakpoints against MDR/XDR P. aeruginosa. An attempt to optimize C12-PRP
through peptidomimetic modification was performed by replacing all L- to D-amino acids. Cio-
PRP demonstrated pliability to optimization as synergism with minocycline and rifampicin were
retained. Moreover, C12>-PRP displayed no cytotoxicity against human liver carcinoma HepG2 and
human embryonic kidney HEK-293 cell lines. Thus, the SPRLP C1>-PRP is a lead adjuvant
candidate that warrants further optimization. Discovery of agents that are able to resuscitate the
activity of existing antibiotics against drug-resistant Gram-negative pathogens, especially P.

aeruginosa are of great clinical interest.

4.4. Introduction

The increasing incidence of multidrug-resistant (MDR) and extensively drug-resistant (XDR)
Pseudomonas aeruginosa infection impose significant burden in our current health care system (1,
2). Infections caused by P. aeruginosa are difficult to treat as this pathogen often harbors multiple
resistance mechanisms against most currently-used antibiotics (3, 4). Intrinsic resistance in P.
aeruginosa is a major hurdle to overcome. The protective outer membrane (OM) of P. aeruginosa
is comprised of selective porins and a polar lipopolysaccharide (LPS) barrier that is 12-100 times
less permeable than Escherichia coli (5). Compounds which are able to cross the OM and enter
the periplasm are prone to efflux by up to twelve overexpressed multidrug efflux systems that
prevent most antibiotics from reaching the required intracellular concentration for their
antibacterial action (6, 7). As a result, there is currently a strong interest to identify novel agents
that are able to enhance membrane permeability and compromise active efflux in Gram-negative

bacillary pathogens such as P. aeruginosa (8).
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Proline-rich antimicrobial peptides (PRAMPs) are amphiphilic cationic peptides typically
possessing potent Gram-negative but poor Gram-positive antibacterial activity (9, 10). They are
characterized by an unusually high amount of L-proline residues (typically 25-50% sequence
composition) and frequently contain a repeating PXP or PXXP motif where X may be any amino
acid but typically is L-arginine (9, 10). Well-known examples include mammalian-derived Bac7(1-
35) (11) (sequence: RRIRPRPRLPRPRPRPLPFPRPGPRPIPRPLPFP) and PR-39 (12) (sequence:
RRRPRPPYLPRPRPPPFFPPRLPPRIPPGFPPRFPPRFP-NH2), and insect-derived apidaecins
(13). PRAMPs eradicate bacteria in a dose-dependent bimodular fashion. At low concentrations,
they are believed to target the 70S ribosome and the DnaK chaperone (14, 15). Conversely, they
eradicate pathogen via lysis at high concentrations (15). PRAMPs enter the OM via a poorly
understood mechanism (presumably through a ‘self-promoted’ uptake mechanism similar to most
cationic peptides) (16). Inner membrane transporters Sbma and MdtM proteins facilitate their
promiscuous cytosolic uptake (17, 18). However, the Gram-negative P. aeruginosa does not
express both Sbma and MdtM therefore PRAMPs mode of action is restricted to membrane rupture
and lysis (19). With the urgent need for new therapeutic agents/strategies to treat drug-resistant
Gram-negative bacterial infections, PRAMPs are considered as an emerging source of potential

new antibiotics.

Aside antimicrobials that directly kill bacteria, adjuvants that sensitize resistant pathogens to
existing antibiotics are widely studied (20, 21). In fact, several combinations of B-lactamase
inhibitor (adjuvant) and B-lactam (antibiotic) are already used to treat drug-resistant Gram-
negative bacillary infections (22, 23). Adjuvants act on bacterial processes that may elicit direct or

indirect advantageous effects towards its partner antibiotic. For instance, adjuvants that inhibit 3-
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lactamase enzymes prevent the degradation of B-lactam antibiotics. Adjuvants that disrupt the
bacterial membrane may enhance cellular permeation of otherwise membrane-impermeable

antibiotics.

In this study, we evaluate the antibacterial activity of synthetic short proline-rich lipopeptides
(SPRLPs) against clinically-relevant Gram-positive and Gram-negative pathogens. The short
peptide sequence of SPRLPs were inspired by the repeating PXP motif apparent in longer
PRAMPs. Moreover, we assess the potential of these SPRLPs to serve as adjuvants in combination
with clinically-used antibiotics against P. aeruginosa. Our results revealed an amphiphilic non-
hemolytic non-cytotoxic L-lipopeptide lead sequence that strongly potentiates minocycline and
rifampicin against MDR/XDR P. aeruginosa. Furthermore, the adjuvant potency is retained in its

enantiomeric D-SPRLP counterpart.

4.5. Results and discussion

SPRLP design inspired by repeating PXP motif in PRAMPSs. Inspired by peptide sequences of
longer and naturally occurring PRAMPs such as Bac7(1-35) and PR-39, we prepared shorter
synthetic versions possessing a lipoheptapeptide sequence of PRPZPRP; where Z denotes to
either R, G, L or W (Table 4-1). The observed PXP repeats in naturally-occurring PRAMPs were
retained in the heptapeptide sequence. Position Z was incorporated to introduce amino acid
variability, resulting in four sequence subsets namely PRP, PGP, PLP and PWP sequences
(Table 4-1). Amino acid variability was integrated in the design to ‘fine-tune’ the overall
physicochemical property of SPRLP at the heptapeptide portion. For instance, incorporation of

L-arginine imparts an additional protonatable guanidine side-chain whereas L-leucine imparts
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additional hydrophobicity. L-tryptophan was added for its aromatic ring side-chain while L-

glycine was selected to see the effect of replacing the carbon-based side-chain groups with

hydrogen. Aliphatic lipids such as octanoic acid (Cs), dodecanoic acid (C12) and hexadecanoic

acid (Cie) were ligated to the N-terminus of the cationic heptapeptide to vary the hydrophobic or

amphiphilic moment in the SPRLPs (24-26). We also included the more rigid and

conformationally-constrained lipid 1-adamantaneacetic acid (Ad) in our study. The bulky

hydrophobic adamantane moiety is perceived to be less prone to toxicity issues relative to longer

aliphatic hydrocarbons. The C-terminus of each peptide was also amidated. Sixteen acylated

SPRLPs were synthesized to explore the effect of peptide sequence and amphiphilicity to their

biological activity.

Table 4-1 SPRLPs sequences under consideration

Molecular weight,

Compound Sequence g/mol (TFA salt)
Cs-PRP CH3(CH2)sCO-PRPRPRP-NH: 1342.33
C12-PRP CH3(CH2)10CO-PRPRPRP-NH2 1398.44
C16-PRP CH3(CH2)14CO-PRPRPRP-NH> 1454.55
Ad-PRP Adamantyl-CH>CO-PRPRPRP-NH; 1392.39
Cs-PGP CH3(CH2)6CO-PRPGPRP-NH> 1129.17
C12-PGP CH3(CH2)10CO-PRPGPRP-NH> 1185.28
C16-PGP CH3(CH2)14CO-PRPGPRP-NH: 1241.39
Ad-PGP Adamantyl-CH>CO-PRPGPRP-NH> 1179.23
Cs-PLP CH3(CH2)6CO-PRPLPRP-NH: 1185.28
C12-PLP CH3(CH2)10CO-PRPLPRP-NH: 1241.39
Ci6-PLP CH3(CH2)14CO-PRPLPRP-NH: 1297.50
Ad-PLP Adamantyl-CH>CO-PRPLPRP-NH: 1235.34
Cs-PWP CH3(CH2)sCO-PRPWPRP-NH: 1258.34
C12-PWP CH3(CH2)10CO-PRPWPRP-NH> 1314.44
C16-PWP CH3(CH2)14CO-PRPWPRP-NH: 1370.55
Ad-PWP Adamantyl-CH>CO-PRPWPRP-NH> 1308.40
Cr2-prp CH3(CH2)10CO-prprprp-NH> (all D-peptide) 1398.44
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SPRLPs composed of longer hydrocarbons demonstrate antibacterial activity. The synthesized

SPRLPs were evaluated for their antibacterial potency against a panel of Gram-positive and

Gram-negative bacteria (Tables 4-2 & 4-3). Some of the included pathogens were collected from

patients visiting or admitted to participating Canadian hospitals through the CAN-ICU (27) and

CANWARD (28) national surveillance studies. Antibacterial activity was assessed using

minimum inhibitory concentration (MIC) against various clinical pathogens.

Table 4-2 Biological activity of SPRLPs belonging to PRP and PGP sequence subsets

MIC, pg/mL

Cs- Ciz- Cise- Ad- Cs- Cuz- Cise- Ad-

Organism PRP PRP PRP PRP PGP PGP PGP PGP

S. aureus? >128 128 8 >128 >128  >128 32 >128
MRSAP >128  >128 16 >128 >128 >128 32 >128
MSSE® >128 32 4 >128  >128 128 8 >128
MRSE® >128 128 8 >128 >128  >128 16 >128
E. faecalis® >128  >128 16 >128 >128  >128 16 >128
E. faecium' >128 128 8 >128 >128  >128 16 >128
E. coli® >128  >128 16 >128 >128  >128 32 >128
E. coli” >128  >128 8 >128 >128  >128 32 >128
E. coli' >128  >128 8 >128 >128  >128 32 >128
E. coli! >128  >128 8 >128 >128  >128 32 >128
P. aeruginosaX >128  >128 32 >128 >128  >128 128 >128
P. aeruginosa' >128 >128 32 >128 >128 >128 128 >128
P. aeruginosa™  >128  >128 64 >128 >128  >128 128 >128
P. aeruginosa" >512 128 32 >512 >512 >512 64 >512
S. maltophilia® >128  >128 64 >128 >128  >128 128 >128
A. baumannii® >128  >128 16 >128 >128  >128 32 >128
K. pneumoniaet >128  >128 64 >128  >128  >128 64 >128
MHC' >512  >512 16 >512  >512  >512 16 >512

a = ATCC 29213. P = methicillin-resistant S. aureus ATCC 33592. ¢ = methicillin-susceptible Staphylococcus
epidermidis CANWARD-2008 81388. ¢ = methicillin-resistant S. epidermidis CAN-ICU 61589 (ceftazidime-
resistant). ¢ = ATCC 29212. = ATCC 27270. 9= ATCC 25922. " = CAN-ICU 61714 (gentamicin-resistant). ' = CAN-
ICU 63074 (amikacin-intermediate resistant). i = CANWARD-2011 97615 (gentamicin-, tobramycin-, ciprofloxacin-
resistant) aac(3")iia. K = ATCC 27853. ' = CAN-ICU 62308 (gentamicin-resistant). ™= CANWARD-2011 96846
(gentamicin-, tobramycin-resistant). " = wild-type PAO1 °= CAN-ICU 62584. 7 = CAN-ICU 63169. 9= ATCC 13883.
"= minimum concentration in pg/mL that resulted in 5% red blood cell hemolysis.
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The Gram-negative-specific antibacterial activity of naturally-existing PRAMPSs was not
observed for the synthesized SPRLPs. Among the four sequence subsets, peptides acylated with
C16 displayed better antibacterial activity relative to Cg, C12 or Ad. Three out of the four C16-
comprising peptides showed promising activity. C16-PRP displayed broad-spectrum activity
(Table 4-2) with an MIC range of 4-16 pg/mL against Gram-positive bacteria and an MIC range
of 8-16 pug/mL against the Gram-negative bacteria E. coli. Moderate activity against Gram-
positive bacteria (MIC range of 8-32 pg/mL) was demonstrated by C1¢-PGP (Table 4-2). The
lipopeptide C16-PWP also exhibited good activity (MIC range of 4-8 ug/mL) against Gram-
positive bacteria (Table 4-3). Overall, these SPRLPs reported herein appeared to be mostly

active against Gram-positive organisms.
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Table 4-3 Biological activity of SPRLPs belonging to PLP and PWP sequence subsets

MIC, pg/mL

Cs- Cio- Cie- Ad- Cs- Cio- Ci6- Ad-

Organism PLP PLP PLP PLP PWP PWP PWP PWP

S. aureus? >128 128 64 >128  >128 32 8 >128
MRSAP >128 128 64 >128  >128 32 8 >128
MSSE® >128 64 32 >128  >128 16 4 >128
MRSE! >128 64 64 >128  >128 16 8 >128
E. faecalis® >128 128 64 >128  >128 32 8 >128
E. faecium' >128 128 64 >128  >128 32 8 >128
E. coli® >128  >128 128 >128  >128 128 32 >128
E. colif >128  >128 64 >128  >128 128 32 >128
E. coli’ >128  >128 64 >128  >128 128 16 >128
E. colil >128  >128 128 >128  >128 128 64 >128
P. aeruginosa® >128 >128 >128 >128 >128 >128 64 >128
P. aeruginosal >128 >128 >128 >128 >128  >128 64 >128
P. aeruginosa™ >128 >128 >128 >128 >128 >128 64 >128
P. aeruginosa" >512 512 32 >512  >512 64 32 >512
S. maltophilia® >128 >128 >128 >128 >128 >128 64 >128

A. baumannii® >128  >128 128 >128  >128 128 64 >128
K. pneumoniaet  >128 >128 128 >128 >128 >128 64 >128

MHC' >512 >512 16 >512 >512 64 16 >512

a = ATCC 29213. P = methicillin-resistant S. aureus ATCC 33592. ¢ = methicillin-susceptible Staphylococcus
epidermidis CANWARD-2008 81388. ¢ = methicillin-resistant S. epidermidis CAN-ICU 61589 (ceftazidime-
resistant). ¢ = ATCC 29212. f= ATCC 27270. 9= ATCC 25922. "= CAN-ICU 61714 (gentamicin-resistant). ' = CAN-
ICU 63074 (amikacin-intermediate resistant). | = CANWARD-2011 97615 (gentamicin-, tobramycin-, ciprofloxacin-
resistant) aac(3')iia. ¥ = ATCC 27853. ' = CAN-ICU 62308 (gentamicin-resistant). ™ = CANWARD-2011 96846
(gentamicin-, tobramycin-resistant). " = wild-type PAO1 °= CAN-ICU 62584. P = CAN-ICU 63169. 9= ATCC 13883.
"= minimum concentration in pg/mL that resulted in 5% red blood cell hemolysis.

Non-specific membrane lysis limits therapeutic potential. Since PRAMPs are able to kill bacteria
through membrane lysis, it is imperative to evaluate whether these synthesized SPRLPs also lyse
eukaryotic membranes. The ability to lyse porcine red blood cells was assessed and the minimum
concentration to result in 5% erythrocyte hemolysis (MHC) was reported (Tables 4-2 & 4-3).
SPRLPs acylated with the long hydrocarbon C16 showed high hemolytic activity. C16-PRP, C1e-
PGP, C16-PLP and C16-PWP resulted in 5% red blood cell hemolysis at 16 pg/mL. These data

corroborate that the observed antibacterial activity of these four SPRLPs is through non-specific
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membrane lysis; and therefore greatly limits their therapeutic potential. The lipopeptide C12-PWP
demonstrated marginal hemolytic activity with a MHC of 64 pg/mL. However, all other SPRLPs

were non-hemolytic (MHC >512 pg/mL).

Potentiation of minocycline and rifampicin by an SPRLP against MDR/XDR P. aeruginosa.
Adjuvants typically do not kill the pathogens directly but are able to help their antibiotic partner
broaden their antibacterial spectrum or maximize antibacterial activity. A literature search
revealed only one report of a PRAMP that can synergize a clinically-used antibiotic against
Gram-negative bacilli. The long proline-rich peptide dimer A3-APO, consisting of 41 amino
acids, was found to potentiate chloramphenicol against Klebsiella pneumoniae using a
checkerboard assay (29). However, an amphiphilic lysine-based peptide-like agent was reported
to potentiate rifampicin in E. coli (30). We therefore were interested to study whether our short
proline-rich heptapeptide-based SPRLPs possessed adjuvant properties. Certainly, it is
advantageous to have a lead molecule of shorter peptide sequence as it is more cost-effective and

more pliable to peptidomimetic modifications for further optimization.

We evaluated the activity of SPRLPs in combination with fifteen clinically-used antibiotics (see
Appendix Table I-1 to I-3 in Appendix I) against P. aeruginosa. Antibiotics tested included
fluoroquinolones (moxifloxacin, ciprofloxacin and levofloxacin), aminoglycosides (gentamicin,
tobramycin and amikacin), cephalosporins (ceftazidime and cefotaxime), carbapenems
(meropenem and doripenem), aztreonam, rifampicin, minocycline, colistin and fosfomycin. The
SPRLPs were screened initially at a fixed concentration of 8 pg/mL (5 uM) in combination with

antibiotics against wild-type P. aeruginosa PAO1. We assessed potentiation by at least a four-
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fold absolute MIC reduction of the antibiotic, after which synergism was further validated by a
conventional checkerboard assay. A fractional inhibitory concentration (FIC) index of <0.5,
0.5<x<4 or >4 was interpreted as synergistic, indifferent or antagonistic interaction, respectively
(31). FIC index was obtained by adding the FIC values of the antibiotic and the SPRLP adjuvant.
FIC of antibiotics was calculated by dividing the MIC of the antibiotic in the presence of the
adjuvant by the MIC of the antibiotic alone. Similarly, the FIC of the adjuvant was calculated via
dividing the MIC of the adjuvant in the presence of the antibiotic by the MIC of the adjuvant

alone.

Out of the fifteen clinically-used antibiotics and sixteen short synthetic SPRLPs, initial screening
revealed potentiation of minocycline and rifampicin with the amphiphilic lipopeptide C1.-PRP
(see Appendix Table I-1 in Appendix I). Further validation by checkerboard assay confirmed the
synergistic combinations against wild-type P. aeruginosa PAOL1 strain. C12-PRP with either
minocycline or rifampicin yielded an FIC index of 0.19 or 0.14, respectively. These findings
warranted further studies as C12-PRP is non-hemolytic even up to a high concentration of 512
pg/mL (Table 4-2). Note that rifampicin and minocycline are not typically used to treat
infections caused by P. aeruginosa. We then evaluated whether the observed synergism was
retained against MDR/XDR P. aeruginosa clinical isolates. But also, the capability of C1.-PRP
to reduce the absolute MIC of minocycline and rifampicin below their interpretative
susceptibility breakpoint was investigated. No established minocycline and rifampicin
susceptibility breakpoints currently exist for P. aeruginosa from neither CLSI nor the European
Committee on Antimicrobial Susceptibility Testing (EUCAST). Therefore we cautiously used

established breakpoints for other organisms as similar as possible to P. aeruginosa for our
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comparison. According to CLSI (32), the susceptibility breakpoint of minocycline for
Acinetobacter spp. is <4 pg/mL while the susceptibility breakpoint of rifampicin for

Staphylococcus spp. is <I pg/mL.

The combination of minocycline and C12-PRP was found to be strongly synergistic against all
eight tested MDR/XDR P. aeruginosa isolates (Table 4-4). Moreover, the MIC of minocycline in
the presence of 8 ug/mL (5 uM) C12-PRP was reduced below susceptibility breakpoint in seven
out of nine strains. Significant potentiation was also observed for the combination of rifampicin
and C12-PRP against MDR/XDR P. aeruginosa isolates (Table 4-5). At 8 ug/mL (5 uM) C1o-
PRP, the MIC of rifampicin reached susceptibility breakpoint in five out of nine strains. Indeed,
the SPRLP C1.-PRP was able to enhance the antibacterial potency of minocycline and rifampicin
against wild-type and clinical isolates of P. aeruginosa. The potential of this SPRLP as a lead
adjuvant candidate is apparent. The mechanism of antibiotic potentiation certainly warrants
further study in the future. However, membrane perturbation that results in an enhanced
antibiotic uptake is a likely possibility. PRAMPs are known to disrupt bacterial membranes, and
IS more pronounced in P. aeruginosa relative to other Gram-negative bacilli (19). Suggestively,
the SPRLP C12-PRP may potentiate minocycline and rifampicin through OM permeabilization of
P. aeruginosa. Membrane perturbation may also compromise the activity of integral membrane
proteins such as multidrug efflux pumps, essentially halting antibiotic resistance through active

efflux.
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Table 4-4 Adjuvant potency of amphiphilic C12-PRP in combination with minocycline (MIN)
against wild-type and MDR/XDR P. aeruginosa.

P. aeruginosa  MICwmn, MICcao2- Absolute
strain ug/mL  pre,pug/mL  FICindex  MICwmin,? pg/mL  Potentiation®

PAO1 8 128 0.19 1 8-fold
259-96918 16 >128 0.12<x<0.19 2 8-fold
260-97103 16 128 0.12 1 16-fold
262-101856 64 >128 0.12<x<0.25 16 4-fold
264-104354 32 >128 0.06<x<0.12 2 16-fold
91433° 32 >128 0.12<x<0.25 8 4-fold
100036 16 >128 0.12<x<0.25 4 4-fold
101243° 2 128 0.31 0.5 4-fold
101885 16 64 0.37 4 4-fold

a = MIC of minocycline in the presence of 8 pug/mL (5 uM) C1-PRP. ® = degree of antibiotic potentiation in the
presence of 8 pg/mL (5 uM) C12-PRP. ¢ = colistin-resistant. MDR = multidrug-resistant. XDR = extensively drug-
resistant.

The type of fatty acyl ligated to the peptide sequence PRPRPRP-NH2 is important for adjuvant
activity. Since the lead adjuvant C12-PRP was discovered from a synergy scan having a fixed 8
pg/mL (5 uM) SPRLP concentration, combinations of minocycline or rifampicin with other PRP
subset lipopeptides warranted further investigation. Therefore, we assessed the interaction of
either Cg-PRP, C16-PRP or Ad-PRP with minocycline or rifampicin by checkerboard assay. The
three synthetic SPRLPs displayed indifferent interaction with minocycline and rifampicin (see
Appendix Table 1-4 in Appendix I). Interestingly, C16-PRP did not display synergism with both
antibiotics even though our initial data suggested that it can disrupt and lyse membranes. These
data suggest that the aliphatic lipid C12 is optimal for amphiphilic SPRLPs to potentiate

minocycline and rifampicin against P. aeruginosa.

The D-lipopeptide counterpart of C12-PRP retains adjuvant potency. The amphiphilic C12-PRP is
considered susceptible to non-specific proteolytic degradation as host enzymes (e.g. human

proteases) easily recognize L-amino acid peptide bonds. Therefore, lead peptide agents typically
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undergo peptidomimetic modifications to increase serum stability (10, 33). We explored one
approach to optimize C1o-PRP by synthesizing the same sequence but with D- instead of L-amino
acids, yielding the D-lipopeptide analog C1o-prp. Peptide bonds formed by D-amino acids are
less prone to mammalian proteases (34). Similar to C12-PRP, C12-prp was found to be inactive
(MIC >128 pg/mL) against wild-type and clinical isolates of P. aeruginosa. The adjuvant
properties of C1o-PRP were retained but the potency was slightly reduced in the D-lipopeptide
analog. C12-prp potentiated minocycline and rifampicin against wild-type and MDR/XDR P.
aeruginosa (Tables 4-6 & 4-7). Furthermore, 8 pug/mL (5 uM) of C12-prp reduced the MIC of
minocycline (Table 4-6) and rifampicin (Table 4-7) below susceptibility breakpoints in some
MDR/XDR P. aeruginosa clinical isolates. These results suggest that C1>-PRP is pliable to
peptidomimetic alterations and that further lead optimizations are possible.

Table 4-5 Adjuvant potency of amphiphilic C12-PRP in combination with rifampicin (RMP)
against wild-type and MDR/XDR P. aeruginosa.

P. aeruginosa  MICrwp, MICc12- Absolute

strain pug/mL  pre,pg/mL  FICindex  MICrwp,? pg/mL  Potentiation®
PAO1 8 128 0.14 1 8-fold
259-96918 16 >128 0.01<x<0.14 2 8-fold
260-97103 16 128 0.16 2 8-fold
262-101856 512 >128 0.25<x<0.37 512 none
264-104354 8 >128 0.06<x<0.12 0.5 16-fold
91433° 16 >128 0.06<x<0.09 1 16-fold
100036 16 >128 0.01<x<0.14 1 16-fold
101243° 4 128 0.09 0.125 32-fold
101885 16 64 0.25 2 8-fold

3= MIC of rifampicin in the presence of 8 pg/mL (5 uM) C1-PRP. ? = degree of antibiotic potentiation in the presence
of 8 pg/mL (5 uM) C12-PRP. ¢ = colistin-resistant. MDR = multidrug-resistant. XDR = extensively drug-resistant.
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Table 4-6 Adjuvant potency of amphiphilic C12-prp in combination with minocycline (MIN)
against wild-type and MDR/XDR P. aeruginosa.

P.aeruginosa  MICwmin,  MICc12-pr, Absolute
strain pg/mL pg/mL FIC index  MICwmin,? ug/mL  Potentiation®

PAO1 8 >128 0.25<x<0.31 2 4-fold
259-96918 16 >128 0.12<x<0.25 4 4-fold
260-97103 16 >128 0.12<x<0.19 2 8-fold
262-101856 64 >128 0.12<x<0.25 16 4-fold
264-104354 32 >128 0.12<x<0.19 4 8-fold
91433°¢ 32 >128 0.12<x<0.19 4 8-fold
100036 16 >128 0.25<x<0.37 8 2-fold
101243° 4 >128 0.12<x<0.37 2 2-fold
101885 16 >128 0.25<x<0.37 8 2-fold

3= MIC of minocycline in the presence of 8 pg/mL (5 uM) C1-prp. ® = degree of antibiotic potentiation in the
presence of 8 pg/mL (5 uM) of all D-lipopeptide Ci2-prp. ¢ = colistin-resistant. MDR = multidrug-resistant. XDR =
extensively drug-resistant.

Amphiphilic C12-PRP is not cytotoxic to eukaryotic cells. Our initial assessment on the effect of
SPRLPs to eukaryotic membranes revealed that C1.-PRP is non-hemolytic. In fact, the
concentration that results in 5% red blood cell hemolysis for C1-PRP was >512 pug/mL. At 512
pg/mL (366 uM), C12-PRP only resulted in 4.6 + 0.2% hemolysis (Fig. 4-1A). We then evaluated
the potential toxicity of C1>-PRP against two eukaryotic cell lines, which include human liver
carcinoma HepG2 and human embryonic kidney HEK-293, by its ability to inhibit cellular
proliferation and cellular viability (see Appendix Table I-5 in Appendix I). We used colistin
(also known as polymyxin E) and adriamycin® as internal controls to represent clinically-used
peptide antibiotics and anticancer drugs, respectively. Amphiphilic C12-PRP did not inhibit
cellular proliferation of both cell lines (Fig. 4-1B and 4-1C) up to the highest concentration
tested (50 uM), notably 10-fold higher than the C1>-PRP’s adjuvant working concentration (5
MM). Interestingly, 1.5 puM of the antibiotic colistin inhibited proliferation of HepG2 cells to
50% (ICso). The anticancer drug adriamycin® inhibited growth of both cell lines at very low

concentrations. We further evaluated cytotoxicity by assessing the effect of the agents on the
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global oxidoreductive metabolism of cells through MTS assay (Fig. 4-1D and 4-1E). Both C1»-

PRP and colistin did not kill both cell lines up to the highest concentration tested (50 pM).

Congruent with results from the proliferation assay, adriamycin® drastically reduced viability of

both cell lines at low concentration. Our data presented herein strongly suggest that the

amphiphilic C12-PRP is not cytotoxic to eukaryotic cells.

Table 4-7 Adjuvant potency of amphiphilic C12-prp in combination with rifampicin (RMP)

against wild-type and MDR/XDR P. aeruginosa.

P.aeruginosa  MICrmp, MICc12-prp, Absolute
strain pg/mL pg/mL FIC index MICrwp,? ug/mL Potentiation®

PAO1 8 >128 0.12<x<0.19 1 8-fold
259-96918 16 >128 0.03<x<0.16 2 8-fold
260-97103 16 >128 0.06<x<0.19 4 4-fold
262-101856 512 >128 0.12<x<0.25 256 2-fold
264-104354 8 >128 0.12<x<0.25 2 4-fold
91433° 16 >128 0.12<x<0.14 2 8-fold
100036 16 >128 0.06<x<0.19 4 4-fold
101243° 4 >128 0.06<x<0.19 0.5 8-fold
101885 16 >128 0.12<x<0.25 4 4-fold

3= MIC of rifampicin in the presence of 8 ug/mL (5 uM) C1o-prp. © = degree of antibiotic potentiation in the

presence of 8 ug/mL (5 uM) of all D-lipopeptide Ci2-prp. ¢ = colistin-resistant. MDR = multidrug-resistant. XDR =

extensively drug-resistant.
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Figure 4-1 Evaluation for cytotoxicity of amphiphilic C12-PRP.

Cytotoxicity assessment of C12-PRP (red circle) via (A) hemolytic activity against erythrocytes,
(B) inhibition of cellular proliferation against human liver carcinoma HepG2 cells, (C) inhibition
of cellular proliferation against human embryonic kidney HEK-293 cells, (D) cytotoxic effects
against human liver carcinoma HepG2 cells and (E) cytotoxic effects against human embryonic
kidney HEK-293 cells. All experiments were performed in three or more replicates. Colistin (blue
square) and adriamycin® (green triangle) were used to represent clinically-used peptide antibiotics
and anticancer drugs, respectively. Error bars indicate standard deviation from three independent
experiments (n = 3).
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4.6. Conclusion

An amphiphilic short proline-rich lipopeptide that synergizes with two clinically-used antibiotics
was identified for the first time. The non-hemolytic lipopeptide C1o-PRP, with a short sequence of
C1-PRPRPRP-NH>, potentiates minocycline and rifampicin against wild-type and multidrug-
[extensively drug-resistant P. aeruginosa. More importantly, C12-PRP significantly reduced the
MIC of minocycline and rifampicin against P. aeruginosa below their interpretative susceptibility
breakpoints. Furthermore, our data strongly suggest that Ci2-PRP is non-cytotoxic. However,
instability to proteases remains a drawback. Our initial attempt of optimization by incorporating
D-amino acids retained the desired adjuvant property of the lipopeptide; and therefore C12-PRP
appeared to be amenable to peptidomimetic modification. Envisioned future work includes further
optimization to bestow protease stability and to enhance the adjuvant profile of C1-PRP, by
incorporating peptoids and unnatural amino acids to the C12-PRP structure. The in vivo efficacy of
the lipopeptide — antibiotic combination and mechanism of potentiation would then be elucidated
for the resulting optimized agent. Indeed, peptide-based antibacterial drug candidates such as
murepavadin (also known as POL7080) (35) and brilacidin (36), both in Phase-2 clinical trials,

were optimized to remove their ‘peptide-like’ nature prior to clinical validation.

4.7. Materials and methods

Peptide preparation. All lipopeptides were synthesized on solid-phase methylbenzhydrylamine
(MBHA) Rink amide resin following standard fluorenylmethyloxycarbonyl (Fmoc) chemistry
protocol (37, 38). Amino acids with reactive side-chain functional group were masked with
protecting groups inert to solid-phase peptide synthesis conditions yet labile upon peptide

cleavage from the solid support. Therefore, Fmoc-Arg(Pbf)-OH and Fmoc-Trp(Boc)-OH were
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purchased to prevent the guanidine and indole side-chains, respectively, to cause unwanted
reactions. The coupling reagent O-(benzotriazol-1-yl)-N,N,N’,N'-tetramethyluronium
tetrafluoroborate (TBTU) and N-methylmorpholine were used to induce peptide bond formation
between amino acids. All reagents and solvents were purchased from commercially available

sources and used without further purification.

SPRLPs were purified via reverse-phase flash chromatography using C18 (40-63 um) silica gel
purchased from Silicycle (USA). Purity was assessed by high-performance liquid
chromatography (HPLC) and were determined to be >95%. Each peptide was characterized
using nuclear magnetic resonance (NMR) and mass spectrometry (MS). One (*H and **C) and
two dimensional NMR experiments were performed on either a Bruker AMX-500 or AMX-300
(Germany). Electrospray ionization mass spectrometry (ESI-MS) experiments were performed
on Varian 500-MS ion trap mass spectrometer (USA) and high-resolution matrix-assisted laser
desorption ionization mass spectrometry (MALDI-MS) experiments were done on Bruker

Ultraflextreme mass spectrometer (Germany) coupled to a time-of-flight mass analyzer.

Bacterial strains. Isolates used in this study were either obtained from the American Type
Culture Collection (ATCC), the Canadian National Intensive Care Unit (CAN-ICU) surveillance
study (27) or the Canadian Ward Surveillance (CANWARD) study (28). Clinical isolates
belonging to the CAN-ICU and CANWARD studies were recovered from patients suffering
presumed infectious diseases entering or admitted in a participating medical center across
Canada during the time of study. MDR P. aeruginosa strains in this study refer to those that are

resistant to aminoglycosides, fluoroguinolones, cephalosporins, and carbapenems while XDR
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strains are those that are resistant to aminoglycosides, fluoroquinolones, cephalosporins,

carbapenems, aztreonam and penicillin + -lactamase inhibitor combination (37, 39).

Antimicrobial susceptibility assay. Microbroth dilution susceptibility test following the Clinical
and Laboratory Standards Institute (CLSI) guidelines (32) was performed to assess the in vitro
antibacterial activity of SPRLPs. Overnight grown bacterial cultures were diluted in saline
(0.85% NacCl) to achieve a 0.5 McFarland turbidity, followed by 1:50 dilution in Mueller-Hinton
broth (MHB) for inoculation to a final concentration of 5 x 10° colony forming units/mL. The
assay was done on a 96-well plates to which the agents of interest were 2-fold serially diluted in
MHB and incubated with equal volumes of inoculum at 37 °C for 18 hours. MIC was determined
as the lowest concentration to inhibit visible bacterial growth in form of turbidity, which was
confirmed using EMax Plus microplate reader (Molecular Devices, USA) at a wavelength of 590
nm. The well containing MHB broth with or without bacterial cells was used as positive or

negative controls, respectively.

Hemolytic assay. The ability of SPRLPs to lyse eukaryotic red blood cells was quantified by the
amount of hemoglobin released upon incubation with pig erythrocytes, following published
protocols (37, 40). Fresh pig blood drawn from pig antecubital vein was centrifuged at 1000 x g
for 5 minutes at 4 °C, washed with PBS three times and re-suspended in the same buffer,
consecutively. Then, agents of interest were 2-fold serially diluted in phosphate-buffered saline
(PBS) on 96-well plate and mixed with equal volumes of erythrocyte solution. Post 1-hour
incubation at 37 °C, intact cells were pelleted by centrifugation at 1000 x g for 5 minutes at 4 °C.

The supernatant was then transferred to a new 96-well plate. The hemoglobin released was
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measured via EMax Plus microplate reader (Molecular Devices, USA) at 570 nm wavelength.
Erythrocytes in PBS with or without 0.1% Triton X-100 were used as negative or positive

controls, respectively.

Synergy scan testing. The assay was performed on a 96-well plate, to which the agents of interest
were 2-fold serially diluted in working MHB. Prior to serial dilution, SPRLP was added to the
working MHB media so that a fixed final concentration of 8 pg/mL (5 puM) SPRLP per well was
achieved. To ensure that the assay was working, the MIC determination test of the studied
antibiotic (without SPRLP) was included on the same plate. Similar MIC results between the
assay comparator and an independent MIC determination test (on a different plate) ensured
validity of the synergy test. Overnight grown bacterial cultures were diluted in saline (0.85%
NaCl) to 0.5 McFarland turbidity, followed by 1:50 dilution in MHB (without SPRLP) and
inoculation into each well to a final concentration of approximately 5 x 10° colony forming
units/mL. Wells containing only MHB (without SPRLP) with or without bacterial cells were
used as positive or negative controls, respectively. The plate was then incubated at 37 °C for 18
hours and examined for visible turbidity, which was confirmed using EMax Plus microplate
reader (Molecular Devices, USA) at a wavelength of 590 nm. A 4-fold or more MIC reduction of
antibiotic in the presence of 8 ug/mL (5 uM) SPRLP denoted a positive synergy result and was

further validated by a checkerboard assay.

Checkerboard assay. The assay was done on a 96-well plate as previously described (39, 41).
The agent of interest was 2-fold serially diluted along the x-axis, while the adjuvant was 2-fold

serially diluted along the y-axis to create a matrix in which each well consists of a combination

121



of both at different concentrations. Overnight grown bacterial cultures were diluted in saline
(0.85% NacCl) to 0.5 McFarland turbidity, followed by 1:50 dilution in MHB and inoculation on
each well to a final concentration of approximately 5 x 10° colony forming units/mL. Wells
containing only MHB with or without bacterial cells were used as positive or negative controls,
respectively. The plate was incubated at 37 °C for 18 hours and examined for visible turbidity,
which was confirmed using EMax Plus microplate reader (Molecular Devices, USA) at a
wavelength of 590 nm. Fractional inhibitory concentration (FIC) of antibiotic was calculated by
dividing the MIC of antibiotic in the presence of adjuvant by the MIC of antibiotic alone.
Similarly, the FIC of adjuvant was calculated via dividing the MIC of adjuvant in the presence of
antibiotic by the MIC of adjuvant alone. FIC index was obtained by the summation of both FIC
values. FIC index was interpreted as synergistic, indifferent or antagonistic for values of <0.5,

0.5<x<4 or >4, respectively (31).

Proliferation assay. The CyQuant Direct cell proliferation assay kit (ThermoFisher, Canada) was
used to assess the effect of C12-PRP on cell proliferation according to the manufacturer’s
protocol. Briefly, human embryonic kidney cells (HEK-293) and HepG2 cells were grown in
Dulbecco’s Modified Eagle’s Medium supplemented with 10% fetal bovine serum. The cells
were dispersed into 96-well plates (8000 cells/well in 100 pl). Wells with media but no cells
were used as blanks. After 24 hours, varying concentrations of C1.-PRP, colistin and
Adriamycin® were added to the wells containing cells but also the blanks. After incubation of
the cells with the compounds for 48 hours, the CyQuant Direct detection reagent was added to
the wells. Plates were incubated at 37 °C for 1 hour and the fluorescence (Excitation 480nm /

Emission 535nm) was read using a SpectraMax M2e (Molecular Devices, USA). As a positive
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control, CyQuant Direct detection reagent was added to a plate with untreated cells, incubated
for 1 hour followed by fluoresecence reading. The number of cells in each well was determined
by detaching the cells by trypsin followed by counting on a CoulterZM counter to ensure an

approximate equal number of cells per well.

Cytotoxicity assay. The cytotoxic effect of C12-PRP was assessed by measuring their effect on
the viability of HEK-293 or HepG2 cells. The cells were dispersed into 96-well plates, and after
24 hours, C12-PRP, colistin or Adriamycin® were added as described in the proliferation assay.
After incubation for 48 hours, the viability of the cells was determined with the MTS reagent

(Promega, Canada) as previously described (42).

Statistical analysis. Data herein represents the mean + standard deviation (error bars) of at least
three independent experiments. The null hypothesis was evaluated via one-way analysis of

variance (ANOVA), where the confidence interval was set to be 95% (*p < 0.05).
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4.10. Concluding remarks

This chapter highlighted my efforts in developing short peptide-based adjuvants that were inspired
by proline-rich antimicrobial peptides. The lead short proline-rich lipopeptide C1>-PRPRPRP-NH>
appeared to be a potent adjuvant partner that revitalize the activity of minocycline and rifampin
against P. aeruginosa, to which lipopeptide showed no sign of cytotoxicity and hemolytic activity.
Indeed, combination therapy of this lipopeptide with partner antibiotics may be a viable treatment

for P. aeruginosa infections in the future.

Note that complimentary data for this Chapter is provided in Appendix I.

130



Chapter 5: Development of dilipid ultrashort cationic lipopeptides as

adjuvants

This chapter is based on my publication:

Ronald Domalaon, Marc Brizuela, Benjamin Eisner, Brandon Findlay, George G. Zhanel, Frank
Schweizer. 2018. Dilipid ultrashort cationic lipopeptides as adjuvants for chloramphenicol and
other conventional antibiotics against Gram-negative bacteria. Amino Acids (Epub ahead of print).

doi: 10.1007/s00726-018-2673-9.

Reproduced with permission.

5.1. Introductory remarks

As discussed in Chapter 1, ultrashort cationic lipopeptides were developed to mimic wanted
biological activity of naturally-occurring antimicrobial peptides but in a much shorter scaffold of
< 5 amino acids. In this chapter, an additional lipid component (with varying carbon-length) was
appended to ultrashort cationic lipopeptides to yield dilipid compounds in order to modulate
warranted biological activity relative to toxicity that may result from increasing hydrophobicity.
Moreover, the viability of these dilipid ultrashort cationic lipopeptides as adjuvant partner in
combination with chloramphenicol, and other clinically-used antibiotics, against multidrug-

resistant Gram-negative bacteria was explored.

5.2. Contributions of authors

Benjamin Eisner, with the guidance of Brandon Findlay, prepared and purified all lipopeptides for

this study. Ronald Domalaon and Benjamin Eisner characterized all purified compounds. Ronald
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Domalaon and Marc Brizuela evaluated the microbiological activity of all the lipopeptides alone
and in combination with other antibiotics in this study. George G. Zhanel and Frank Schweizer
guided the antimicrobial evaluation of the compounds. Ronald Domalaon evaluated the hemolytic
activity of the compounds. Ronald Domalaon interpreted all the chemical and biological data with
helpful insights from George G. Zhanel and Frank Schweizer. All authors were responsible for the

final form of this research article.

5.3. Abstract

The necessity to develop therapeutic agents and strategies to abate the spread of antibiotic-resistant
pathogens is prominent. Antimicrobial peptides (AMPs) provide scaffolds and inspirations for
antibiotic development. As an AMP of shorter scaffold, eight dilipid ultrashort cationic
lipopeptides (dUSCLSs) were prepared consisting of only four amino acids and varying dilipids.
Lipids were acylated at the peptide N-terminus and the e-amine side-chain of the N-terminal L-
lysine. Compounds that possess aliphatic dilipids of >11 carbons-long showed significant
hemolysis and therefore limited therapeutic application. Several non-hemolytic dUSCLs were
identified to enhance the activity of chloramphenicol and other conventional antibiotics against
Gram-negative bacteria. Compounds 2 and 6 that have a short peptide sequence of KKKK and
KKGK, respectively, and are both acylated with an aliphatic dilipid of nine carbons-long
potentiated chloramphenicol against MDR clinical isolates of Pseudomonas aeruginosa,
Acinetobacter baumannii and Enterobacteriaceae. Both dUSCLs showed comparable adjuvant
potency in combination with chloramphenicol. However, dUSCL 2 synergized with a wider span
of antibiotic classes against P. aeruginosa relative to dUSCL 6 that included rifampicin,

trimethoprim, minocycline, fosfomycin, piperacillin, ciprofloxacin, levofloxacin, moxifloxacin,
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linezolid and vancomycin. Our data revealed that dUSCLs can indirectly disrupt active efflux of
chloramphenicol in P. aeruginosa. This along with their membrane permeabilizing properties may
explain the dUSCLs synergistic combination with conventional antibiotics against Gram-negative

bacteria.

5.4. Introduction

Antimicrobial peptides (AMPSs) present an attractive reservoir of potential therapeutic agents to
treat infectious diseases (1). These naturally-occurring AMPs are produced by animals and bacteria
to defend themselves from invading pathogens. Most AMPs, especially those with inherent overall
positive charge at physiological pH, eradicate bacteria via membrane permeabilization and cell
lysis (2, 3). However, protease instability limits their therapeutic usage. Moreover, the sheer size
of typical AMPs (normally =10 amino acids-long) confers a disadvantage on their production cost.
Ultrashort cationic lipopeptides (USCLs) mimic the bioactivity of longer AMPs through a small
peptide composed of <5 amino acids that is acylated at the N-terminus (4), providing drug
candidates with a relatively short scaffold to optimize. An overall amphiphilic character is crucial
to the activity of AMPs and thus is incorporated in the USCL design through the use of hydrophilic

amino acids and hydrophobic lipids.

Several structure-activity relationship studies have been reported by our group and others that
provide meaningful insights to guide the development of bioactive USCLs. For instance, the
presence of at least two protonatable amine groups (perceived to be protonated at physiological
pH and therefore bestow cationic charge) was found crucial to yield agents with antibacterial

activity (5). Constraining the typically flexible amino acid side-chain in a rigidified cyclic ring
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seemed to be detrimental for activity (6). Hydrophobic lipids of >14 carbons-long appeared
necessary to eradicate pathogens (7). However, substantial hemolysis of red blood cells occurred
with lipids of =16 carbons-long (7). In an attempt to adjust hydrophobicity, dilipid USCLs
(dUSCLs) have been developed possessing two shorter instead of one longer lipid to modulate
antibacterial activity relative to unwanted toxicity. So far, several membrane-acting dUSCLs have
been reported to possess potent antibacterial activity against Gram-positive and Gram-negative

bacteria with little hemolytic activity (8, 9).

Combination therapy of AMPs and conventional antibiotics has been identified as a viable strategy
to eradicate antibiotic-resistant pathogens (10, 11). In this approach, the antibacterial activity of
AMPs may work in synergy with an antibiotic and thus achieve enhanced bacterial killing.
However, it is also possible that AMPs with limited activity may still help maximize antibiotic
potency by allowing enhanced membrane permeation of the antibiotic resulting in an increased
intracellular accumulation. The naturally-occurring 18-residue cationic peptide novicidin was
reported to synergize with rifampicin, ceftriaxone and ceftazidime against antibiotic-resistant
Enterobacteriaceae (12). Other naturally-occurring AMPs such as nisin Z and pediocin PA-1 were
also described to potentiate several classes of antibiotics, including chloramphenicol, against
antibiotic-resistant Pseudomonas fluorescens (13). Synthetic AMPs that act on bacterial
membranes were also reported in combination with antibiotics. For instance, the synthetic 18-
residue leucine-lysine-rich peptide P5 was found to synergize with chloramphenicol against Gram-
positive and Gram-negative bacteria (14). Moreover, the synthetic 26-residue a-helical peptide
PL5 was demonstrated to enhance the efficacy of levofloxacin in a Staphylococcus aureus wound

infection mouse model (15). Since most AMPs act on bacterial membranes, synergy with
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antibiotics was likely due to membrane permeabilization and disorganization that led to an

increased intracellular antibiotic concentration.

Most reported AMPs that enhanced the activity of conventional antibiotics have been composed
of 210 amino acids. However, we recently demonstrated that even a short proline-rich lipopeptide,
consisting of only 7 amino acids linked to a 12 carbons-long lipid, can synergize with rifampicin
and minocycline against multidrug-resistant (MDR) Pseudomonas aeruginosa clinical isolates
(16). We wondered whether even shorter AMPs such as USCLs have the ability to potentiate
conventional antibiotics against antibiotic-resistant bacteria. Herein, we report the development of
new dUSCLs (Fig. 5-1) with varying lipid components (Fig. 5-2) and their antibacterial evaluation
against Gram-positive and Gram-negative pathogens. More importantly, we demonstrate that
dUSCLs can potentiate chloramphenicol and other conventional antibiotics against wild-type and

MDR clinical isolates of Gram-negative bacteria.

Llpld Llpld
Structure: i { \)L ﬁ: \)LNHQ Liia J;(H \)LN“H/”\)LNHQ
NHQ NH2 NHQ NH2
Abbreviation: Dilipid-KKKK-NH, Dilipid-KKGK-NH,

Figure 5-1 General chemical structure and abbreviation of dilipid ultrashort cationic lipopeptides
(dUSCLS) in this study.

Peptide N-terminus and e-amine side-chain of L-lysine at position 1 were acylated with various
lipids while peptide C-terminus was amidated.
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Compound

Lipid component (C,) | Dilipid-KKKK-NH, | Dilipid-KKGK-NH,
N (67 (1) (5)
e (Cg) (2) (6)
A (Cy) (3) @)
N (Cra) (4) (8)

Figure 5-2 Eight dilipid ultrashort cationic lipopeptides (dUSCLs) differing in their lipid
component.

Aliphatic lipids used ranged from seven (C7) to fourteen (C14) carbons-long.

5.5. Results and discussion

Dilipid ultrashort cationic lipopeptides (dUSCLSs) acylated with two aliphatic lipids. Adequate
lipid hydrophobicity is crucial for USCLs to effectively lyse bacterial cells (7). This selective
action is due to the cationic peptide portion of USCL that electrostatically interact with the anionic
bacterial membranes over zwitterionic eukaryotic membranes. However, too high hydrophobic
moment leads to non-specific membrane lysis of eukaryotic cells such as red blood cells resulting
in toxicity. To work around this conundrum, dUSCLSs are prepared by acylating two shorter instead
of one longer lipid to maximize hydrophobic input for better antibacterial activity while

minimizing the propensity for toxicity (17).
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All the dUSCLs were synthesized via solid-phase peptide synthesis following an Fmoc-strategy
on an MBHA Rink amide resin. We incorporated our previously reported USCL tripeptide
sequence of KKK and KGK (7), where K indicate L-lysine and G indicates glycine, into the
dUSCL design (Fig. 5-1) and added another K at amino acid position 1 (K1) as a point of
attachment of the dilipid. The peptide N-terminus and -amine side-chain of K; were then acylated
with various lipids (Fig. 5-2) consisting of seven (C7) to fourteen (C14) carbons-long, affording us
eight dUSCLs. As a result of using an MBHA-based resin, the C-terminus of dUSCLs were

amidated.

Peptide sequence and dilipid length of dUSCL influenced antibacterial activity. The antibacterial
activity of dUSCLs was evaluated against Gram-positive and Gram-negative bacteria (Table 5-1),
most of which were MDR clinical isolates. Minimum inhibitory concentration (MIC) or the lowest
concentration of the agent to inhibit bacterial growth were assessed. Out of the eight dUSCLs,
compound 3 displayed good broad spectrum activity (MIC of 8 ug/mL) against all Gram-positive
bacteria and Escherichia coli isolates in the panel. Moderate activity (MIC of 32 ug/mL) was
observed for dUSCL 3 against P. aeruginosa strains while limited activity was found against the
rest of the Gram-negative bacteria in the panel. The peptide sequence KKKK appeared to be better
as dUSCLs with the KKGK sequence displayed relatively poor antibacterial activity (Table 5-1).
For instance, dUSCL 7 displayed poor activity (MIC of 64 or 128 ug/mL) against Gram-positive
bacteria and E. coli even though it was a direct counterpart of 3, both consisting of eleven carbons-
long (C11) dilipids but different peptide sequences (Fig. 5-2). This difference in activity may be
attributed to the number of protonatable amine side-chain groups (thus, possible cationic charges)

in KKKK (+3 charges) relative to KKGK (+2 charges) sequences. It should be noted that the &-
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amine side-chain of K1 was acylated and therefore did not have a protonatable group. Compound
2 demonstrated moderate activity (MIC of 16-32 ug/mL) against Gram-positive bacteria only. The
length of the dilipid was found to influence antibacterial activity. Hydrophobicity in dUSCLs
appeared to have a certain threshold that aliphatic dilipids consisting of nine (Co) to eleven (Ci11)

carbons were optimal to yield favorable antibacterial activity (Table 5-1).
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Table 5-1 Antibacterial activity of dilipid USCLs (dUSCLs) against laboratory reference and
multidrug-resistant clinical isolates of Gram-positive and Gram-negative bacteria

MIC, ng/mL

Organism 1 2 3 4 5 6 7 8

S. aureus ATCC 29213 >512 32 8 128 128 64 64 >256
MRSA? ATCC 33592 512 32 8 128 128 64 64 >256
MSSEP CANWARD-2008 81388 512 32 8 64 128 32 64 256
MRSE® CAN-ICU 61589 512 16 8 64 128 32 64 256
E. faecalis ATCC 29212 512 32 8 128 256 32 64 256
E. faecium ATCC 27270 512 32 8 32 128 64 64 256
E. coli ATCC 25922 >512 256 8 256 128 256 128 >256
E. coli CAN-ICU 61714 >512 256 8 128 >512 256 128 >256
E. coli CAN-ICU 63074 512 256 8 128 512 256 128 >256
E. coli CANWARD-2011 97615 >512 128 8 256 >512 256 128 >256
P. aeruginosa ATCC 27853 >512 256 32 256 >512 256 256 >256
P. aeruginosa CAN-ICU 62308 512 128 32 128 >512 256 256 >256
P. aeruginosa CANWARD-2011 96846 >512 256 32 256 >512 256 256 >256
S. maltophilia CAN-ICU 62584 >512 512 128 256 >512 >512 512 >256
A. baumannii CAN-ICU 63169 >512 256 128 512 >512 256 512 >256
K. pneumoniae ATCC 13883 >512 512 128 512 256 128 256 >256

a = methicillin-resistant Staphylococcus aureus; ® = methicillin-susceptible Staphylococcus epidermidis; © =
methicillin-resistant S. epidermidis.

Dilipids of longer length resulted in hemolysis. To address the concern that augmented
hydrophobicity may lead to non-specific cell lysis, we evaluated the propensity of dUSCLSs to lyse
eukaryotic red blood cells by measuring the amount of heme release upon addition at 50, 100 and
500 pg/mL of peptide (Table 5-2). As expected, dUSCLs comprising of longer aliphatic lipids
elicited high hemolysis. For instance, compounds 4 and 8 that both contain C14 dilipid resulted in
42.10% and 30.50% hemolysis, respectively, at 100 ug/mL. The most potent dUSCL 3 appeared
to be too hemolytic for therapeutic use, that 23.72% hemolysis was observed at 100 pg/mL.
However, dUSCLs with shorter dilipid of C7 to Cq did not produce appreciable hemolysis at 100
ug/mL. For instance, 100 pg/mL of dUSCL 2 and 6 that both consist of Cg dilipid resulted in only

2.07% and 3.78% hemolysis.
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Table 5-2 Concentration-dependent hemolytic activity of dilipid ultrashort cationic lipopeptides
(dUSCLs) against red blood cells

% Hemolysis (with respect to control?)
elicited at respective concentration
dUSCLs 500 ug/mL 100 pg/mL 50 pg/mL

1 1.03 0.75 1.03
2 22.44 2.07 1.53
3 96.40 23.72 2.32
4 97.97 42.10 1.00
5 2.21 1.10 1.00
6 74.28 3.78 1.21
7 36.78 19.73 13.66
8 77.00 30.50 22.23

a

control used was 0.1% Triton X-100.

dUSCLs synergized with chloramphenicol against wild-type P. aeruginosa. We then evaluated the
dUSCLs as adjuvants in combination with conventional antibiotics against Gram-negative
bacteria. Adjuvants are biomolecules used in combination therapy that enhance antibacterial
efficacy of antibiotics by either increasing their intracellular accumulation (e.g. membrane
permeabilizers and efflux-pump inhibitors), preventing their inactivation (enzyme inhibitors) or
targeting other pathways that incapacitate bacteria to resist their effect (anti-virulence and two-
component system inhibitors) (18). A synergistic adjuvant-antibiotic combination is expected to
exhibit enhanced bacterial killing relative to monotherapy. We decided to explore the effect of
dUSCLs on the antibacterial activity of chloramphenicol against P. aeruginosa. Chloramphenicol
is a bacteriostatic antibiotic that inhibits bacterial protein synthesis and is on the World Health
Organization’s list of essential medicines (19). Resistance to chloramphenicol is commonly
attributed to overexpression of efflux pumps and inactivating enzymes (such as chloramphenicol
acetyltransferases) but as well as to a decrease in membrane permeability, especially in Gram-

negative pathogens (20).
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Several large amphiphilic AMPs have been reported to enhance the antibiotic efficacy of
chloramphenicol against Gram-negative bacteria (13, 14). Therefore, we were curious whether
dUSCLs can also exhibit this property. Interactions between dUSCLs and chloramphenicol were
assessed via fractional inhibitory concentration (FIC) index, to which a value 0of <0.5, 0.5<x<4 and
>4 were interpreted as synergistic, additive and antagonistic interactions, respectively. We
identified five out of eight dUSCLs that synergized with chloramphenicol against wild-type P.
aeruginosa PAOL (Table 5-3). Compound 2 appeared to be the most promising adjuvant as it
potentiated chloramphenicol the best (FIC index of 0.094) and that it induced low red blood cell
hemolysis (Table 5-2). Furthermore, the MIC of chloramphenicol was reduced 32-fold (from 32

to 1 pg/mL) in the presence of only 8 ug/mL (7 uM) of dUSCL 2.

Table 5-3 Evaluation for synergy of combinations consisting of dilipid ultrashort cationic
lipopeptides (dUSCLSs) and chloramphenicol (CHL) against wild-type P. aeruginosa PAO1

MICauscL MICchL Absolute
[M |Ccombo], [M |Ccomb0], M |CCH|_,a
dUSCL ug/mL ug/mL FIC index Interpretation  pg/mL  Potentiation®
1 >128 [8] 32[8] 0.250<x<0.312 Synergy 8 4-fold
2 128 [8] 32 [1] 0.094 Synergy 1 32-fold
3 32 [8] 32 [1] 0.281 Synergy 1 32-fold
>128 32 [16] 0.500<x<0.502 Additive 16 2-fold
4 [0.25]
>128 32 [16] 0.500<x<0.502 Additive 16 2-fold
5 [0.25]
6 64 [16] 32 [1] 0.281 Synergy 16 2-fold
7 >128 [8] 32[8] 0.250<x<0.312 Synergy 16 2-fold
8 128 [0.25] 32 [16] 0.502 Additive 16 2-fold

3= MIC of CHL in the presence of 8 pg/mL dUSCL. ° = degree of CHL potentiation in the presence of 8 pg/mL
dUSCL.
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Similar to the trend observed for antibacterial activity, there appeared to be a hydrophobic
threshold needed for dUSCL to exhibit adjuvant property. Dilipid components of Cy to Ciz
appeared to be optimal for dUSCLSs to synergize with chloramphenicol. Interestingly, the peptide
sequence seemed to affect the ability of dUSCLs to act as adjuvant. Compound 6, which was the
counterpart of 2 as both consist of the same dilipid components, displayed synergism with
chloramphenicol but at a relatively higher FIC index of 0.281. The only difference between
dUSCL 2 (KKKK) and dUSCL 6 (KKGK) was their peptide sequences. Hereon, we assessed both

dUSCLs for their ability to enhance conventional antibiotics in Gram-negative bacteria.

Synergy between dUSCL and chloramphenicol was retained against MDR clinical isolates of P.
aeruginosa. Synergism between dUSCLs and chloramphenicol was further assessed against five
MDR clinical isolates of P. aeruginosa. Chloramphenicol alone had very limited activity (MIC of
128 to >512 pg/mL) against the five MDR P. aeruginosa strains (Table 5-4). Similar to the results
observed against the wild-type P. aeruginosa strain PAOL, both compounds 2 and 6 potentiated
chloramphenicol against all MDR P. aeruginosa strains tested (Table 5-4). For instance, 8 ug/mL
(7 uM) of both dUSCLs 2 and 6 reduced the MIC of chloramphenicol 128-fold (from 128 to 1
ug/mL) against MDR P. aeruginosa PA260-97103. No difference in the degree of
chloramphenicol potentiation against tested MDR P. aeruginosa clinical isolates was observed for
both dUSCLs 2 and 6, and therefore the slight difference in peptide sequence (KKKK vs KKGK)

appeared not to play a role in their adjuvant property against clinical isolates.
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Table 5-4 Evaluation for synergy of combinations consisting of dilipid ultrashort cationic
lipopeptides (dUSCLs) 2 or 6 and chloramphenicol (CHL) against MDR clinical isolates of P.
aeruginosa

MICguscL MICchL Absolute

[M | Ccombo] [M |Ccombo], Ml CCHL,El
Organism dUSCL , pug/mL pg/mL FIC index Interpretation ~ pg/mL  Potentiation®
P.aeruginosa 2 >64 [16] >512 [16] x<0.281 Synergy 32 >16-fold
PA259-96918 6 64 [16] >512 [8] 0.250<x<0.265 Synergy 16 >32-fold
P.aeruginosa 2 >64 [8] 128 [1] 0.125<x<0.133 Synergy 1 128-fold
PA260-97103 6 64 [8] 128 [1] 0.133 Synergy 1 128-fold
P.aeruginosa 2 >64 [2] >512 [128] x<0.281 Synergy 32 >16-fold
PA262-101856 6 >64 [8] >512 [64] x<0.250 Synergy 64 >8-fold
P. aeruginosa 2 >64 [16] >512 [32] x<0.312 Synergy 64 >8-fold
PA264-104354 6 >64 [2] >512 [128] x<0.281 Synergy 32 >16-fold
P.aeruginosa 2 >64 [16] 512 [4] 0.008<x<0.258 Synergy 8 64-fold
100036 6 64 [16] 512 [8] 0.266 Synergy 16 32-fold

3= MIC of CHL in the presence of 8 pg/mL dUSCL. ° = degree of CHL potentiation in the presence of 8 pg/mL
dUSCL. MDR = multidrug-resistant.

dUSCLs can disrupt active efflux of chloramphenicol in P. aeruginosa. While amphiphilic AMPs
and dUSCLs are known to permeabilize bacterial membranes (8, 13) that may result in synergism
with conventional antibiotics, we wondered whether dUSCLs can also affect active efflux. This is
especially important since the intracellular chloramphenicol concentration is significantly affected
by efflux (20). In P. aeruginosa, chloramphenicol is a known substrate of MexAB-OprM, MexCD-
OprJ and MexXY-OprM efflux systems (21). To study the effect of efflux, we compared the
potentiation of chloramphenicol by dUSLCs 2 and 6 against wild-type PAO1 and two efflux-
deficient (PAO200 and PAO750) P. aeruginosa strains (Fig. 5-3). P. aeruginosa PA0O200 lacked
the MexAB-OprM efflux pump while P. aeruginosa PAO750 lacked five clinically-relevant
pumps (MexAB-OprM, MexCD-OprJ, MexEF-OprN, MexJK and MexXY) and outer membrane
protein OpmH. As expected, chloramphenicol was greatly affected by efflux as we observed a 32-
fold decrease in MIC from wild-type PAO1 (MIC of 32 ug/mL) to both efflux-deficient PAO200
and PAO750 strains (MIC of 1 pg/mL against both strains) (see Appendix Table 1I-1).

Interestingly, the synergism found against wild-type PAO1 was not observed against PAO200 nor
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PAQO750 for the combination of dUSCLs and chloramphenicol (Fig. 5-3). It appeared that
knocking-out these efflux systems in P. aeruginosa negated the ability of dUSCLs to enhance the
antibacterial activity of chloramphenicol. This strongly suggests that amphiphilic dUSCLs can
disrupt active efflux in P. aeruginosa that may result in potentiation of chloramphenicol. While
further biochemical studies are needed, these membrane-acting dUSCLs suggestively may block
efflux indirectly by either (1) sequestering lipids surrounding the transmembrane protein of efflux
pumps that result in conformational change and inactivation or (2) by affecting the proton motive
force in the inner membrane required to energize these efflux systems. We also do not discredit
the possibility of these dUSCLs to interact directly with efflux pumps by “clogging” their pores.
Nonetheless, dUSCLs can synergize with a partner antibiotic by enhancing their intracellular
accumulation through permeabilization of bacterial membranes and/or disruption of active efflux

leading to increased intracellular concentration.

144



EdUSCL 2

0.5 + -
BdUSCL 6

FIC index

0.25 +

P. aeruginosa PAO1 P. aeruginosa PAO200 P. aeruginosa PAO750
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Figure 5-3 Differences in fractional inhibitory concentration (FIC) index of combinations
consisting of chloramphenicol and either dilipid ultrashort cationic lipopeptides (dUSCLs) 2 or 6
against wild-type PAOL1 and efflux-deficient (PAO200 and PAO750) P. aeruginosa strains.

Efflux-deficient strain PAO200 lacked the MexAB-OprM pump while PAO750 lacked five
clinically-relevant pumps (MexAB-OprM, MexCD-OprJ, MexEF-OprN, MexJK and MexXY)
and outer membrane protein OpmH. Synergy was lost in efflux-deficient P. aeruginosa strains.
Red dashed line denotes the cutoff FIC index of <0.5 for synergistic interaction.

Antibacterial activity of chloramphenicol was enhanced by dUSCLs against other MDR Gram-
negative bacteria. Synergy between dUSCLs and chloramphenicol was then assessed in other
Gram-negative bacteria including Acinetobacter baumannii (5), E. coli (4), Klebsiella pneumoniae
(3) and Enterobacter cloacae (1). Both dUSCLs 2 and 6 potentiated chloramphenicol against four
out of five A. baumannii strains (Table 5-5), including the wild-type ATCC 17978 strain and MDR
strains AB027, AB031 and 110193. Only additive interactions were found for the combinations

against A. baumannii LAC-4 (Table 5-5), which may be attributed to phenotypic differences

between the tested clinical isolates. Both dUSCLs also reduced the MIC of chloramphenicol
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against Enterobacteriaceae. Compound 6 potentiated chloramphenicol against all strains while
compound 2 was able to do so for only three out of four tested E. coli strains (Table 5-6). Both
dUSCLs synergized with only one out of three MDR K. pneumoniae strains tested while they both
synergized with MDR E. cloacae 117029 (Table 5-6). These data show that dUSCLs 2 and 6 can
potentiate the antibacterial activity of chloramphenicol against a panel of Gram-negative
pathogens. However, it appeared that phenotypic variations between isolates affected the observed
activity of the combination, suggesting that other resistance mechanisms besides reduced
permeability and efflux were likely operational such as expression of chloramphenicol-

inactivating enzymes.

Table 5-5 Evaluation for synergy of combinations consisting of dilipid ultrashort cationic
lipopeptides (dUSCLSs) 2 or 6 and chloramphenicol (CHL) against wild-type and MDR clinical
isolates of A. baumannii

MICquscL MICchL Absolute

[Mlccombo] [M |Ccombo], MlCCHL,a
Organism dUSCL , ng/mL pg/mL FIC index Interpretation pug/mL  Potentiation®
A. baumannii 2 64 [2] 128 [32] 0.281 Synergy 32 4-fold
ATCC 17978 6 64 [8] 128 [32] 0.375 Synergy 32 4-fold
A. baumannii 2 64 [8] 128 [16] 0.250 Synergy 16 8-fold
AB027 6 >64 [8] 128 [16] 0.125<x<0.250 Synergy 16 8-fold
A. baumannii 2 32 2] 128 [32] 0.312 Synergy 32 4-fold
AB031 6 >64 [8] 128 [32] 0.250<x<0.375 Synergy 32 4-fold
A. baumannii 2 81[2] 32 [16] 0.750 Additive NA°® NAS
LAC-4 6 16 [2] 32 [16] 0.625 Additive NA® NA®
A. baumannii 2 64 [2] 128 [16] 0.312 Synergy 16 8-fold
110193 6 >64 [8] 128 [16] 0.125<x<0.250 Synergy 16 8-fold

3= MIC of CHL in the presence of 8 pg/mL dUSCL. " = degree of CHL potentiation in the presence of 8 pg/mL
dUSCL. ¢ = not applicable as the MIC of dUSCL was at or 2-fold closer to 8ug/mL. MDR = multidrug-resistant.
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Table 5-6 Evaluation for synergy of combinations consisting of dilipid ultrashort cationic
lipopeptides (dUSCLs) 2 or 6 and chloramphenicol (CHL) against wild-type and MDR clinical
isolates of Enterobacteriaceae

MICquscL MICchL Absolute
[M | Ccombo] [M |Ccombo], Ml CCHL,El
Organism dUSCL , pug/mL pg/mL FIC index Interpretation ~ pg/mL  Potentiation®
E.coli ATCC 2 32 [4] 4[1] 0.375 Synergy 1 4-fold
25922 6 64 [4] 4[1] 0.312 Synergy 1 4-fold
E.coli94393 2 32 [0.25] 412] 0.508 Additive 2 2-fold
6 64 [8] 4[1] 0.375 Synergy 1 4-fold
E.coli 94474 2 64 [2] 512 [128] 0.281 Synergy 128 4-fold
6 64 [4] 512 [128] 0.312 Synergy 128 4-fold
E. coli 107115 2 64 [2] 512 [16] 0.062 Synergy 16 32-fold
6 64 [16] 512 [16] 0.281 Synergy 32 16-fold
K. pneumoniae 2 >64 [0.25] 4 [4] 1<x<1.004 Additive 4 1-fold
113250 6 >64 [16] 412] 0.500<x<0.750 Additive 4 1-fold
K. pneumoniae 2 >64 [0.25] 2[2] 1<x<1.004 Additive 2 1-fold
113254 6 >64 [8] 412] 0.500<x<0.625 Additive 2 2-fold
K. pneumoniae 2 >64 [4] >512 [128] x<0.312 Synergy 128 >4-fold
116381 6 >64 [16] >512[128] x<0.500 Synergy >512 1-fold
E. cloacae 2 >64 [8] 8[1] 0.125<x<0.250 Synergy 1 8-fold
117029 6 >64 [8] 8[1] 0.125<x<0.250 Synergy 1 8-fold

3= MIC of CHL in the presence of 8 pg/mL dUSCL. ° = degree of CHL potentiation in the presence of 8 pg/mL
dUSCL. MDR = multidrug-resistant.

To test whether the observed chloramphenicol potentiation was specific to dUSCLs, three
clinically-used  cationic  amphiphile/surfactant comparators  (benzethonium  chloride,
benzalkonium chloride and cetrimonium bromide) were assessed in combination with
chloramphenicol against wild-type P. aeruginosa PAOL, A. baumannii ATCC 17978 and E. coli
ATCC 25922. As shown in Fig. 5-4, none of the comparators were able to potentiate

chloramphenicol suggesting that this adjuvant property is specific to dUSCLs 2 and 6.
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Figure 5-4 Fractional inhibitory concentration (FIC) indices of combinations consisting of
chloramphenicol (CHL) and either dilipid ultrashort cationic lipopeptides (dUSCLSs) or clinically-
used cationic amphiphiles against wild-type Gram-negative bacteria.

Benzethonium chloride, benzalkonium chloride and cetrimonium bromide were used as
comparators of commonly used antiseptics/surfactants. All used cationic amphiphile comparators
did not synergize with CHL against Gram-negative bacteria. Red dashed line denotes the cutoff
FIC index of <0.5 for synergistic interaction.

dUSCLs also potentiated other antibiotics against P. aeruginosa. Besides chloramphenicol, we
explored whether dUSCLs 2 and 6 can potentiate other classes of antibiotics against P. aeruginosa.
We studied a panel containing fifteen antibiotics that included aminoglycosides, B-lactams,
fluoroquinolones, fosfomycin and other antibiotics that have activity only against Gram-positive
bacteria (Fig. 5-5). Compound 2 potentiated ten out of fifteen clinically-used antibiotics against P.
aeruginosa PAOL1 (Fig. 5-5). Synergism was observed with antibiotics that were greatly affected

by efflux (trimethoprim, minocycline, fosfomycin, piperacillin, ciprofloxacin, levofloxacin,

moxifloxacin and linezolid) and those with restricted permeation across outer membrane
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(rifampicin and vancomycin). On the other hand, dUSCL 6 only potentiated seven out of fifteen
antibiotics against P. aeruginosa PAOL1 (Fig. 5-5), including rifampicin, minocycline, fosfomycin,
piperacillin, levofloxacin, moxifloxacin and linezolid. Our results suggest that the antibiotic
potentiation effects are sequence-dependent and that dUSCL 2 can enhance a wider range of
antibiotic classes relative to dUSCL 6 against P. aeruginosa, presumably by increasing their

intracellular accumulation.
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Figure 5-5 Adjuvant profile of dilipid ultrashort cationic lipopeptides (dUSCLs) 2 and 6 in
combination with fifteen clinically-used antibiotics against wild-type P. aeruginosa PAO1 strain.

The fractional inhibitory concentration (FIC) index of aztreonam with dUSCL 6 was 0.504 and
therefore not synergistic. Data for chloramphenicol not included in the figure. Red dashed line
denotes the cutoff FIC index of <0.5 for synergistic interaction.
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5.6. Conclusion

An attempt to develop dUSCLs possessing potent antibacterial activity was described. We found
that dUSCLs consisting of 211 carbons-long aliphatic dilipids strongly lysed red blood cells at 100
ug/mL, therefore greatly limiting their therapeutic potential. However, several non-hemolytic
dUSCLs appeared to be promising adjuvants in combination with chloramphenicol and other
conventional antibiotics against Gram-negative bacteria. The dUSCLs 2 and 6 were identified as
lead adjuvant candidates, both consisting of Cg dilipid with peptide sequence of KKKK and
KKGK, respectively. Both dUSCLs enhanced the antibacterial activity of chloramphenicol against
MDR clinical isolates of P. aeruginosa, A. baumannii and Enterobacteriaceae with similar degrees
of potency. However, dUSCL 2 synergized with a wider range of antibiotic classes against P.
aeruginosa relative to dUSCL 6. While dUSCLs, like AMPs, permeabilize bacterial membranes
resulting in enhanced intracellular antibiotic accumulation, our data suggest that they are also able
to indirectly disrupt active efflux of chloramphenicol in P. aeruginosa. Our study demonstrates
that dUSCLs might aid conventional antibiotics, such as chloramphenicol, in combination against

antibiotic-resistant Gram-negative bacteria.

5.7. Materials and methods

Peptide synthesis. All dUSCLs were prepared on a solid-support 4-methylbenzhydrylamine
(MBHA) Rink amide resin following standard fluorenylmethyloxycarbonyl (Fmoc)-protection
strategy (6). All e-amine side-chains of L-lysine were protected with tert-butyloxycarbonyl (Boc)
with the exception of L-lysine at amino acid position 1, which was masked with Fmoc. Peptide
coupling was done using the coupling reagent O-(benzotriazol-1-yl)-N,N,N',N"-

tetramethyluronium tetrafluoroborate (TBTU) and the weak base N-methylmorpholine. The dilipid
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was acylated at the peptide N-terminus and the e-amine side-chain of L-Lysine at position 1 via
peptide coupling reaction. Once the solid-phase peptide synthesis was completed, dUSCL were
cleaved from the resin using an acidic solution of trifluoroacetic acid:water (95:5 v/v). The
dUSCLs were purified using reverse-phase flash chromatography with C18-functionalized silica
gel (40-63 pum) obtained from Silicycle (USA), solvents used were a gradient mixture of water and
methanol (both spiked with 0.1% trifluoroacetic acid). All purified dUSCLs were in their
trifluoroacetic acid salt form. Purity was measured using high-performance liquid chromatography
(HPLC) on a Breeze HPLC Waters with 2998 PDA detector (1.2 nm resolution) coupled to
Phenomenex Synergi Polar (50 x 2.0 mm) 4 um reverse-phase column and were determined to be
>95%. Characterization of dUSCLs was achieved using nuclear magnetic resonance (NMR) and
mass spectrometry (MS). One (*H and *C) and two dimensional NMR experiments were done on
a Bruker AMX-500 (Germany). Electrospray ionization mass spectrometry (ESI-MS) experiments
were done on a Varian 500-MS ion trap mass spectrometer (USA). NMR and MS characterization

of the peptides are shown in Appendix II.

Antibacterial activity assay. Bacterial isolates used in this study were obtained from the American
Type Culture Collection (ATCC), the Canadian National Intensive Care Unit (CAN-ICU)
surveillance study (22) and the Canadian Ward (CANWARD) surveillance study (23). Clinical
isolates belonging to the CAN-ICU and CANWARD surveillance studies were recovered from
patients suffering presumed infectious diseases entering or admitted in a participating medical
center across Canada during the time of study. Efflux-deficient P. aeruginosa PAO200 and

PAQ750 strains were generously provided by Dr. Ayush Kumar (University of Manitoba).
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Microbroth dilution susceptibility testing was done according to the Clinical and Laboratory
Standards Institute (CLSI) guidelines (24) to evaluate the in vitro antibacterial activity of dUSCLs.
Briefly, overnight-grown bacterial culture was diluted in saline (0.85% NaCl) to achieve a 0.5
McFarland turbidity. The resulting bacterial solution was then diluted 1:50 in Mueller-Hinton
broth (MHB) for inoculation to a final concentration of 5 x 10° colony forming units/mL. The
assay was performed on 96-well plates where the agents were 2-fold serially diluted in MHB and
incubated with equal volumes of inoculum for 18 hours at 37 °C. Antibacterial activity of the
agents was determined by their minimum inhibitory concentration or the lowest concentration to
inhibit visible bacterial growth in the form of turbidity, which was inspected visually and further
confirmed using EMax Plus microplate reader (Molecular Devices, USA) at a wavelength of 590
nm. Wells containing MHB with or without bacterial cells were used as positive or negative

control, respectively.

Hemolytic assay. The ability of dUSCLs to lyse eukaryotic cells was quantified by the amount of
hemoglobin released upon incubation with pig red blood cells, following published protocols (7).
Fresh pig blood that was drawn from the antecubital vein was centrifuged at 1000 x g for 5 minutes
at 4 °C, washed with phosphate-buffered saline (PBS) three times and re-suspended in the same
buffer, consecutively, to prepare the working erythrocyte solution. The agents were then 2-fold
serially diluted in PBS on 96-well plates and mixed with equal volumes of working erythrocyte
solution. Post 1-hour incubation at 37 °C, intact cells on the 96-well plates were pelleted by
centrifugation at 1000 x g for 5 minutes at 4 °C. The supernatant was then transferred to a new 96-

well plate. The released hemoglobin was then measured via EMax Plus microplate reader
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(Molecular Devices, USA) at 570 nm wavelength. Red blood cells in PBS with or without 0.1%

Triton X-100 was used as negative or positive control, respectively.

Checkerboard assay. The assay was performed on a 96-well plate as previously described (25).
The antibiotic was 2-fold serially diluted along the x-axis, while the adjuvant was 2-fold serially
diluted along the y-axis to create a matrix in which each well contain a combination of both agents
at different concentrations. Overnight-grown bacterial culture was diluted in saline (0.85% NaCl)
to 0.5 McFarland turbidity, followed by 1:50 dilution in MHB and inoculation on each well to a
final concentration of approximately 5 x 10° colony forming units/mL. Wells comprising of only
MHB with or without bacterial cells were used as positive or negative controls, respectively. The
plate was incubated for 18 hours at 37 °C and inspected for visible turbidity, which was confirmed
using EMax Plus microplate reader (Molecular Devices, USA) at a wavelength of 590 nm.
Fractional inhibitory concentration (FIC) of antibiotic was calculated by dividing the MIC of
antibiotic in the presence of adjuvant by the MIC of antibiotic alone. Likewise, the FIC of adjuvant
was calculated via dividing the MIC of adjuvant in the presence of antibiotic by the MIC of
adjuvant alone. The FIC index was obtained by the summation of both FIC values. The FIC index
was interpreted as synergistic, indifferent or antagonistic for values of <0.5, 0.5<x<4 or >4,

respectively (26).
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5.10. Concluding remarks

This chapter highlighted my efforts in developing dilipid peptide-based adjuvants that were
inspired by ultrashort cationic lipopeptides. The lead non-hemolytic dilipid ultrashort cationic
lipopeptide diCo-KKKK-NH> appeared to be a good adjuvant partner to chloramphenicol against
P. aeruginosa, A. baumannii, E. coli, K. pneuomoniae and E. cloacae. Another peptide diCo-
KKGK-NH: also showed promising adjuvant activity, which was only slightly subpar to the
leading compound. These dilipid peptides also potentiated ciprofloxacin, levofloxacin,
moxifloxacin, rifampicin, minocycline, trimethoprim, fosfomycin, piperacillin, vancomycin and
linezolid against wild-type P. aeruginosa, to which combinations are currently being evaluated
against other Gram-negative bacteria. Indeed, combination therapy of these two dilipid ultrashort
cationic lipopeptides with chloramphenicol may be a viable treatment for Gram-negative bacterial

infections in the future.

Note that complimentary data for this Chapter are provided in Appendix II.
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Chapter 6: Structure-activity relationship study of dilipid polymyxins

This chapter is based on my publication:

Ronald Domalaon, Liam Berry, Quinn Tays, George G. Zhanel, Frank Schweizer. 2018.
Development of dilipid polymyxins: investigation on the effect of hydrophobicity through its fatty

acyl component. Bioorg Chem 80:639-648. doi: 10.1016/j.bioorg.2018.07.018.

Reproduced with permission.

6.1. Introductory remarks

The polymyxin class of antibiotics is considered one of the antibiotics of last resort to treat
multidrug-resistant Gram-negative bacterial infections, as discussed in Chapter 1. As with all
antibiotics, it is imperative to thoroughly understand how the chemical structure (and its
fragments) affects the overall biological activity of the agent to guide future drug optimization
attempts. Thus, this chapter presents a structure-activity relationship study of polymyxins to
investigate the effects of hydrophobicity on their biological activity by attaching two fatty acids in
the polymyxin core structure, yielding dilipid polymyxin analogs. Aside from the effect of the
modification on the antibacterial activity of polymyxins, we also focused on the adjuvant property
(compared to polymyxin B nonapeptide) and their ability to resist active efflux in Pseudomonas

aeruginosa.

6.2. Contributions of authors

Liam Berry and Quinn Tays prepared, purified and characterized all dilipid polymyxins for this

study, with guidance from Ronald Domalaon. Ronald Domalaon evaluated the microbiological
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activity of all the compounds alone and in combination with other antibiotics in this study. George
G. Zhanel and Frank Schweizer guided the antimicrobial evaluation of the compounds. Ronald
Domalaon assessed the hemolytic properties of the dilipid polymyxins. Ronald Domalaon
interpreted all the chemical and biological data with helpful insights from George G. Zhanel and

Frank Schweizer. All authors were responsible for the final form of this research article.

6.3. Abstract

Continuous development of new antibacterial agents is necessary to counter the problem of
antimicrobial resistance. Polymyxins are considered as drugs of last resort to combat multidrug-
resistant Gram-negative pathogens. Structural optimization of polymyxins requires an in-depth
understanding of their structure and how it relate to their antibacterial activity. Herein, the effect
of hydrophobicity was explored by adding a secondary fatty acyl component of varying length
onto the polymyxin structure at the amine side-chain of L-diaminobuytric acid at position 1,
resulting in the development of dilipid polymyxins. The incorporation of an additional lipid was
found to confer polymyxin activity against Gram-positive bacteria, to which polymyxins are
inherently inactive against. The dilipid polymyxins showed selective antibacterial activity against
Pseudomonas aeruginosa. Moreover, dilipid polymyxin 1 that consists of four carbon-long
aliphatic lipids displayed the ability to enhance the antibacterial potency of other antibiotics in
combination against P. aeruginosa, resembling the adjuvant activity of the well-known outer
membrane permeabilizer polymyxin B nonapeptide (PMBN). Interestingly, our data revealed that
dilipid polymyxin 1 and PMBN are substrates for the MexAB-OprM efflux system, and therefore
are affected by efflux. In contrast, dilipid polymyxin analogs that consist of longer lipids and

colistin were not affected by efflux, suggesting that the lipid component of polymyxin plays an
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important role in resisting active efflux. Our work described herein provides an understanding of
the polymyxin structure that may be used to usher the development of enhanced polymyxin

analogs.

6.4. Introduction

Polymyxins are a class of antibacterials used as drugs of last resort to treat multidrug-resistant
(MDR) Gram-negative bacterial infections that are non-responsive to conventional antibiotic
treatments (1). Concerns with polymyxin’s nephrotoxicity and neurotoxicity as well as the
availability of less toxic alternatives hampered their widespread clinical usage in the past.
However, a rejuvenated interest in polymyxins has been observed recently due to the alarming
increase of MDR pathogens that are impervious to most antibiotics, but also due to improved
understanding of polymyxin’s pharmacokinetic/pharmacodynamic properties and how they relate
to alleviating toxicity (1, 2). Polymyxin B and E, also known as colistin, (Fig. 6-1A) are currently
used in the clinic as monotherapy or as part of combination therapy with other antibiotics when

standard treatment options fail (3).
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Figure 6-1 Polymyxin structures: (A) polymyxin B & colistin; (B) polymyxin B nonapeptide
(PMBN)

The general structure of polymyxins consists of a cyclic heptapeptide core attached to a linear
tripeptide with an acylated N-terminus to a fatty acid (Fig. 6-1A). A segregated hydrophobic and
hydrophilic domains bestow polymyxins an amphiphilic nature. Polymyxin’s hydrophilicity is due
to the polar amine side-chains of L-2,4,-diaminobutyric acid (Dab) and hydroxyl side-chains of L-
threonine (Thr). These polar side-chains, but also the peptide/amide backbone, are responsible for
polymyxins’ lipopolysaccharide (LPS) binding that consequently result in displacement of
divalent cation bridges and outer membrane destabilization (4). The majority of polymyxins’
hydrophobic character is from the fatty acid acylated to its N-terminus. This lipid component is
believed to be crucial in polymyxins’ insertion into the destabilized outer membrane and its transit

to the periplasmic space (5), but also is responsible for disrupting the inner membrane stability (6,
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7). Hydrophobicity is also imparted by L-leucine (Leu) and either D-phenylalanine (phe) in
polymyxin B or D-leucine (leu) in colistin. These hydrophobic amino acids are believed to play a
crucial role in LPS binding (4). Overall, the amphiphilic nature of polymyxins results in membrane
disruption that leads to intracellular component leakage and bacterial cell death. Notably,
polymyxins exhibit poor activity against Gram-positive bacteria as they do not bind favorably to

lipoteichoic acid studded in the cytoplasmic membrane (8).

Structure-activity relationship (SAR) studies have generated a wealth of knowledge on the
parameters which are critical/non-critical for polymyxins’ antibacterial activity. For instance,
alanine scanning of polymyxin B revealed several amino acid side-chains that are not crucial for
activity (9). It also has been elucidated that aliphatic hydrocarbon lipids of seven to nine carbons-
long are optimal for antibacterial activity (4). However, several aliphatic hydrocarbon non-
classical isosteres such as adamantyl and aromatic functional groups may yield derivatives with
similar antibacterial activity to polymyxins but with less nephrotoxicity (4, 10). Removal of the
lipid and Dab at position 1 (Dabl) yields polymyxin B nonapeptide (PMBN) (Fig. 6-1B), which
is known to permeabilize the outer membrane yet lacks the ability to kill bacteria (11). In fact,
PMBN is known to enhance the cellular entry and therefore antibacterial activity of antibiotics that
suffer limited outer membrane penetration (12). The absence of antibacterial activity in PMBN is
due to the lack of lipid component crucial for interaction of polymyxins with lipid bilayers of the
outer- and inner membranes of Gram-negative bacteria. Several SAR studies confirmed that
hydrophobicity at certain structural points of PMBN is crucial for its outer membrane sensitization
and LPS binding properties (13, 14). A derivative of PMBN called SPR741 is currently being

evaluated in clinical studies as an adjuvant to enhance the efficacy of antibiotics in combination
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against Gram-negative pathogens (15, 16). For instance, SPR741 potentiated an extensive panel
of antibiotics against Enterobacteriacaea and Acinetobacter baumannii, but not against
Pseudomonas aeruginosa (17). Two recently completed phase-1 clinical studies
(https://clinicaltrials.gov/ct2/show/NCT03022175;

https://clinicaltrials.gov/ct2/show/NCT03376529) showed SPR741 to be well-tolerated in healthy
volunteers up to a single dose of 800 mg or multiple dose up to 600 mg every 8 hours for 14

consecutive days.
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Figure 6-2 Synthesized dilipid polymyxins
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It is evident that hydrophobicity plays a critical role in the antibacterial activity of polymyxins (4).
A recent study revealed that remodelling of the outer membrane through pagL-induced lipid A
deacylation resulted in decreased membrane interaction and penetration of polymyxins (18). The
removal of an acyl group from the typically hexa-acylated lipid A occurred in the presence of sub-

inhibitory polymyxin concentrations in both polymyxin-susceptible and -resistant organisms,
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resulting in a more efficient lipid packing that prevent polymyxins from inserting into the bilayer
and traversing into the periplasm (18). We hypothesize that the addition of hydrophobic functional
groups into the polymyxin structure may enhance its ability to insert into membranes and therefore
enhance its activity against Gram-negative but also Gram-positive bacteria. An effort to elucidate
the effect of hydrophobicity on polymyxin’s antipseudomonal activity by replacing the primary
amine side-chain of Dab to tertiary N,N-dimethylamine was recently reported (19). In this study,
we explore the effect of adding hydrophobicity to the polymyxin structure by acylating the amine
side-chain of Dabl with different fatty acids. These dilipid polymyxins (Fig. 6-2) were then
evaluated for their antibacterial activity against wild-type and multidrug-resistant clinical isolates
of Gram-positive and Gram-negative bacteria. Moreover, their ability to potentiate the efficacy of
other antibiotics in combination, as observed with PMBN, was also assessed. Furthermore, we
explored whether the lipid component affects the ability of polymyxin to resist active efflux. To
address the concern that an enhanced hydrophobicity may result in non-specific lysis of
membranes including eukaryotic membranes, we measured the dilipid polymyxin’s lytic activity
against red blood cells. Our study provides valuable information for optimization of the polymyxin
class of antibiotics as stand-alone antibiotics but also as antimicrobial adjuvant to potentiate other

classes of antibiotics.

6.5. Results and discussion

Design and synthesis of dilipid polymyxins. To study the effect of hydrophobicity on polymyxin’s
bioactivity, we prepared five dilipid polymyxins with varying lipid components (Fig. 6-2). Aside
from an acylated N-terminus typically observed in polymyxins, we decided to incorporate another

lipid to the amine side-chain of Dabl. Previous alanine scanning of the polymyxin structure
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suggested that the side-chain of Dabl is not crucial for its activity (9). We selected to install
aliphatic hydrocarbon lipids with lengths of four- (1), eight- (2) or twelve- (3) carbons-long. We
also included lipids that contain a bulky caged-hydrocarbon adamantyl group (4) and an aromatic

bi-phenyl group (5) to explore the effect of hydrophobicity from non-aliphatic hydrocarbon chains.

166



FmocHNr-L SPPS
OtBu

NHFmoc NHCbz NHCbz NHCbz
e \Aiw \)LiW é\)@wf

© /\OtBu OtBu
NHBoc N HCbz

1) DMF:piperidine (4:1 v/v)
2) TBTU, R-COOQOH, N-methylmorpholine

1
R™ 'NH NHCbz NHCbz NHCbz
0] H (@] H ]
A N N \)L
R 'N ; N ; N
H z H o z H
-~ 0tBu ™ OtBu
NHBoc NHCbz
TFA:H,0 (95:5 viv)
1
R™ 'NH NHCbz NHCbz NHCbz
ISEBAES
R™ N N\_)J\N N\;)J\N \)L OH
H o = H o = H
~OH ™
NH» NHCbz
1) PyBOP, HOBt, N-methylmorpholine
2) Pdon Carbon, H, gas
0

wx m v
R = lipid component Jf J\g

Scheme 6-1 Synthesis of dilipid polymyxins by solid-phase peptide synthesis (SPPS) and

intramolecular cyclization.
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Solid-phase peptide synthesis followed by solution-phase intramolecular amide bond formation
were performed to synthesize the dilipid polymyxins (Scheme 6-1) following our previously
reported protocol with minor deviations (20). Briefly, amino acids were immobilized on a Wang
resin following a fluorenylmethyloxycarbonyl (Fmoc)-protection strategy. Dab containing an
Fmoc-group at the No and amine side-chain was immobilized in amino acid position 1. Fmoc
deprotection of this Dabl resulted in two free amine groups, which were then acylated with the
lipid component. The resin was then subjected to an acidic solution of trifluoroacetic acid (TFA):
water (95:5 v/v) to release the linear dilipid peptide with a free carboxyl C-terminus and amine
side-chain of Dab at position 4 (Dab4). These two key functional groups were then reacted together
to form an intramolecular amide bond that effectively cyclized the dilipid peptide. Removal of
residual side-chain protecting groups yielded five dilipid polymyxins (Fig. 6-2).

Table 6-1 Antimicrobial activity of dilipid polymyxins against laboratory reference and multidrug-
resistant clinical isolates of Gram-positive bacteria

MIC, pg/mL
Organism 1 2 3 4 5 Colistin
S. aureus ATCC 29213 >128 16 >128 16 8 256
MRSA?* ATCC 33592 >128 16 >128 32 16 512
MSSE? CANWARD-2008 81388 >128 8 64 16 8 256
MRSE® CAN-ICU 61589 >128 16 64 16 8 128
E. faecalis ATCC 29212 >128 32 64 32 16 256
E. faecium ATCC 27270 >128 16 8 16 8 256
S. pneumoniae ATCC 49619 >128 32 64 32 32 512

a = methicillin-resistant Staphylococcus aureus; ® = methicillin-susceptible Staphylococcus epidermidis; ¢ =
methicillin-resistant S. epidermidis.

Addition of another lipid bestows polymyxin activity against Gram-positive bacteria. The
antibacterial activity of the dilipid polymyxins were evaluated against a panel of Gram-positive

(Table 6-1) and Gram-negative bacteria (Table 6-2), some of which are MDR clinical isolates
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collected through the Canadian National Intensive Care Unit (CAN-ICU) surveillance study (21)
or the Canadian Ward Surveillance (CANWARD) study (22). Antibacterial activity was measured
via minimum inhibitory concentration (MIC), which is the lowest concentration of the agent to
inhibit bacterial growth. It was evident that the presence of a second lipid component bestows
dilipid polymyxins superior activity against Gram-positive bacteria relative to colistin (Table 6-
1). For instance, compounds 2 and 5 exhibited 32-fold better MIC than colistin against methicillin-
resistant Staphylococcus aureus and methicillin-susceptible Staphylococcus epidermidis. This
suggests that imparting another hydrophobic region within the polymyxin structure may afford
favorable interaction with lipoteichoic acid in Gram-positive bacterial membranes, presumably

through the hydrophobic effect, resulting in enhanced antibacterial activity.
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Table 6-2 Antimicrobial activity of dilipid polymyxins against laboratory reference and multidrug-

resistant clinical isolates of Gram-negative bacteria

MIC, pg/mL
Organism 1 2 3 4 5 Colistin
E. coli ATCC 25922 >128 4 16 4 8 0.5
E. coli CAN-ICU 61714 >128 32 128 64 32 0.5
E. coli CAN-ICU 63074 >128 64 64 64 32 <0.5
E. coli CANWARD-2011 97615 >128 64 64 64 32 NT
E. coli 107115 128 2 8 4 4 0.5
P. aeruginosa ATCC 27853 >128 8 >128 16 32 2
P. aeruginosa PAO1 128 4 32 4 8 1
P. aeruginosa CAN-ICU 62308 >128 8 64 16 16 2
P. aeruginosa CANWARD-2011 96846 >128 8 >128 32 64 NT
P. aeruginosa PA259-96918 64 2 16 8 8 0.25
P. aeruginosa PA260-97103 2 2 32 4 8 0.5
P. aeruginosa PA262-101856 >128 8 32 8 8 2
P. aeruginosa PA264-104354 128 4 64 8 8 2
P. aeruginosa PA095 64 2 8 4 4 0.25
P. aeruginosa PA100036 >128 4 32 8 8 1
P. aeruginosa PA101885 128 4 32 8 8 1
S. maltophilia CAN-ICU 62584 >128 32 128 64 64 64
A. baumannii ATCC 17978 >128 32 >128 32 16 0.25
A. baumannii CAN-ICU 63169 >128 64 128 128 64 32
A. baumannii 110193 >128 16 >128 32 16 0.25
A. baumannii LAC-4 128 16 >128 16 16 0.125
A. baumannii AB027 >128 32 128 64 6 0.25
A. baumannii AB031 >128 8 64 16 8 0.25
K. pneumoniae ATCC 13883 >128 >128 >128 >128 >128 <0.25
K. pneumoniae 116381 >128 >128 >128 >128  >128 1
E. cloacae 117029 64 2 16 4 8 0.125

Dilipid polymyxins display selective antibacterial activity against P. aeruginosa among other

Gram-negative bacteria. Evaluation of the dilipid polymyxins against Gram-negative bacteria

revealed an interesting trend (Table 6-2). Addition of another lipid component to the amine side-

chain of Dabl seemed to reduce polymyxin’s activity against Escherichia coli, P. aeruginosa,

Stenotrophomonas maltophilia, A. baumannii, Klebsiella pneumoniae and Enterobacter cloacae.

However, it seemed that the reduction of activity against P. aeruginosa was not as drastic relative
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to other Gram-negative pathogens. For instance, polymyxin 2 diacylated with octanoic acid
displayed only 4-8 fold lower MIC than colistin against all eleven P. aeruginosa strains tested
(Table 6-2). An apparent hydrophobic threshold to retain antibacterial activity against P.
aeruginosa was observed, where an eight carbons-long lipid as seen in 2 appeared to be optimal
compared to shorter (four carbons-long in 1) or longer (twelve carbons-long in 3) lipid
components. Dilipid polymyxins 4 and 5 that consist of caged adamantyl and aromatic biphenyl
lipids, respectively, displayed 2-4 fold lower MIC against P. aeruginosa relative to 2. While this
needs to be further elucidated, we believe that this selectivity for P. aeruginosa may be due to
differences in exopolysaccharides and lipopolysaccharides between Gram-negative bacteria. This
finding may imply the possibility of developing antipseudomonal polymyxins for pathogen-

specific therapy.

Addition of another lipid do not enhance the activity of polymyxin against colistin-resistant Gram-
negative bacteria. We then addressed the possibility for the dilipid polymyxins to display enhanced
antibacterial activity against colistin-resistant Gram-negative pathogens. Resistance to polymyxins
is mainly due to outer membrane/LPS structural modifications (such as conjugation of
ethanolamine and 4-aminoarabinose or lipid A deacylation) that result in reduced binding affinity,
and hence lowered antibacterial activity (23). The extended hydrophobic region of the dilipid
polymyxin may provide additional hydrophobic interactions to the outer membrane of colistin-
resistant organisms. Eight MDR colistin-resistant Gram-negative bacterial isolates were tested,
including two E. coli isolates harboring the mcr-1 plasmid-encoded polymyxin resistance gene

(24). We found no difference between the antibacterial activity of dilipid polymyxins and colistin
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against colistin-resistant Gram-negative bacteria (Table 6-3). Therefore, addition of a second lipid

component to the polymyxin structure does not impart activity against colistin-resistant organisms.

Table 6-3 Antimicrobial activity of dilipid polymyxins against colistin-resistant multidrug-

resistant Gram-negative bacterial isolates

MIC, pg/mL
Organism 1 2 3 4 5 Colistin
E. coli 94393 >64 4 32 16 16 4
E. coli 94474 >64 4 >64 8 8 16
P. aeruginosa 91433 >128 4 8 8 8 4
P. aeruginosa 101243 >128 32 16 64 >128 1024
P. aeruginosa 114228 >128 4 >128 8 16 4
A. baumannii 92247 >64 8 32 8 8 4
K. pneumoniae 113250 >64 >64 >64 >64 >64 256
K. pneumoniae 113254 >64 >64 >64 >64 >64 256
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Table 6-4 Evaluation for synergism of dilipid polymyxins or polymyxin B nonapeptide (PMBN)
and clinically-used antibiotics against P. aeruginosa PAO1

FIC index®
Drug 1 2 3 4 5 PMBN
Ceftazidime 0.37 1.00 1.00 0.53 0.62 0.19
Piperacillin 0.75 0.51 1.00 1.03 1.00 0.31
Aztreonam 0.37 0.53 0.75 0.51 0.62 0.16
Meropenem 0.50 0.56 1.00 1.00 1.00 0.37
Doripenem 0.75 0.62 1.00 0.56 1.00 0.31
Minocycline 0.08 0.50 0.62 0.75 0.62 0.09
Doxycycline 0.08 0.51 0.62 1.00 0.53 0.05
Tobramycin 1.00 1.03 1.01 1.01 1.01 1.00
Streptomycin 0.75 0.75 1.01 1.03 1.00 0.50°¢
Gentamicin 1.00 2.01 1.01 1.03 2.01 1.50
Moxifloxacin 0.25 1.50 1.00 1.50 0.75 0.37
Ciprofloxacin 0.50 0.75 1.01 1.03 1.00 0.50
Fosfomycin 0.25 0.51 0.75 0.75 0.56 0.37
Trimethoprim 0.25 0.56 0.62 1.00 0.62 0.09
Chloramphenicol 0.09 0.37 0.62 0.62 0.50 0.07
Novobiocin 0.09 0.26 0.50° 0.50 0.50 0.04
Vancomycin 0.28 0.51 1.00 0.75 0.51 0.02
Clindamycin 0.09 0.31 0.56 0.62 0.53 0.03
Linezolid 0.09 0.50° 1.00 1.00 0.53 0.06
Pleuromutilin 0.07 0.51 0.51 0.51 0.50° 0.03
Rifampicin 0.02 0.75 0.75 0.51 0.31 0.01

3 = yellow shaded box indicate FIC index of <0.5 therefore is synergistic; ® = FIC index is 0.500977 therefore not
synergistic; ¢ = FIC index is 0.503906 therefore not synergistic

Dilipid polymyxins can enhance the activity of other antibiotics. The potential of the dilipid
polymyxins to serve as an adjuvant in combination with other antibiotics was evaluated against P.
aeruginosa PAOQO1 strain (Table 6-4 and Appendix IIl). We hypothesize that the ability to
permeabilize the outer membrane, as seen in PMBN, is retained in dilipid polymyxins.
Checkerboard assays were performed with the dilipid polymyxins in combination with twenty-one
clinically-used antibiotics. The panel included representatives from the f-lactam, carbapenem,
tetracycline, aminoglycoside and fluoroquinolone antibiotic families. Other agents that are used to
treat Gram-negative bacterial infection such as fosfomycin, trimethoprim and chloramphenicol
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were also included. Moreover, agents with potent activity against Gram-positive bacteria but poor
activity against Gram-negative bacteria such as novobiocin, vancomycin, clindamycin, linezolid,
pleuromutilin and rifampicin were included. Fractional inhibitory concentration (FIC) index was
calculated for each combination to measure potential synergism between the two agents. FIC was
obtained by dividing the MIC of antibiotic/adjuvant in combination by the MIC of
antibiotic/adjuvant alone, while FIC index was calculated by the summation of FIC indices for the
antibiotic and adjuvant. An FIC index of < 0.5, 0.5 <x <4, or >4 denotes for synergistic, additive
or antagonistic interaction, respectively (25). Initially, we assessed the adjuvant properties of
PMBN against the panel of 21 antibiotics. PMBN potentiated all antibiotics tested except for those
belonging to the aminoglycoside family (Table 6-4). Interestingly, dilipid polymyxin 1 that is
diacylated with butyric acid exhibited similar adjuvant potency as PMBN (Table 6-4). Both 1 and
PMBN possessed poor activity against P. aeruginosa alone (MIC of 128 ug/mL for both) but are
able to enhance the activity of other antibiotics in combination presumably through outer
membrane permeabilization. Since 1 and PMBN are structurally similar, this observation may
imply that amino acid Dab1 and short lipid component of four carbons-long do not affect the ability
of polymyxin to permeabilize the outer membrane. This finding may imply the development of
polymyxin-based adjuvants where the Dab1 and lipid component are used as molecular scaffolds
in appending further functional groups to modulate the desired activity. However, not all the dilipid
polymyxins potentiated the tested panel of antibiotics. For instance, the dilipid polymyxin 3
diacylated with twelve carbons-long and its isosteric bulky adamantyl counterpart 4 did not
enhance the activity of any antibiotics. This may suggest that longer and bulky lipids may not be

beneficial to the adjuvant properties of the polymyxins.
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Length of lipid component affects the ability of polymyxins to resist efflux. To our curiosity, we
explored whether efflux can affect the activity of polymyxins. It is widely accepted that
polymyxins disrupt Gram-negative bacterial membranes that results in intracellular component
leakage and bacterial cell death (4). However, for this to occur requires the agent to reach the
periplasmic space to interact and disrupt the inner membrane. Active efflux may potentially expel
polymyxins out of the periplasm, effectively reducing its periplasmic and intracellular
concentrations. To study the effect of efflux on polymyxins in Gram-negative pathogens, we used
P. aeruginosa as they inherently overexpressed efflux systems such as MexAB-OprM, MexCD-
OprJ and MexXY-OprM. Moreover, antibiotic substrates for these efflux systems are mostly
characterized (26, 27). We evaluated and compared the activity of the dilipid polymyxins, colistin
and PMBN against wild-type PAO1 and two efflux-deficient P. aeruginosa isogenic mutants
(Table 6-5). The strain PAO200 lacks the MexAB-OprM efflux system while strain PAO750 lacks
five clinically-relevant pumps (MexAB-OprM, MexCD-OprJ, MexEF-OprN, MexJK and
MexXY) and outer membrane protein OpmH. In agreement with a previous report (26), colistin
was not affected by efflux as there was no difference in its MIC among the three P. aeruginosa
strains tested (Table 6-5). Surprisingly, both 1 and PMBN appeared to be greatly affected by the
MexAB-OprM efflux system (Table 6-5) as there was a 32- and 64-fold difference, respectively,
in MIC of the agents against wild-type PAO1 and efflux-deficient PAO200. Deletion of other
efflux systems seemed not to further alter the susceptibility of P. aeruginosa to 1 and PMBN as
their MIC against PAO200 and PAO750 were comparable (Table 6-5). While not as potent
compared to colistin (MIC of 0.5 pg/mL against PAO200), dilipid polymyxin 1 (MIC of 4 ug/mL
against PAO200) and PMBN (MIC of 2 pug/mL against PAO200) displayed good antibacterial

activity against MexAB-OprM deletion mutants. This suggests that 1 and PMBN may possess the
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ability to disrupt the inner membrane and/or have another periplasmic target but fall short in their
ability to resist efflux. This finding certainly warrants further biochemical studies. However, we
could imply from our data that the length of the lipid component affected the ability of polymyxin
to resist active efflux as derivatives of more than eight carbons-long (such as in colistin and 2)
displayed no difference in MIC against the three P. aeruginosa strains tested. To our knowledge,
this is the first reported evidence to show that active efflux in P. aeruginosa may affect the activity

of a polymyxin derivative.

Table 6-5 Antimicrobial activity of dilipid polymyxins, colistin and polymyxin B nonapeptide
(PMBN) against efflux-deficient P. aeruginosa

MIC, pg/mL
Organism 1 2 3 4 5 Colistin  PMBN
P. aeruginosa PAO1? 128 4 32 4 8 1 128
P. aeruginosa PAO200° 4 2 32 4 4 0.5 2
P. aeruginosa PAO750° 8 2 32 8 4 0.5 4

2= wild type; P = efflux-deficient strain that lacks the MexAB-OprM pump; ¢ = efflux-deficient strain that lacks five
clinically-relevant pumps (MexAB-OprM, MexCD-OprJ, MexEF-OprN, MexJK and MexXY) and outer membrane
protein OpmH
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Figure 6-3 Concentration-dependent hemolysis of red blood cells induced by dilipid polymyxins,
colistin and polymyxin B nonapeptide.

Yellow circle = dilipid polymyxin 1; yellow triangle = dilipid polymyxin 2; red circle = dilipid
polymyxin 3; red triangle = dilipid polymyxin 4; green circle = dilipid polymyxin 5; green triangle
= colistin; blue circle = polymyxin B nonapeptide (PMBN). Experiment performed in at least
triplicates.

Table 6-6 Hemolytic properties of dilipid polymyxins, colistin and polymyxin B nonapeptide
(PMBN)

% Hemolysis at 512
Polymyxin ~ MHCs* ug/mL of polymyxin

1 >512 11+1.6
2 512 6.2+0.7
3 16 49.7 +3.3
4 >512 3.2+0.4
5 128 13.1+14
colistin >512 1.6+05
PMBN >512 1.1+0.1

& minimum concentration (ng/mL) that resulted in 5% red blood cell hemolysis
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Length of lipid component affects the hemolytic activity of polymyxins. To address concerns of
non-specific lysis that may arise from an enhanced hydrophobicity especially against eukaryotic
cells, we evaluated the propensity of dilipid polymyxins to lyse eukaryotic red blood cells and
compared them with colistin and PMBN. The length of hydrocarbon dilipid component was found
to positively correlate with red blood cell hemolysis (Fig. 6-3). We quantified each compound’s
hemolytic activity by their MHCs, or the minimum concentration to elicit 5% red blood cell
hemolysis (Table 6-6). Compound 3 that is diacylated with twelve carbons-long lipid induced the
most hemolysis (MHCs of 16 ug/mL) while compound 1 induced the least (MHCs of >512 pg/mL).
In fact, the hemolytic activity of 1 resembles colistin and PMBN which show no hemolytic activity
up to the highest concentration tested of 512 pg/mL (Table 6-6). While substantially non-
hemolytic in comparison to 3, dilipid polymyxin 2 only elicted 6.2% hemolysis at 512 ug/mL.
Interestingly, we found that the hemolysis induced by a twelve carbons-long aliphatic dilipid can
be reduced by replacing the alkyl chain by isosteric caged or aromatic moieties. For instance, the
bulky adamantyl dilipid seen in 4 (MHCs of >512 pug/mL) and the aromatic biphenyl dilipid seen
in 5 (MHCs of 128 pg/mL) yielded significantly lower hemolysis compared to 3. We could infer
from our data that the addition of either short-length aliphatic (eight carbons-long or less), caged

or aromatic lipid is preferred to develop polymyxin-based agents that are non-hemolytic.

6.6. Conclusion

Our efforts herein have elucidated several important points useful for the rational optimization of
the polymyxin structure. The addition of an extra lipid component conferred polymyxin activity

against Gram-positive bacteria and selectivity against the Gram-negative bacteria P. aeruginosa.
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The increased hydrophobicity through the additional lipid component most likely enabled
membrane lysis of Gram-positive bacteria, similar to the mode of action of cationic amphiphiles.
Similar to PMBN, the dilipid polymyxins can also enhance the activity of other antibiotics in
combination. The lipid component appeared to modulate the ability of polymyxins to resist efflux,
where derivatives acylated with shorter fatty acids and PMBN are greatly affected by the MexAB-
OprM efflux system. However, lipid components of longer fatty acids may promote unwanted
non-specific lysis and therefore cytotoxicity. Aliphatic lipids of eight carbons or less, caged or
aromatic hydrocarbons are preferred. Overall, these data provide useful insights that may guide

the optimization of the polymyxin structure.

6.7. Materials and methods

General information. All reagents and solvents were purchased from common commercial
suppliers and were used without further purifications unless otherwise stated. Synthesized
compounds were purified, as specified in their synthesis, by reverse-phase flash chromatography
using C18 silica gel (40-63 um) purchased from Silicycle (USA). TLC was performed on silica
gel 60 F254 (0.25 mm) obtained from Merck (USA) to check the presence of compound in each
fraction and was visualized by both ultraviolet light and ninhydrin staining solution. The purity of
all compounds was determined to be >95% via high-performance liquid chromatography (HPLC)
analysis via Breeze HPLC Waters with 2998 PDA detector (1.2 nm resolution) coupled to
Phenomenex Synergi Polar (50 x 2.0 mm) 4 pum reverse-phase column with phenyl ether-linked
stationary phase. All purified compounds were characterized via 1-dimensional and 2-dimensional
NMR experiments. NMR experiments were performed on a Bruker AMX-500 (500 MHz)

instrument (Germany). The molecular weights for all synthesized compounds were recorded by
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Matrix-assisted Laser Desorption lonization coupled to a time of flight mass analyzer and mass
spectrometer (MALDI-TOF-MS) on a Bruker Ultraflextreme (Germany), using 2,5-

dehydroxybenzoic acid as the matrix.

Peptide synthesis. Solid-phase peptide synthesis was performed following our previously reported
protocol (20, 28). All linear diacylated peptides were synthesized on solid-support following an
Fmoc-protection strategy. Wang p-alkoxybenzyl alcohol resin containing an already immobilized
L-threonine was used to grow the peptide. Fmoc deprotection was done using a weak basic solution
of N,N-dimethylformamide (DMF):piperidine (4:1 v/v). Peptide coupling reactions were
performed by reacting the free amine of the immobilized amino acid with the free carboxylic acid
of the incoming amino acid, via the peptide coupling reagent O-(benzotriazol-1-yl)-N,N,N’,N’-
tetramethyluronium tetrafluoroborate (TBTU) (3 mol. equiv.) and N-methylmorpholine (3 mol.
equiv.). Peptide coupling reactions were done in DMF with constant gentle agitation for 45
minutes. An acidic solution of TFA:water (95:5 v/v) was added to the resin and reacted for 30
minutes to cleave the peptide, followed by immediate evaporation in vacuo to afford the crude
peptide. MALDI-TOF-MS confirmed the presence and relative purity of the linear diacylated

peptides.

Intramolecular cyclization and deprotection. The linear diacylated peptide was then mixed with
benzotriazole-1-yl-oxy-trispyrrolidino-phosphonium hexafluorophosphate (PyBOP) (4 mol.
equiv.), hydroxybenzotriazole (HOBLt) (4 mol. equiv.),and N-methymorpholine (10 mol. equiv.) in
anhydrous DMF under very dilute conditions, which was then vigorously stirred for 2 h to induce

intramolecular cyclization via amide bond formation between the carboxyl end of L-threonine at
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position 10 (Thr10) and the amine side-chain of Dab4. The solvent was then removed in vacuo.
The cyclized diacylated peptide was precipitated from the crude by addition of cold water. It was
then filtered to obtain a pale brown solid. Dichloromethane (DCM) was added to result in a
partially dissolved product and co-distilled in vacuo to dryness. MALDI-TOF-MS was then used
to confirm the product. The cyclized diacylated peptide was then subjected to catalytic
hydrogenolysis. The compound was dissolved in a mixture of 4:5:1 methanol/acetic acid/water.
Palladium on carbon was then added, followed by H. gas (balloon) to remove the remaining
carboxybenzyl (Cbz) protecting groups. The resulting solution was then filtered via Nylon filter,
and the filter was then washed with methanol. The filtrate was evaporated to dryness in vacuo. The
crude was purified via reverse-phase flash chromatography with an eluent mixture of water and
methanol (both solvents spiked with 0.1% TFA), following a gradient of 0% to 50% methanol in

water ratio (2.5% stepwise), to afford compounds 1-5.

Dibutyric acid (Di-C4) polymyxin (1). *H NMR (500 MHz, Methanol-ds) &: 7.32 —7.19 (m, 5H D-
Phes aromatic), 4.51 (dd, J = 8.7, 4.4 Hz 1H, Dabs,), 4.49 — 4.24 (m, 7H, Dabi, + Dabs, + Dabs,
+ Dabg, + Dabgy + D-Phesq + Thrag), 4.21 (d, J = 3.2 Hz, 1H, Thrag), 4.20 — 4.16 (m, 1H, Thrigg),
4.11 (dd, J = 11.5, 3.8 Hz, 1H, Leusy), 4.06 (d, J = 4.9 Hz, 1H, Thriog), 3.67 —3.57 (m, 1H, Dabay1),
3.42 - 3.34 (m, 1H, Dabsy»), 3.23 — 2.85 (m, 12H, Dab, + Dabs, + Dabg, + Dabo, + Dabs,» + D-
Phesp + Dabsy), 2.52 —2.42 (m, 1H, Dabsp:), 2.31 — 1.90 (m, 14H, Dabp: + Dabsp. + Dabgg + Dabog
+ Dabsg + Dabsg + Di-C4 CO-CH2-CH>-CHz3), 1.84 — 1.75 (m, 1H, Dabigy), 1.69 — 1.59 (m, 4H,
Di-C4 CO-CH,-CH2-CHs), 1.54 — 1.46 (m, 1H Leusp1), 1.40 — 1.31 (m, 1H Leusp), 1.29 — 1.15 (m,
6H, Thra, + Thrioy), 0.98 —0.91 (m, 6H, Di-C4 CH3), 0.88 — 0.58 (m, 7H, Leus, + Leuss).2*C NMR

(126 MHz, Methanol-ds) &: 175.60, 175.09, 173.87, 173.40, 172.60, 172.41, 172.33, 172.14,
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171.83, 171.46, 171.32, 170.85, 135.84 (D-Phes C without H), 128.85, 128.34, 126.72, 66.28,
65.77, 60.21, 59.32, 56.42, 51.94, 51.90, 51.84, 51.66, 51.49, 50.70, 49.92, 39.29, 37.64 (Di-Cs4
CO-CH>-CH2-CHg), 37.21 (Di-C4 CO-CH,-CH>-CHz3), 36.64, 36.61, 36.44, 36.36, 35.96, 35.58,
34.90, 30.81, 30.25, 30.02, 28.70, 28.39, 23.52, 22.77, 22.17, 20.01, 19.15, 18.99 (Di-C4 CO-CH>-
CH>-CH3), 18.88 (Di-C4 CO-CH2-CH>-CHz), 18.79, 12.67 (Di-C4 CO-CH2-CH,-CHs3), 12.63 (Di-
C4 CO-CH2-CH2-CHz3). MALDI-TOF-MS m/z calcd for CssHgsN16O14 (M + H)™ monoisotopic

peak: 1203.721; found 1203.717.

Dioctanoic acid (Di-C8) polymyxin (2). *tH NMR (500 MHz, Methanol-ds) § 7.31 — 7.19 (m, 5H,
D-Phes aromatic), 4.51 (dd, J = 8.8, 4.4 Hz, 1H, Dabs,), 4.46 —4.38 (m, 2H, Dabi, + Dabs,), 4.38
—4.24 (m, 5H, Daba, + Dabs, + Dabg, + D-Phes, + Thrap), 4.24 — 4.20 (m, 1H, Thry,), 4.20 — 4.14
(m, 1H, Thriep), 4.14 — 4.09 (m, 1H, Leuss), 4.06 (d, J = 3.1 Hz, 1H, Thrios), 3.67 — 3.53 (m, 1H,
Dabsy1), 3.42 — 3.34 (m, 1H, Dabiy1), 3.23 — 3.12 (m, 2H, Dabi,, + Dabay,), 3.12 — 2.87 (m, 10H,
Dabs, + Dabg, + Dabg, + D-Phesp + Dabs,), 2.53 —2.41 (m, 1H, Dabsg:), 2.33 —2.16 (m, 7H, Dabp;
+ Dabsg + Di-Cg CO-CHz2-), 2.16 — 1.92 (m, 7H, Dabsp, + Dabsg + Dabog + Dabag), 1.82 — 1.73 (m,
1H, Dabip), 1.67 — 1.56 (m, 4H, Di-Cs CO-CH,-CH,-), 1.54 — 1.46 (m, 1H, Leuss1), 1.40 — 1.25
(m, 17H, Leusp, + Di-Cg alkyl), 1.25 — 1.08 (m, 6H, Thrz, + Thrio,), 0.89 (t, J = 6.6 Hz, 6H, Di-Cs
CHs), 0.84 — 0.78 (m, 1H, Leus,), 0.78 — 0.57 (m, 6H, Leuss).*C NMR (126 MHz, Methanol-da)
0 175.68,175.29,173.88,173.36, 172.59, 172.40, 172.38, 172.12,171.82, 171.45, 171.32, 170.82,
135.85(D-Phes C without H), 128.85, 128.34, 126.72, 66.32, 65.79, 59.30, 56.39, 51.81, 51.67,
51.58, 51.48, 51.45, 49.91, 48.19, 48.02, 47.85, 47.68, 39.33, 39.30, 36.64, 36.61, 36.47, 36.43,
36.36, 35.96(Di-Cg CO-CH>-), 35.80(Di-Cg CO-CH>-), 35.62, 35.38, 34.92, 31.46, 30.85, 30.24,

30.01, 29.99, 28.93, 28.86, 28.71, 28.37, 25.68(Di-Cs CO-CH2-CH>-), 25.65(Di-Cg CO-CH2-CH>-
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), 25.57, 23.56, 23.53, 22.25, 22.16, 20.02, 19.16, 18.78, 13.01(Di-Cs CH3), 12.97(Di-Cg CHb).
MALDI-TOF-MS m/z calcd for CesH11:N16014 (M + H)* monoisotopic peak: 1315.846; found

1315.865.

Didodecanoic acid (Di-C12) polymyxin (3). *H NMR (500 MHz, Methanol-ds) &: 7.31 — 7.17 (m,
5H, D-Pheg aromatic), 4.59 — 4.50 (m, 1H, Dabs,), 4.50 — 4.26 (m, 7H, Dab, + Dabs, + Dabs, +
Dabs, + D-Phesq + Thrag + Dabog), 4.23 (d, J = 3.4 Hz, 1H, Thra,), 4.21 — 4.15 (m, 1H, Thriep),
4.15—4.09 (m, 1H, Leus,), 4.03 (d, J = 3.7 Hz, 1H, Thrio,), 3.73 — 3.58 (m, 1H, Dabay1), 3.41 —
3.34 (m, 1H, Dabiy1), 3.21 — 2.82 (m, 12H, Dab,» + Daba, + Dabs, + Dabg, + Dabo, + D-Pheep +
Dabs,), 2.76 — 2.67 (m, 1H), 2.51 — 2.36 (m, 1H, Dabsp1), 2.33 — 1.93 (m, 14H. Dabyp; + Dabsp +
Di-C12 CO-CH,- + Dabspz + Dabsg + Dabop + Dabag), 1.85 — 1.78 (m, 1H, Dabig), 1.64 — 1.56 (m,
4H, Di-C12 CO-CH2-CHy-), 1.54 — 1.47 (m, 1H, Leusp1), 1.46 — 1.41 (m, 1H, Leurp), 1.34 — 1.25
(m, 32H, Di-Cy2 alkyl), 1.23 — 1.13 (m, 6H, Thry, + Thryo,), 0.95 — 0.63 (m, 13H, Di-C12» CHz +,
Leur, + Leuss).®.C NMR (126 MHz Methanol-ds) 8: 175.68, 175.30, 173.89, 173.37, 173.10,
172.80, 172.58, 172.18, 171.84, 171.47, 171.32, 171.24, 129.05(D-Phes C without H), 128.90,
128.88, 128.34, 128.23, 126.72, 76.43, 75.43, 74.83, 73.01, 66.35, 65.79, 59.30, 56.43, 51.60,
51.46, 49.98, 49.64, 39.30, 36.67, 36.48, 36.45(Di-C12 CO-CH>-), 36.36(Di-C12 CO-CH:>-), 35.81,
35.64, 35.40, 31.63, 29.33, 29.31, 29.23, 29.06, 29.03, 28.98, 28.66, 25.69(Di-C12 CO-CH2-CH>-
), 25.66(Di-C12 CO-CH>-CH>-), 25.57, 23.53, 22.29, 22.17, 20.02, 19.40, 19.16, 18.79, 13.00(Di-
Ci2 CHa), 12.99(Di-C12 CHs) MALDI-TOF-MS m/z calcd for CriHiz7N1sOw (M + H)*

monoisotopic peak: 1427.971; found 1428.006

Diadamantane acetic acid (Di-adamantyl) polymyxin (4). *H NMR (500 MHz, Methanol-da) &:

7.32 —7.20 (m, 5H, D-Pheg aromatic), 4.51 (dd, J = 8.7, 4.3 Hz, 1H, Dabsy), 4.47 — 4.32 (m, 5H,
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Dabi, + Dabs, + Dabs, + Dabg, + D-Phes,), 4.32 — 4.26 (m, 2H, Dabo, + Thrag), 4.25 — 4.22 (m,
Thrae 1H), 4.22 — 4.15 (m, 1H, Thriop), 4.12 (dd, J = 11.5, 3.4 Hz, 1H, Leus), 4.07 (d, J = 4.6 Hz,
1H, Thrioa), 3.69 —3.54 (m, 1H, Dabsy1), 3.43 — 3.35 (m, 1H, Dab,1), 3.19 —2.86 (m, 12H, Dab1y2
+ Dabay> + Dabs, + Dabs, + Dabg, + Dabg, + D-Phegg), 2.55 — 2.41 (m, 1H, Dabspi), 2.30 — 2.20 (m,
2H, Dabsg), 2.20 — 2.05 (m, 5H, Dabip; + Dabspi+ Dabsga + Dabop), 2.04 — 1.91 (m, 13H, Dabsp, +
Dabsg + Di-adamantyl CO-CH,- + Di-adamantyl -CH-), 1.82 — 1.76 (m, 1H, Dabp.), 1.75 — 1.59
(m, 24H, Di-adamantyl -CH»-), 1.54 — 1.47 (m, 1H, Leus:), 1.39 — 1.32 (m, 1H, Leu7y), 1.29 —
1.15 (m, 6H, Thray + Thriey), 1.00 — 0.86 (m, 1H, Leus,), 0.82 —0.62 (m, 6H, Leuss).">*C NMR (126
MHz, Methanol-ds) &: 173.89, 173.31, 173.20, 172.85, 172.62, 172.47, 172.33, 172.26, 171.91,
171.56, 171.39, 171.30, 135.82(D-Phes C without H), 128.88, 128.35, 128.18, 126.72, 126.67,
66.43, 65.71, 59.36, 59.12, 56.45, 51.96, 51.87, 51.64, 51.54, 50.59(Di-adamantyl CO-CH>),
50.55(Di-adamantyl CO-CHy), 49.99, 42.40(Di-adamantyl -CH,-), 42.30(Di-adamantyl -CH>-),
39.26, 36.67, 36.43, 36.40, 36.01, 35.68, 34.93, 32.67(Di-adamantyl -C-), 32.48(Di-adamantyl -
C-), 31.02, 28.73(Di-adamantyl -CH-), 28.71(Di-adamantyl -CH-), 23.49, 22.20, 20.03, 19.16,
18.89. MALDI-TOF-MS m/z calcd for C71H115N16014 (M + H)" monoisotopic peak: 1415.877;

found 1415.865

Dibiphenyl-4-carboxylic acid (Di-biphenyl) polymyxin (5). *H NMR (500 MHz, Methanol-da) §:
8.01-7.89 (m, 4H, Di-biphenyl aromatic), 7.76 — 7.57 (m, 8H, Di-biphenyl aromatic), 7.47 — 7.36
(m, 6H, Di-biphenyl aromatic), 7.29 — 7.18 (m, 5H, D-Phes aromatic), 4.73 — 4.66 (m, 1H, Dabs,,),
4.52 — 4.39 (m, 3H, Dabi, + Dabs, + D-Phegs), 4.40 — 4.24 (m, 5H, Daba, + Dabs, + Dabg, + Thrap
+ Thrag), 4.21 — 4.10 (M, 2H, Thriop + Leurq), 4.05 (d, J = 4.8 Hz, 1H, Thrioy), 3.78 — 3.71 (m, 1H,

Dabiy1), 3.69 — 3.60 (M, 1H, Dabsy1), 3.57 — 3.51 (m, 1H, Dabiy), 3.19 — 2.88 (m, 11H, Dabay, +

184



Dabs, + Dabs, + Dabgy + Dabo, + D-Pheeg), 2.50 — 2.41 (m, 1H, Dabspi), 2.39 — 2.31 (m, 2H, Dabsg),
2.30 — 2.25 (m, 1H, + Dabsg1), 2.22 — 2.11 (m, 4H, Dabip: + Dabsp, + Dabag), 2.04 — 1.92 (m, 3H,
Dabspz + Dabog), 1.87 — 1.80 (m, 1H, Dabig), 1.54 — 1.47 (m, 1H, Leusp), 1.38 — 1.32 (m, 1H,
Leusgz), 1.26 — 1.11 (m, 6H, Thry, + Thrioy), 0.95 — 0.87 (m, 1H, Leus), 0.82 — 0.60 (m, 6H,
Leuss).2*C NMR (126 MHz, Methanol-ds) &: 173.91, 173.81, 173.71, 173.68, 173.51, 172.44,
171.48, 171.46, 171.27, 170.94, 169.31(Di-biphenyl carbonyl), 168.81(Di-biphenyl carbonyl),
144.81(Di-biphenyl C without H), 144.77(Di-biphenyl C without H), 144.39(Di-biphenyl C
without H), 144.35(Di-biphenyl C without H), 139.71(Di-biphenyl C without H), 139.64(Di-
biphenyl C without H), 135.82(D-Phes C without H), 132.66, 132.62, 131.88, 128.90, 128.86,
128.63, 128.62, 128.34, 128.20, 127.92, 127.81, 127.72, 127.58, 126.68, 119.99, 117.70, 117.65,
115.36, 115.30, 66.37, 66.35, 59.67, 59.58, 56.22, 52.66, 51.91, 51.89, 51.87, 51.53, 51.11, 50.96,
45.93, 39.29, 36.73, 36.65, 36.61, 36.56, 36.44, 36.39, 36.00, 30.66, 30.13, 29.30, 28.94, 28.69,
28.43, 25.88, 23.54, 23.31, 22.17, 20.02, 19.13, 18.80. MALDI-TOF-MS m/z calcd for

C73Hgo9N16014 (M + H)* monoisotopic peak: 1423.752; found 1423.767

Biological studies. Bacterial strains were either obtained from the American Type Culture
Collection (ATCC), Canadian National Intensive Care Unit (CAN-ICU) surveillance study (21) or
the Canadian Ward Surveillance (CANWARD) study (22). Strains from both CAN-ICU and
CANWARD are isolates recovered from patients diagnosed with a presumed infectious disease
that were admitted in a participating medical center across Canada. Efflux-deficient strain PAO200
(lacking MexAB-OprM efflux system) and PAO750 (lacking MexAB-OprM, MexCD-OprJ,
MexEF-OprN, MexJK and MexXY efflux systems, and the outer membrane protein OpmH) were

kindly gifted by Dr. Ayush Kumar (University of Manitoba).
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Antimicrobial susceptibility assay. The in vitro antibacterial activity of the compounds under study
were assessed by broth microdilution susceptibility testing following CLSI guidelines (29).
Bacterial cultures were grown overnight prior to the assay. The overnight grown cultures were
diluted in saline (0.85% NaCl) to 0.5 McFarland turbidity, followed by 1:50 dilution in Mueller-
Hinton broth (MHB) for inoculation to a final concentration of approximately 5 x 10° colony
forming units/mL. Testing was performed on 96-well plates where the tested compounds were 2-
fold serially diluted in MHB and incubated with equal volumes of bacterial inoculum at 37 °C for
18 h. The MIC was determined as the lowest concentration of the compound to inhibit visible
bacterial growth in the form of turbidity, which was confirmed via an EMax Plus microplate reader
(Molecular Devices, USA) at a wavelength of 590 nm. Wells containing MHB with or without

bacterial cells were used as positive or negative controls, respectively.

Checkerboard assay. The assay was performed on 96-well plates as previously described (20, 30).
Briefly, the antibiotic under study was 2-fold serially diluted along the x-axis, while the adjuvant
was 2-fold serially diluted along the y-axis to create a matrix in which each well consists of a
combination of both at different concentrations. Overnight grown bacterial cultures were diluted
in saline (0.85% NaCl) to 0.5 McFarland turbidity, followed by 1:50 dilution in MHB and
inoculation on each well to a final concentration of approximately 5 x 10° colony forming
units/mL. Wells containing only MHB with or without bacterial cells were used as positive or
negative controls, respectively. Plates were incubated at 37 °C for 18 h and examined for visible
turbidity, which was confirmed via an EMax Plus microplate reader (Molecular Devices, USA) at

a wavelength of 590 nm. The fractional inhibitory concentration (FIC) of the antibiotic was
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calculated by dividing the MIC of antibiotic in the presence of adjuvant by the MIC of antibiotic
alone. Similarly, the FIC of adjuvant was calculated via dividing the MIC of adjuvant in the
presence of antibiotic by the MIC of adjuvant alone. The FIC index was obtained by the summation
of both FIC values. The FIC index was then interpreted as synergistic, additive, or antagonistic for

values of 0.5, 0.5 <x <4, or >4, respectively (25).

Hemolytic assay. The ability of the compounds to lyse eukaryotic red blood cells was measured
by the amount of hemoglobin released upon incubation with pig erythrocytes, following a
published protocol (30). Briefly, fresh pig blood (generously provided by Dr. Richard Hodges,
Director of Animal Care and Veterinary Services of the University of Manitoba) drawn from a
pig’s antecubital vein was centrifuged at 1000g for 5 min at 4 °C, washed with phosphate-buffered
saline (PBS) three times, and re-suspended in the same buffer, consecutively. Compounds under
study were 2-fold serially diluted in PBS on a 96-well plate and mixed with equal volumes of
erythrocyte solution. Post 1 h incubation at 37 °C, the intact cells were pelleted by centrifugation
at 1000g for 5 min at 4 °C. The resulting supernatant was then transferred to a new 96-well plate.
The hemoglobin released was then measured via an EMax Plus microplate reader (Molecular
Devices, USA) at 570 nm wavelength. Erythrocytes in PBS with or without 0.1% Triton X-100

were used as positive or negative control, respectively.
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6.10. Concluding remarks

This chapter highlighted my efforts in exploring the effect of hydrophobicity on polymyxin’s
biological activity through their fatty acid component. Several interesting biological trends were
discovered, such as the presence of dilipid fragments upon polymyxin resulted in an enhancement
of antibacterial activity against Gram-positive bacteria. Moreover, this study revealed a dilipid
polymyxin analog that possessed the ability to potentiate other classes of antibiotics, in
combination, similar to the adjuvant properties of the well-known polymyxin B nonapeptide.
Interestingly, we disclosed, for the first time, data suggesting that the length of the lipid component

in polymyxins to be responsible on their ability to resist active efflux in P. aeruginosa.

Note that complimentary data for this Chapter is provided in Appendix I.

My interest in polymyxins continues in Chapter 7 where | successfully covalently attached

polymyxin Bs to the aminoglycoside antibiotic tobramycin, yielding for the first time polymyxin-

aminoglycoside antibiotic hybrids.
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Chapter 7: Development of polymyxin Bs-tobramycin hybrid as

antipseudomonal agent and adjuvant

This chapter is based on my publication:

Ronald Domalaon, Xuan Yang, Yinfeng Lyu, George G. Zhanel, Frank Schweizer. 2017.
Polymyxin Bs-tobramycin hybrids with Pseudomonas aeruginosa-selective antibacterial activity
and strong potentiation of rifampicin, minocycline and vancomycin. ACS Infect Dis 3:941-954.

doi: 10.1021/acsinfecdis.7b00145.

Reproduced with permission.

7.1. Introductory remarks

Antibiotic hybrids, as discussed in chapter 2, are agents composed of two covalently linked
antibiotics bound together by a molecular linker/tether. My interest in the peptide antibiotic
polymyxin is apparent from the previous chapter, where | performed a structure-activity
relationship study on the effects of the fatty acid component on the biological activity
(antibacterial, adjuvant and resistance to efflux) of polymyxins. In this chapter, polymyxin Bz was
covalently appended to the aminoglycoside tobramycin to yield polymyxin-aminoglycoside
antibiotic hybrids for the first time in the literature. Their antibacterial activities as a stand-alone
drug and as an adjuvant partner to clinically-used antibiotics were assessed against multidrug-

resistant Pseudomonas aeruginosa clinical isolates.
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7.2. Contributions of authors

Ronald Domalaon prepared, purified and characterized all hybrid compounds for this study, with
minor help in synthesizing one of the tobramycin intermediates from Xuan Yang. Ronald
Domalaon evaluated the microbiological activity of all the compounds alone and in combination
with other antibiotics in this study. George G. Zhanel and Frank Schweizer guided the
antimicrobial evaluation of the compounds. Ronald Domalaon and Yinfeng Lyu assessed the
hemolytic properties of all the hybrid compounds. Ronald Domalaon interpreted all the chemical
and biological data with helpful insights from George G. Zhanel and Frank Schweizer. All authors

were responsible for the final form of this research article.

7.3. Abstract

There is an urgent need to develop novel antibacterial agents able to eradicate drug-resistant Gram-
negative pathogens such as Pseudomonas aeruginosa. Antimicrobial hybrids have emerged as a
promising strategy to combat bacterial resistance, as a stand-alone drug but also as an adjuvant in
combination with existing antibiotics. Herein, we report for the first time the synthesis and
biological evaluation of polymyxin-aminoglycoside heterodimers composed of polymyxin Bs
covalently linked to tobramycin via an aliphatic hydrocarbon linker. The polymyxin Bs-
tobramycin hybrids demonstrate potent activity against carbapenem-resistant as well as multidrug-
or extensively drug-resistant (MDR/XDR) P. aeruginosa clinical isolates. Furthermore, the most
potent hybrid was able to synergize with currently-used antibiotics against wild-type and
MDR/XDR P. aeruginosa, but as well against Acinetobacter baumannii. The promising biological
activity described herein warrants additional studies into design and development of new

antimicrobial hybrids able to surmount the problem of antimicrobial resistance.
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7.4. Introduction

Antimicrobial resistance is a pressing concern worldwide (1-3). An increasing incidence rate of
drug-resistant bacterial infections has been observed in the past decade, to which effective
antibiotics are dwindling down to a few (4, 5). Recently, the WHO released a list of priority
pathogens that necessitate new and effective antibiotic treatments (6). Carbapenem-resistant
Gram-negative Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacteriaceae lead
the list, with new treatments for these pathogens tagged as of critical importance. A major hurdle
in developing antimicrobials against Gram-negative pathogens is attaining sufficient intracellular
accumulation. Intrinsic resistance, including a highly impermeable outer membrane (OM) and
overexpressed efflux pumps, of Gram-negative bacteria prevent antimicrobials from achieving
intracellular concentrations required to induce the desired biological effect. Moreover, the
optimized physicochemical properties required for a molecule to traverse the OM are orthogonal
to that for the inner membrane (7). As a result of insufficient permeability, many agents with potent
(low nanomolar) activity against isolated enzymatic targets frequently exhibit poor whole cell

activity in Gram-negative bacteria.

Scientific ingenuity has led to various strategies in drug discovery. The covalent fusion of two
known drugs/pharmacophores or drug + delivery vehicle to form a unified heterodimer construct
known as an antimicrobial hybrid is a promising strategy that has yielded several drug candidates
(8-10). At least four antimicrobial hybrids are currently in clinical trials (11). The B-lactam-
siderophore conjugate Cefiderocol (12) is currently in phase Il clinical trials for the treatment of

carbapenem-resistant Gram-negative bacterial infections, as well as for complicated urinary tract
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infections. Cadazolid (13), consisting of a fused fluoroquinolone and oxazolidinone
pharmacophores, is also currently in phase 111 clinical trials for the treatment Clostridium difficile-

associated diarrhea. Two more hybrids (TD-1607 and MCB3837) are in Phase 1 trials (11).

Our group recently reported tobramycin-fluoroquinolone hybrids that are able to potentiate
multiple classes of antibiotics against resistant Gram-negative bacilli (14, 15). For instance, we
described tobramycin-ciprofloxacin (14) and tobramycin-moxifloxacin (15) hybrids that are able
to sensitize fluorogquinolone-resistant multidrug- or extensively drug-resistant (MDR/XDR) P.
aeruginosa to ciprofloxacin, moxifloxacin and levofloxacin. We also developed tobramycin-efflux
pump inhibitor hybrids (16) and tobramycin-amphiphilic lysine peptoid hybrids (17) that were
found to synergize with antibiotics subjected to intrinsic resistance in P. aeruginosa. Our results
indicated that tobramycin attached to a twelve carbons-long (C12) aliphatic hydrocarbon linker
(considered as an amphiphilic aminoglycoside) possesses intrinsic physicochemical properties for
potentiating multiple classes of antibiotics; while the second pharmacophore enhances the
antibacterial (biocidal) and/or adjuvant potency of the hybrid. Aminoglycosides are known to
possess concentration-dependent bacterial Kkilling. The aminoglycoside tobramycin eradicates
Gram-negative bacteria by inhibition of protein translation at low concentrations while membrane
rupture occurs at higher concentrations (18). Mechanistic studies of the tobramycin-
fluoroquinolone hybrids revealed that the protein translation inhibitory effects of tobramycin were
abolished while its membrane effects were significantly enhanced (14, 15). In addition, we have
shown that tobramycin-based hybrids disrupt the outer membrane and affect the proton motive
force of the cytoplasmic membrane in P. aeruginosa (15-17). Similar membrane actions were

reported for other amphiphilic aminoglycosides (19, 20, 29, 21-28). Amphiphilic aminoglycosides
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were also reported to possess beneficial immunomodulatory properties (30), which may be

retained in tobramycin-based hybrids.

Polymyxin is a membrane-targeting decalipopeptide antibiotic used to treat MDR/XDR Gram-
negative bacterial infections. It is known to exhibit synergistic interactions with other antibiotics
by enhancing OM permeability (31) and is inert to efflux (32). Similar to the tobramycin-hybrid
scaffold, polymyxin is also known to disrupt bacterial membranes and affect the proton motive
force (33, 34). We therefore hypothesized that linking these two membranotropic pharmacophores
would result in a hybrid with augmented antibacterial and adjuvant properties against MDR/XDR
Gram-negative pathogens. To the best of our knowledge, there has not been any report of an
antimicrobial hybrid containing an aminoglycoside fused to a polymyxin pharmacophore. Herein,
we describe for the first time the synthesis and biological evaluation of polymyxin Bs-tobramycin

hybrids.

7.5. Results and discussion

Design and synthesis of polymyxin Bz-tobramycin hybrids. The point of covalent attachment
between the two chosen drugs is important to retain meaningful antimicrobial activity. Literature
data suggests that the C-5 position of the cyclitol ring on tobramycin (TOB) is amenable to
chemical modifications (19, 35). Alanine scanning of polymyxin Bz (PMB3) found the amine side-
chain of L-2,4-diaminobutyric acid (Dab) at amino acid position 1 to be pliable as it does not
contribute to polymyxin’s antibacterial activity (36). Therefore, we decided to fuse TOB and

PMB3 at the above-mentioned position via copper-assisted azide alkyne cycloaddition (Fig. 7-1).
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The spatial distance between the two fused pharmacophores was also explored by incorporating

hydrocarbon linkers of varying carbon-lengths, from four to twelve carbons-long.

o = 0 o -
FN NH Nﬁ n=4 (1a)
N’ 2 2 n =6; (1b)
OH n = 8; (1c)
o Nn-3 n =10; (1d)
H%ZN H N7 OH n=12; (1e)
OH o NH,

: H,N NH
(_ H o (_ H (_ 2 2
NH, NH, NH,
Polymyxin B; (PMB3) Tobramycin (TOB)

Figure 7-1 Chemical structure of polymyxin Bs-tobramycin hybrids (1la-1e), polymyxin Bs
(PMBs3) and tobramycin (TOB).

The clinically-used polymyxin B is naturally-isolated as a mixture of chemically-related structures
with minor differences on its fatty acyl group, among which polymyxin Bi with 6-(S)-

methyloctanoic acid and B> with 6-methylheptanoic acid as the major components of the mixture
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(37). Polymyxin B3 has an octanoic acid lipid portion that is more readily commercially available
relative to the other fatty acyls. Given that all components in the polymyxin B mixture display
similar antibacterial activity and do not interact synergistically with one another (38), we therefore
decided to synthesize PMB3 (see Appendix V) as a reference. Following a reported protocol (39),
standard solid-phase peptide synthesis on a Wang resin and subsequent solution-phase peptide
intramolecular cyclization enabled the preparation of PMB3. The polymyxin Bz to be fused with
tobramycin (3) was synthesized similarly, with L-propargylglycine (Pra) instead of Dab at amino

acid position 1, to effectively install an alkyne moiety (Scheme 7-1).

Fmoc-Dab(Cbz)-COOH
Fmoc-Dab(Boc)-COOH
Fmoc-Thr(tBu)-COOH

Fmoc-D-Phe-COOH

Fmoc-Leu-COOH Solid-phase
Peptide

Fmoc-Pra-COOH Synthesis

Octanoic Acid

Pray Daby, Thryg

NH, /@ NHCbz
OH OH
SRS RS NED!
WWN ' N N . N N . N/YN 7 N N 7 N OH
Soem boawm Doowm oo bocom
S o Tt TN N
NHCbz NHCbz NHCbz
2

PyBOP

HOBT
N-methylmorpholine
anhydrous

very dilute conditions

NHCbz

< o J\IHCbz
0. ~ W
™o YHJ\ ~
., NH HN
HO™ ™ Van
OO NH

Pra,

A LRI
> %C e [

aby
NHCbz NHCbz
PMB3-Cbz-alkyne (3)

Scheme 7-1 Synthesis of polymyxin Bs intermediate containing an alkyne functional group at
amino acid position 1.
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NH,

BocHN NHBoc
Tobramycin 4
TBDMS-CI
KOH 1-imidazole
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N
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n=4,6,810,12

Scheme 7-2 Synthesis of tobramycin intermediate appended to the linker and azide functional
group.

An azide moiety was installed on the tobramycin intermediates (7a-e) as outlined in Scheme 7-2.
All the reactive amine and alcohol groups, with the exception of the sterically-hindered C-5
alcohol, were masked following a published protocol (16). The aliphatic hydrocarbon, in the
form of a dibromoalkane, was appended to the free alcohol by phase-transfer catalysis using
tetrabutylammonium hydrogen sulfate (TBAHS) in anhydrous toluene. This resulted in a
tobramycin-intermediate that is already attached to the molecular linker (6a-e). The bromide was

then replaced by an azide to yield the desired intermediate.
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Scheme 7-3 Conjugation of polymyxin Bz and tobramycin intermediates via copper-assisted azide
alkyne cycloaddition.

The alkyne- and azide-containing intermediates were then fused together via copper-assisted azide
alkyne cycloaddition to form a 1,2,3-triazole ring linkage (Scheme 7-3). Copper iodide
triethylphosphite (Cul*P(OEt)3) was used as an efficient copper source in DMF, along with the
weak base diisopropylethylamine (DIPEA). The resulting heterodimer was then deblocked using
HCI in a methanol and tetrahydrofuran mixture to remove the Boc- and TBDMS-protecting groups
of the tobramycin portion. Subsequently, catalytic hydrogenolysis was used to deblock the

remaining Chz protecting groups of the polymyxin portion. Using this strategy, we were able to
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prepare five polymyxin Bs-tobramycin hybrids (Fig. 7-1) containing a four (1a), six (1b), eight

(1c), ten (1d) or twelve (1e) carbons-long aliphatic hydrocarbon linker.

Polymyxin Bs-tobramyecin hybrids possess strong Pseudomonas aeruginosa-selective activity. We
assessed the antibacterial activity of the polymyxin Bs-tobramycin hybrids against a panel of
Gram-positive and Gram-negative pathogens (Table 7-1). The panel included clinical isolates from
Canadian hospitals obtained through the Canadian National Intensive Care Unit (CAN-ICU) (40)
and Canadian Ward Surveillance (CANWARD) (41) national surveillance studies. Minimum
inhibitory concentration (MIC) values are reported both in pg/mL and puM for comparison.
Antimicrobial hybrids have higher (2-fold or more) molecular weight relative to their respective
parent antimicrobials and therefore would produce a higher MIC (less active) in pg/mL as the
value is dependent on the molecular weight. For instance, the molecular weight of hybrid 1d
(2859.46 g/mol) is double than the commercially-available polymyxin B (1301.56 g/mol) and 5-
fold higher than tobramycin (565.59 g/mol). An MIC value in uM would factor out the molecular
weight bias, to which should be used for comparison of the hybrids and parent antibiotics.
Previously reported amphiphilic tobramycin TOB-C12 (30), having a 12-carbons long aliphatic
chain attached to the C-5 position of tobramycin, was also included for comparison. Similar to
PMB3 and TOB-C12, the hybrids demonstrated moderate to poor activity against Gram-positive
bacteria. Notably, 1d (8-32 pg/mL or 2.8-11.2 uM) and 1e (8-16 pug/mL or 2.8-5.5 uM) displayed
moderate activity across staphylococcal species that include methicillin-resistant strains. Against
Gram-negative bacteria, the hybrids exhibited potent antibacterial activity against P. aeruginosa
relative to other Gram-negative bacilli. Compounds 1b and 1d were the most potent hybrids and

displayed equipotency compared to both PMB3 and TOB against susceptible strains. For instance,
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PMB3, 1b and 1d demonstrated similar MICs (2 pug/mL or 0.7-1.1 uM) against a tobramycin-
resistant P. aeruginosa (CANWARD-2011 96846) clinical isolate. All hybrids were notably potent
relative to amphiphilic tobramycin reference TOB-C12 against P. aeruginosa isolates in the panel.
Since TOB-C12 closely resembles the tobramycin-hydrocarbon linker portion of the hybrid, this
data clearly showed the essentiality of polymyxin Bz pharmacophore on the hybrid’s antibacterial
activity. However, the activity of even the most potent hybrid 1d was 8- or 16-fold less relative
to PMB3 and TOB against all susceptible Escherichia coli isolates. Weak to poor activity was
observed against Stenotrophomonas maltophilia, A. baumannii and Klebsiella pneumoniae.
Indeed, the polymyxin-tobramycin hybrids displayed a relatively narrow spectrum Gram-negative
antibacterial activity limited to P. aeruginosa. Conversely, PMB3 has broad spectrum activity
against Gram-negative bacilli but poor activity against Gram-positive organisms, while TOB
demonstrated activity against both Gram-positive and Gram-negative pathogens. While our
current data cannot fully explain the observed P. aeruginosa-specific antibacterial activity of the
hybrids, variations in the exopolysaccharides and the lipopolysaccharides between Gram-negative
bacilli may be considered. We postulate that these components in P. aeruginosa allow efficient
interaction (either through hydrogen bonding or electrostatic interaction) of the hybrid and the

outer membrane resulting in disruption and bacterial cell death.
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Table 7-1 Biological activity assessment of polymyxin Bs-tobramycin hybrids, along with PMB3
and TOB.

MIC, pg/mL [uM]

Organism PMB3 la 1b 1c 1d le TOB TOB-C12'
<0.25
S. aureus® 128 [72.7]  128[46.1] 64 [22.8] 32[11.3] 16 [5.6] 16 [5.5] [<0.4] 64 [78.2]
>128 >128 <0.25
MRSAP [>72.7] [>46.1] 128[45.7]  128[45.2] 32[11.2] 16 [5.5] [<0.4] 128 [156.4]
<0.25
MSSE® 128 [72.7] 64 [23.1] 16 [5.7] 16 [5.6] 8[2.8] 8[2.8] [<0.4] 16 [19.5]
MRSE? 128 [72.7]  128[46.1] 32[11.4] 32[11.3] 16 [5.6] 82.8] 1[1.8] 16 [19.5]
>128 >128 >128 >128
E. faecalis® [>72.7] [>46.1] >128 [45.7] [>45.2] [>44.8] 128 [44.3] 8[14.1] 16 [19.5]
>128 >128 >128
E. faecium’ [>72.7] [>46.1] >128 [45.7] [>45.2] 32[11.2] 32[11.1] 8[14.1] 32[39.1]
E. coli 1[0.6] 64 [23.1] 32 [11.4] 32[11.3] 16 [5.6] 16 [5.5] 0.5[0.9] 128 [156.4]
E. coli" 1[0.6] 64 [23.1] 16 [5.7] 32[11.3] 8[2.8] 16 [5.5] 8[14.1] 128 [156.4]
E. coli 1[0.6] 64 [23.1] 16 [5.7] 32 [11.3] 8[2.8] 16 [5.5] 8[14.1] 128 [156.4]
E. colil 11[0.6] 64 [23.1] 16 [5.7] 16 [5.6] 8[2.8] 16 [5.5] 128 [226.3] 128 [156.4]
P. aeruginosa® 1[0.6] 16 [5.8] 411.4] 8[2.8] 411.4] 8[2.8] 0.5[0.9] 512 [625.8]
P. aeruginosa' 2[1.1] 8[2.9] 2[0.7] 8[2.8] 2[0.7] 411.4] 16 [28.3] 256 [312.9]
P. aeruginosa™ 2[1.1] 8[2.9] 2[0.7] 8[2.8] 2[0.7] 8[2.8] 256 [452.6] 512 [625.8]
>128 >128 >128 >128 >128 >512 >512
S. maltophilia” 32[18.2] [>46.1] [>45.7] [>45.2] [>44.8] [>44.3] [>905.2] [>625.8]
>128 >512
A. baumannii° 16 [9.1] [>46.1] 128 [45.7] 32 [11.3] 16 [5.6] 32[11.1] 32 [56.6] [>625.8]
>128 >128 <0.25
K. pneumoniae® 0.5[0.3] [>46.1] 128 [45.7] [>45.2] 128 [44.8]  128[44.3] [<0.4] 64 [78.2]
>128 >128 >128 >128 >128
MHCH [>72.7] [>46.1] [>45.7] [>45.2] [>44.8] 128 [44.3] ND ND

a = ATCC 29213. P = methicillin-resistant S. aureus ATCC 33592. ¢ = methicillin-susceptible Staphylococcus
epidermidis CANWARD-2008 81388. ¢ = methicillin-resistant S. epidermidis CAN-ICU 61589 (ceftazidime-
resistant). ¢ = ATCC 29212. f= ATCC 27270. 9= ATCC 25922. "= CAN-ICU 61714 (gentamicin-resistant). ' = CAN-
ICU 63074 (amikacin-intermediate resistant). | = CANWARD-2011 97615 (gentamicin-, tobramycin-, ciprofloxacin-
resistant) aac(3")iia. K = ATCC 27853. ' = CAN-ICU 62308 (gentamicin-resistant). ™= CANWARD-2011 96846
(gentamicin-, tobramycin-resistant). "= CAN-ICU 62584. ° = CAN-ICU 63169. P = ATCC 13883. 9 = minimum
hemolytic concentration that result to 1% red blood cell hemolysis. " = data reported on ref.3°. ND = not determined

All polymyxin Bs-tobramycin hybrids did not induce red blood cell hemolysis. The possibility of
non-specific membranolytic action had to be addressed (42) as some of the hybrids exhibited
activity against both Gram-positive (albeit moderate to weak) and Gram-negative bacteria. The
ability of the hybrids to lyse eukaryotic membrane through hemolysis of red blood cells was
explored (Table 7-1). The concentration to induce 1% hemolysis (MHC) was evaluated. No

hemolysis was observed for any of the hybrids, nor for the membrane-active PMB3, even at the
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highest concentration tested of 128 pg/mL. Therefore, the antibacterial activity observed was most

likely specific to bacterial membranes.

Table 7-2 Antibacterial activity of polymyxin Bz-tobramycin hybrids 1b and 1d, in comparison
with PMB3, TOB, imipenem (IMI) and meropenem (MER), against carbapenem-resistant?®

MDR/XDR P. aeruginosa clinical isolates®.

MIC, pg/mL [uM]

P. aeruginosa strain 1b 1d PMB3 TOB IMI MER
79199 411.4] 4[1.4] 1[0.6] 2[35] 4 [12.6] 16 [36.6]
79352 16 [5.7] 8[2.8] 412.3] [>;f§.2] 32[100.8] 32[73.1]
80621 8[2.8] 8[2.8] 412.3] 2[35] 32[100.8] 16 [36.6]
83182 16 [5.7] 8[2.8] 2[11] 1[1.8] 16 [50.4] 16 [36.6]
84745 411.4] 471.4] 2[1.1] 1[1.8] 16 [50.4] 16 [36.6]
85322 8[2.8] 8[2.8] 2[11] 1[1.8] 32[100.8] 16 [36.6]
86053 8[2.8] 8[2.8] 2[1.1] 1[1.8] 16 [50.4] >32 [>73.1]
86079 4[1.4] 411.4] 1[0.6] 2[3.5] 16 [50.4] 32[73.1]
86141 411.4] 411.4] 1[0.6] 2[3.5] 16 [50.4] 16 [36.6]
88949 8[2.8] 8[2.8] 2[11] 2[35] 32[100.8] 16 [36.6]
92014 411.4] 471.4] 1[0.6] 1[1.8] 8 [25.2] 8[18.3]
100036 ND 8[2.8] 2[11] 64 [113.2] 8[25.2] 419.1]
101885 ND 8[2.8] 0.5[0.3] <0.5 [<0.9] 1[3.2] 1[2.3]
108590 2[0.7] 2[0.7] 1[0.6] 4[7.1] 32[100.8] 8[18.3]
109084 16 [5.7] 8[2.8] 412.3] 2[35] 16 [50.4] 8[18.3]
110112 16 [5.7] 8[2.8] 2[11] 8[14.1] 32[100.8] 16 [36.6]
259-96918 ND 411.4] 0.25[0.1] [>;f§.2] 32[100.8]  >32[>73.1]
260-97103 ND 2[0.7] 0.5[0.3] 32 [56.6] 32[100.8] 16 [36.6]
262-101856 ND 16 [5.6] 412.3] [>;f§.2] 32[100.8] 32[73.1]
264-104354 ND 16 [5.6] 0.5[0.3] 64 [113.2] 32[100.8] >32[>73.1]
PAO1 ND 2[0.7] 0.5[0.3] 1[1.8] ND 1[2.3]

a = except 101885 and PAO1 strain. ® = except wild-type PAO1 strain. ND = not determined. MDR = multidrug-
resistant. XDR = extensively drug-resistant.

Antipseudomonal activity of polymyxin Bs-tobramycin hybrids was retained against MDR/XDR

P. aeruginosa clinical isolates. The antipseudomonal potency of 1b and 1d was further tested

against clinical isolates, all (except two) were carbapenem-resistant, MDR/XDR strains (Table 7-

2). According to the Clinical and Laboratory Standards Institute (CLSI) (43), the susceptibility
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breakpoint for both imipenem (IM1) and meropenem (MER) in P. aeruginosa is <2 pg/mL (~ <6
HM). As expected, 1b and 1d demonstrated relatively potent activity (MIC of 2-16 pg/ml or 0.7-
5.7 uM) against MDR/XDR P. aeruginosa strains, which was significantly more potent than the
MICs obtained with IMI and MER. It was apparent that among the two hybrids, 1d possessed
slightly better activity relative to 1b. Hybrid 1d displayed similar MIC to PMB3 in most P.
aeruginosa clinical isolates (except for 101885, 259-96918 and 264-104354 strains). Similarly, 1d
displayed similar MICs to TOB in tobramycin-susceptible and significantly lower MICs in
tobramycin-resistant strains.

Table 7-3 Antibacterial activity of polymyxin Bz-tobramycin hybrid 1b and 1d, in comparison
with PMB3 and colistin (COL), against colistin-resistant P. aeruginosa.

MIC, pg/mL [uM]

P. aeruginosa

strain 1b 1d PMB3 CoLz?
91433 411.4] 81[2.8] 412.3] 413.2]
95937 16 [5.7] 16 [5.6] 16 [9.1] 8 [6.3]
98516 16 [5.7] 81[2.8] 8 [4.5] 413.2]
98749 16 [5.7] 16 [5.6] 8 [4.5] 8 [6.3]
100403 16 [5.7] 16 [5.6] 32 [18.2] 16 [12.6]
101243 32 [11.4] 16 [5.6] 128 [72.7] 1024 [807.9]
108833 8[2.8] 81[2.8] 412.3] 413.2]

a8 = [uM] calculated for colistin sulfate salt.

Polymyxin Bs-tobramycin hybrids possessed enhanced membrane effects relative to polymyxins
but was still vulnerable to polymyxin resistance mechanisms. All the strains tested at this point
were colistin-susceptible and warranted assessment in colistin-resistant strains. Colistin (COL),
also known as polymyxin E, displays a resistance breakpoint of >4 ug/mL (~ >3.2 uM) in P.
aeruginosa according to CLSI (43). The antibacterial activity of polymyxin Bs-tobramycin hybrids
was then evaluated in seven colistin-resistant P. aeruginosa clinical isolates (Table 7-3).

Compounds 1b (4-32 pg/mL or 1.4-11.4 uM) and 1d (8-16 pg/mL or 2.8-5.6 uM) displayed
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slightly better or similar MICs to PMB3 (4-128 pg/mL or 2.3-72.7 uM) and COL (4-1024 pg/mL
or 3.2-807.9 uM) against most isolates. It was not surprising as the major polymyxin resistance
mechanism is through membrane modification, resulting in the loss of overall negative charge in
lipopolysaccharides studded on the OM (44-46). This effectively confers resistance to most
cationic membrane-targeting antimicrobials such as polymyxins and antimicrobial peptides. Since
we fused two OM-acting cationic pharmacophores (amphiphilic tobramycin and polymyxin), we
expected that resistance due to OM modification would lead to reduced activity of the hybrids.
However, both 1b and 1d displayed lower MICs relative to PMB3 and COL against colistin-
resistant P. aeruginosa 101243 clinical isolate. Specifically, 1d displayed an MIC (16 pg/mL or
5.6 uM) of ~8-fold better than PMB3 (128 pg/mL or 72.7 uM) and ~128-fold better than COL
(1024 pg/mL or 807.9 uM). Subtly, both hybrids also displayed a ~4-fold lower MIC than PMB3
against strain 100403. This observation suggests that the polymyxin Bs-tobramycin hybrids

possess enhanced membrane effects relative to polymyxins alone.

Polymyxin Bs-tobramycin hybrid 1d demonstrated superior adjuvant properties relative to
polymyxin Bz and tobramycin against P. aeruginosa. We recently described antimicrobial hybrids
that are able to potentiate clinically-used antibiotics against MDR/XDR P. aeruginosa clinical
isolates (14-17). Encouraged by these results, but also from reports of polymyxins interacting
synergistically with select antibiotics (31), we evaluated the most potent polymyxin Bs-tobramycin
hybrid 1d as a potential adjuvant in P. aeruginosa. We assessed the synergy of 1d with a panel of
26 clinically-used antibiotics in wild-type P. aeruginosa PAOl (Fig 7-2). Synergistic
combinations were scored by their fractional inhibitory concentration (FIC) index. FIC values of

<0.5, 0.5 <x <4 or >4 denote synergistic, additive or antagonistic interactions, respectively.(47)
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Polymyxin Bs-tobramycin hybrid 1d was found to be synergistic with tetracycline antibiotics
minocycline, doxycycline and tigecycline. It also potentiated the outer membrane-impermeable
antibiotics rifampicin, vancomycin and novobiocin, but also the efflux-susceptible trimethoprim,
chloramphenicol, clindamycin and linezolid. PMB3 and TOB were assessed in combination with
the ten above-mentioned antibiotics (Fig. 7-3A and 7-3B) to investigate whether the adjuvant
property of the hybrid stems from either parent pharmacophores. Both PMB3 and TOB were not
able to potentiate all ten antibiotics, suggesting the fusion of both pharmacophores to be causal of
the observed adjuvant property. To validate these observations, we performed the same
checkerboard study using the ten antibiotics in combination with either 1d, PMB3 and TOB
against MDR P. aeruginosa 259-96918 clinical isolate (Fig. 7-3C, 7-3D and 7-3E). Similarly,
hybrid 1d displayed strong synergy, yet neither PMB3 nor TOB were able to potentiate all of the
ten antibiotics. Therefore, our results indicate that the potent adjuvant property of polymyxin Bs-

tobramycin heterodimer 1d arises from the hybridization of PMB3 and TOB.
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Figure 7-2 Interaction of hybrid 1d with various antibiotics, in combination, against wild-type P.

aeruginosa PAOL.
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Fractional inhibitory concentration (FIC) index value of <0.5 denotes a Synergistic interaction.
Dashed line represents the FIC cut-off. Red arrow indicates those antibiotics that exhibit synergy
with hybrid.
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Figure 7-3 Interaction of either PMB3, TOB or hybrid 1d with in combination with various
antibiotics.

(A) PMB3 against wild-type P. aeruginosa PAOL, (B) TOB against wild-type P. aeruginosa
PAOQO1, (C) 1d against MDR P. aeruginosa 259-96918 clinical isolate, (D) PMB3 against MDR P.
aeruginosa 259-96918 clinical isolate, (E) TOB against MDR P. aeruginosa 259-96918 clinical
isolate. Fractional inhibitory concentration (FIC) index value of <0.5 denotes synergistic
interaction. Dashed line represents the FIC cut-off.

The potential of polymyxin Bs-tobramycin hybrid 1d as an adjuvant partner to minocycline,
rifampicin and vancomycin was evident. Out of the ten antibiotics, we decided to pursue further
evaluation of hybrid 1d in combination with either minocycline (Table 7-4), rifampicin (Table 7-
5) or vancomycin (Table 7-6) against MDR/XDR P. aeruginosa clinical isolates. Notably, we

included colistin- and tobramycin-resistant MDR P. aeruginosa 101243 in the panel. The three
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antibiotics were chosen due to their strong synergism; but also that the presence of <4 x MIC (<4
pg/mL) of hybrid 1d brought down the antibiotic’s MIC in PAO1 and/or 259-96918 strains below
their interpretative susceptibility breakpoint. There are no established susceptibility breakpoints
for the three chosen antibiotics in P. aeruginosa (neither CLSI nor European Committee on
Antimicrobial Susceptibility Testing [EUCAST]). Therefore, we have used the established
susceptibility breakpoint for other organisms as representative of clinically achievable
concentrations as comparison for Pseudomonas spp. According to CLSI (43), the minocycline
breakpoint in Acinetobacter spp. is <4 ug/mL, rifampicin breakpoint in Staphylococcus spp. is <
1 pg/mL and vancomycin breakpoint in Enterococcus spp. is <4 pg/mL. Hybrid 1d brought down
the MIC of minocycline in all tested P. aeruginosa strains below its susceptibility breakpoint. We
previously reported that the tobramycin-hybrid scaffold, indiscriminate of the other appended
pharmacophore, affected the electrical component (A¥) of the proton motive force resulting in an
increase in the ApH component for compensation (16, 17). This leads to an enhanced tetracycline
(such as minocycline) uptake as it is known to be ApH-dependent (48). Our results corroborate
that the intrinsic nature of the tobramycin scaffold to influence the proton motive force is retained
in polymyxin Bs-tobramycin hybrids. The outer membrane-impermeable rifampicin was also
found to be synergistic with 1d across the panel of MDR/XDR P. aeruginosa clinical isolates.
Rifampicin’s MIC dropped below its susceptibility breakpoint in almost all (except one) clinical
P. aeruginosa strains in the presence of <Y4 x MIC (<4 ug/mL) 1d. In fact, we observed 8- to
>2048-fold potentiation of rifampicin against the MDR/XDR P. aeruginosa panel. The
combination of vancomycin and 1d was found to be synergistic in seven out of eight P. aeruginosa
strains. Compound 1d reduced the MIC of vancomycin below its susceptibility breakpoint in half

of the strains tested. The degree of vancomycin potentiation by 1d appeared to be strain-specific.
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For instance, vancomycin only demonstrated a 4-fold potentiation in strain 101243 while it

resulted in a 1024-fold potentiation in strain 264-104354. Combination of PMB3 with the three

antibiotics exhibited slightly weaker to similar effects relative to 1d across the panel (see Appendix

IV). TOB combination with the three antibiotics mostly showed additive interactions although

synergy with rifampicin was observed in half of the strains and weak synergy with vancomycin

was found in two strains tested (see Appendix IV). Our data support the notion that the potent

adjuvant properties of polymyxin Bs-tobramycin hybrids in P. aeruginosa arise from the

conjugation of both PMB3 and TOB components.

Table 7-4 Adjuvant potency of hybrid 1d in combination with minocycline against wild-type and

MDR/XDR P. aeruginosa.

Absolute
P. aeruginosa  MICwinocycline MICid, FIC MICwinocycline,®
strain , Hg/mL ug/mL index ug/mL Potentiation®

PAOL1 8 4 0.37 1 8-fold
259-96918 32 8 0.13 0.125 256-fold
260-97103 16 2 0.37 2 8-fold
262-101856 64 16 0.19 4 16-fold
264-104354 32 16 0.12 1 32-fold
100036 16 8 0.25 1 16-fold
101243°¢ 4 16 0.28 1 4-fold
101885 16 8 0.25 2 8-fold

3= MIC of minocycline in the presence of ¥4 MICiq or 4 pg/mL of hybrid 1d. ® = degree of antibiotic potentiation in
the presence of <% x MICud (< 4 png/mL) of hybrid 1d. ¢ = colistin- and tobramycin-resistant. MDR = multidrug-

resistant. XDR = extensively drug-resistant.
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Table 7-5 Adjuvant potency of hybrid 1d in combination with rifampicin against wild-type and
MDR/XDR P. aeruginosa.

Absolute
P. aeruginosa M |CRifampicin, M |C1d, FIC M |CRifampicin,a
strain pg/mL pg/mL index pg/mL Potentiation”

PAO1 16 4 0.19 <0.0625 >256-fold
259-96918 16 8 0.13 <0.0625 >256-fold
260-97103 16 2 0.37 2 8-fold
262-101856 512 32 0.08 <2 >256-fold
264-104354 8 16 0.07 <0.007813 >1024-fold
100036 16 8 0.13 <0.007813 >2048-fold
101243° 8 16 0.04 <0.007813 >1024-fold
101885 16 8 0.07 0.015625 1024-fold

@ = MIC of rifampicin in the presence of % MIC1q or 4 pug/mL of hybrid 1d. ® = degree of antibiotic potentiation in the
presence of <V4 x MICuq4 (<4 pg/mL) of hybrid 1d. ¢ = colistin- and tobramycin-resistant. MDR = multidrug-resistant.
XDR = extensively drug-resistant.

Table 7-6 Adjuvant potency of hybrid 1d in combination with vancomycin against wild-type and
MDR/XDR P. aeruginosa.

Absolute
P. aeruginosa  MICvancomycin MICid, FIC MICvancomycin,” Potentiation

strain , hg/mL pg/mL index pg/mL b
PAO1 1024 4 0.37 128 8-fold
259-96918 1024 4 0.13 2 512-fold
260-97103 512 2 0.50¢ 256 2-fold
262-101856 1024 16 0.16 4 256-fold
264-104354 512 16 0.14 0.5 1024-fold
100036 512 8 0.19 2 256-fold
101243° 128 16 0.31 32 4-fold
101885 512 8 0.28 16 32-fold

2= MIC of vancomycin in the presence of ¥ MIC1q or 4 pg/mL of hybrid 1d. ? = degree of antibiotic potentiation in
the presence of <% x MICiq (< 4 pg/mL) of hybrid 1d. ¢ = colistin- and tobramycin-resistant. ¢ = exact FIC index
value is 0.500977 and therefore not synergistic. MDR = multidrug-resistant. XDR = extensively drug-resistant.

Potentiation of minocycline, rifampicin and vancomycin by polymyxin Bz-tobramycin hybrid 1d
was retained in other Gram-negative bacilli. Synergism of compound 1d with either minocycline,
rifampicin or vancomycin against other Gram-negative bacilli was then explored (Table 7-7).

Checkerboard assay was performed against three A. baumannii strains, including ATCC reference
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strain and two clinical isolates. Compound 1d displayed poor antibacterial activity by itself (MIC

of >64 pug/mL). Interestingly, minocycline was not potentiated against the three isolates (Table 7-

7). We believe that this might be due to the fact that the three organisms were already susceptible

(below MIC breakpoint) to minocycline. However, 4 pg/mL of hybrid 1d reduced the MIC of

rifampicin (3/3 strains) and vancomycin (2/3 strains) below their susceptibility breakpoint. Similar

to our previous observations in P. aeruginosa, synergism with vancomycin against A. baumannii

appeared to be strain-specific. The adjuvant potency of 1d was also evaluated against an MDR K.

pneumoniae strain, to which hybrid 1d exhibited poor activity by itself (MIC of >64 pg/mL).

Minocycline, rifampicin and vancomycin were all synergistic with 1d against the K. pneumoniae

strain (Table 7-7).

Table 7-7 Adjuvant potency of hybrid 1d in combination with either minocycline (MIN),
rifampicin (RMP) or vancomycin (VAN) against wild-type and MDR/XDR Gram-negative bacilli.

Absolute
MICantibiotic, MICud, MIC antibiotic,”
Organism Antibiotic pug/mL pug/mL FIC index pg/mL Potentiation®
A. baumannii® MIN 1 >64 1.000<x<1.002 1 none
A. baumannii® RMP 2 >64  0.008<x<0.039 0.03125 64-fold
A. baumannii® VAN 128 >64 0.016<x<0.047 4 32-fold
A. baumannii® MIN 4 >64 1.00<x<1.002 4 none
A. baumannii® RMP 1 >64  0.016<x<0.047  0.015625  64-fold
A. baumannii¢ VAN 128 >64  0.031<x<0.047 4 32-fold
A. baumannii® MIN 1 >64 0.500<x<0.502 0.5 2-fold
A. baumannii® RMP 1 >64  0.008<x<0.023 <0.003906 >256-fold
A. baumannii® VAN 128 >64 1.000<x<1.002 128 none
K. pneumoniae’ MIN 128 >64  0.062<x<0.078 8 16-fold
K. pneumoniae”  RMP 512 >64  0.002<x<0.033 0.5 1024-fold
K. pneumoniae® VAN 256 >64  0.250<x<0.312 64 4-fold

a = MIC of antibiotic in the presence of 4 ug/mL hybrid 1d. ® = degree of antibiotic potentiation in the presence of 4
pg/mL hybrid 1d. ¢ = strain ATCC 17978. ¢ = strain 110193. ¢ = strain LAC-4. " = strain 116381. MDR = multidrug-
resistant. XDR = extensively drug-resistant.
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7.6. Conclusion

The synthesis of polymyxin-aminoglycoside hybrids possessing meaningful biological activity
was achieved. Specifically, polymyxin Bz was covalently linked to tobramycin using copper-
assisted azide alkyne cycloaddition at functional sites amenable to modification. The polymyxin
Bs-tobramycin hybrids displayed potent P. aeruginosa-selective activity. We speculate that
differences in the exopolysaccharides and lipopolysaccharides between Gram-negative bacilli are
responsible for the observed differences. The most potent hybrid 1d also synergized clinically-
used antibiotics in wild-type and MDR/XDR P. aeruginosa, with MIC reductions (minocycline,
rifampicin and vancomycin) below susceptibility breakpoints. Furthermore, hybrid 1d reduced the
MIC of rifampicin and vancomycin below their susceptibility breakpoint in A. baumannii. We
highlight the potential of this class of antimicrobial hybrids not only as a stand-alone antimicrobial

but also in combination with other existing antibiotic classes.

7.7. Materials and methods

General information. Reagents and solvents were purchased commercially and used without
purification unless otherwise noted. Compounds were purified, as specified in their synthesis, by
either normal-phase flash chromatography, using Kiesel gel 40 (40-63 um) purchased from Merck,
or reverse-phase flash chromatography, using C18 silica gel (40-63 um) purchased from Silicycle
(USA). TLC was performed on silica gel 60 F254 (0.25 mm) acquired from Merck (USA) to
monitor reactions and was visualized by both ultraviolet light and ninhydrin staining solution. All
reported hybrids/final compounds were found to have purity of > 95% as determined by high-
performance liquid chromatography (HPLC) analysis via Breeze HPLC Waters with 2998 PDA

detector (1.2 nm resolution) coupled to Phenomenex Synergi Polar (50 x 2.0 mm) 4 micron
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reverse-phase column with phenyl ether-linked stationary phase. All purified compounds were
characterized using 1-dimensional and 2-dimensional NMR experiments such as H, 3C,
homonuclear correlation spectroscopy (COSY), heteronuclear single-quantum correlation
spectroscopy (HSQC) and heteronuclear multiple-bond correlation spectroscopy (HMBC). All
NMR measurements were recorded from either AMX-500 (500 MHz) or AMX-300 (300 MHz)
Bruker instrument (Germany). The molecular weights for all compounds were recorded by either
electrospray ionization mass spectrometer (ESI-MS) on a Varian 500-MS lon Trap Mass
Spectrometer (USA) or matrix-assisted laser desorption ionization mass spectrometer coupled to
time-of-flight mass analyzer (MALDI-TOF-MS) on a Bruker Ultraflextreme (Germany), using

2,5-dehydroxybenzoic acid as the matrix.

Chemistry. The synthesis of intermediate compounds 4, 5 and 6a-e follows our previously reported

protocol (16) and is described in Appendix IV.

Synthesis of uncyclized PMB3-Chz-alkyne (2). Solid-phase peptide synthesis following a standard
fluorenylmethyloxycarbonyl (Fmoc) protection strategy on a Wang p-alkoxybenzyl alcohol resin
was utilized. A published protocol (39) was followed with several modifications. Amino acids
with protected functional groups were purchased and used to yield the uncyclized lipopeptide,
having a free carboxylic acid C-terminus of Thrio and free amine side-chain of Dabs. Therefore,
all the Dab amino side-chains, with the exception of Dabs which was protected with Boc, were
protected with Cbz protecting group. The two Thr hydroxyl side-chains were protected with t-Bu.
Pra was used instead of Dab for amino acid position 1 to effectively install an alkyne functional

group. Briefly, the protocol is as follows. Fmoc removal was done by subjecting the resin to 4:1
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DMF:piperidine solution for 15 minutes, and repeated twice to ensure complete Fmoc removal.
Coupling was achieved by the addition of a pre-activated coupling solution [Fmoc-amino acid or
lipid tail (3 mol. eq.) was pre-mixed with the coupling reagent N,N,N'’ N'-tetramethyl-O-
(benzotriazol-1-yl)uronium tetrafluoroborate (TBTU) (3 mol. eq.) and N-methylmorpholine (8
mol. eq.) in DMF 5 minutes prior] to the immobilized peptide on solid support followed by gentle
agitation using N2 gas for 45 minutes. Both Fmoc removal and coupling steps were followed with
thorough washing of the beads using DMF (3x), DCM (3x) and DMF (3x). A small amount of
resin was subjected to Kaiser test (5% chloranil in DMF) after each coupling and Fmoc removal
step to qualitatively ensure that the reaction went to completion. Consecutive Fmoc removal and
coupling steps were performed to yield the resin-immobilized desired lipopeptide. Cleavage from
the solid support was performed by the addition of 95:5 TFA:water solution followed by gentle
stirring for 30 minutes. The solvent was removed in vacuo to obtain a dry crude. MALDI-TOF-

MS was performed to check for the presence of 2.

Synthesis of PMB3-Cbz-alkyne (3). The crude containing compound 2 was mixed with
benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphate (PyBOP) (4 mol. eq.),
hydroxybenzotriazole (HOBt) (4 mol. eq.) and N-methymorpholine (10 mol. eq.) in DMF under
very dilute and anhydrous conditions, followed by vigorous stirring for 2 hours, to afford the
intramolecular cyclization via amide bond formation between the Thrig carboxyl end and Dabs
amine side-chain. The solvent was removed in vacuo. Precipitation of the product from the crude
was induced by addition of cold water. The precipitate was filtered and obtained as a pale brown
solid. DCM was added to partially dissolve the product and was evaporated in vacuo to dryness.

MALDI-TOF-MS was performed to confirm product 3.
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General Procedure for the conversion of bromo- to azido-tobramycin intermediate (7a-e). The
bromoalkylated tobramycin intermediate (6a-e) and sodium azide (3 mol. eq.) were dissolved in
DMF. The resulting solution was stirred at 75 °C for 3 hours and transferred to a separatory funnel.
Cold water was added followed by an extraction with ethyl acetate (3x). The combined organic
layers were washed with brine and dried over anhydrous sodium sulfate. The solvent was removed
in vacuo and the resulting solid was dried under high vacuum for more than 24 hours to afford 7a-
e as an opaque solid (91-97% vyield). Rf = 0.52 (hexanes/ethyl acetate = 4:1). Detailed

characterization of compounds 7a-e are described in Appendix IV.

Synthesis of polymyxin Bs-tobramycin hybrids (la-e). The Cu" source iodo(triethyl
phosphite)copper (1) was utilized for the formation of a 1,2,3-triazole ring linkage via copper-
assisted azide alkyne cycloaddition between the intermediate compounds 7a-e and 3.
Unfortunately, the resulting compounds 8a-e proved to have very limited solubility that it did not
permit a proper purification using neither normal- nor reverse-phase flash chromatography.
Therefore, the crude was co-distilled with toluene (3x) and left drying under high-vacuum for at
least 24 hours. No further steps were taken and the compounds were used as is in the consecutive

steps.

Deprotections were done systematically. First, removal of Boc- and TBDMS- protecting groups
were performed. Compounds 8a-e were dissolved in methanol (3 volume ratio eq.) followed by
the addition of HCI (4 volume ratio eq.) and tetrahydrofuran (3 volume ratio eq.). The acidic

solution was stirred for 2.5 hours. The solvent was then removed in vacuo followed by co-
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distillation with toluene (3x). The resulting dry compound was crudely purified as the Boc- and
TBDMS-deprotection procedure also resulted to the partial deprotection of Cbhz-protecting groups.
The partial deprotection of Cbz groups, which occurred at a slow rate, was deemed negligible as
the subsequent step entailed their global deprotection. Therefore, reverse-phase flash
chromatography was performed using an eluent mixture of water and methanol (both spiked with
0.1% TFA), from 25% to 100% methanol in water ratio (12.5% step-wise), to afford compound

9a-e that also contained a minor amount of partially Cbz-deprotected product.

Finally, Cbhz-deprotection of the hybrid was achieved by catalytic hydrogenolysis. The resulting
material 9a-e (from the prior step) was dissolved in a mixture of 4:5:1 methanol:acetic acid:water.
Palladium on carbon (Pd/C) was added and the compound was subjected to H2 gas (balloon) with
constant stirring until all the Cbz groups were removed. It was then filtered via Nylon filter
followed by washing with ample amounts of methanol. The filtrate was evaporated to dryness in
vacuo. The crude product was then purified using reverse-phase flash chromatography having an
eluent mixture of water and methanol (both spiked with 0.1% TFA), from 0% to 50% methanol in

water ratio (12.5% step-wise), to afford compounds 1a-e as an opaque solid.

PMB3-triazole-Cs-Tobramycin (1a). *H NMR (500 MHz, Methanol-ds) § 7.91 — 7.83 (m, 1H,
triazole), 7.32 — 7.20 (m, 5H, D-Phes aromatic), 5.48 — 5.38 (m, 1H, H-1"), 5.09 (d, J = 3.2 Hz,
1H, H-1""), 4.74 — 4.66 (m, 1H, Prais), 4.53 (dd, J = 8.8, 4.4 Hz, 1H, Dabs,), 4.50 — 4.42 (m, 2H,
D-Pheg, + Dabs,), 4.42 — 4.08 (m, 11H, Thra + Thra 10p + LeU7q + Dabs 494 + C4’s -CH2-N=N- +
H-4 + H-5"), 4.05 (d, J = 4.6 Hz, 1H, Thrio,), 3.95 — 3.62 (m, 11H, C4’s -CH2-O- + H-5 + H-6 +

H-2’ + H-4> + H-2”” + H-4”’ + H-5"" + H-6""), 3.56 — 3.40 (m, 4H, Dab4y1 + H-1 + H-3 + H-3""),
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3.28—3.19 (M, 3H, Praip; + H-6"), 3.17 — 2.91 (M, 12H, Prap: + Dabay, + D-Phegs + Dabs ss.,),
252 — 2.42 (M, 2H, Dabsgi + H-2eq), 2.29 — 1.90 (M, 16H, Dabsp + Dabasses + PMB3 Cg’s -
CH2CO- + C4’s -CH2CH2-N=N- + H-2ax + H-3"), 1.69 — 1.47 (m, 5H, Leu7p; + C4’s -CH2CH>-O-
+ PMB3 Cg’s -CH2CH2CO-), 1.38 — 1.26 (m, 9H, Leuzs + PMB3 Cg’s -CHz-), 1.25 — 1.02 (m, 6H,
Thra,10¢), 0.89 (t, J = 7.2 Hz, 3H, PMB3 Cg’s -CH3), 0.87 — 0.58 (m, 7H, Leus, + Leuss). 3C NMR
(126 MHz, Methanol-d4) & 175.48 (PMB3 Cg’s carbonyl), 173.91, 172.88, 172.58, 172.50, 172.29,
17198, 171.87,171.54,171.32, 170.98, 143.19 (triazole C without H), 135.82 (D-Phes C without
H), 128.86, 128.34, 126.72, 123.42 (triazole C with H), 101.07 (C-1°), 92.78 (C-17), 82.50, 81.72
(C-6), 76.81, 76.17, 74.08, 72.02, 69.05, 66.41, 65.83, 65.29, 63.50, 59.86, 59.71, 56.46, 55.03,
53.51 (Praia), 51.79, 51.67, 51.49, 49.97 (Dabs.), 49.67, 49.62, 48.46, 48.42, 39.27 (Leuss), 38.45,
38.39, 38.35, 36.65, 36.60, 36.44, 36.36, 36.17, 36.00, 35.39, 31.43, 30.25, 28.88, 28.67, 28.34,
27.69, 26.96, 26.48, 26.38, 25.91, 25.84, 25.51, 23.51, 22.24, 22.17, 20.02, 19.81, 19.76, 19.18,
18.69, 12.98 (PMB3 Cg’s -CH3). MALDI-TOF-MS m/z calcd for C72H13sN230O22 (M+H)*

monoisotopic peak: 1749.039, found: 1749.012.

PMB3-triazole-Cs-Tobramycin (1b). *H NMR (500 MHz, Methanol-ds) § 7.91 — 7.84 (m, 1H,
triazole), 7.34 — 7.19 (m, 5H, D-Phes aromatic), 5.43 (d, J = 2.7 Hz, 1H, H-1"), 5.11 (d, J = 3.3
Hz, 1H, H-1), 4.69 — 4.62 (m, 1H, Prais), 4.52 (dd, J = 8.7, 4.3 Hz, 1H, Dabsy), 4.46 (dd, J = 8.7,
4.7 Hz, 1H, Dabs,), 4.42 (dd, J = 9.4, 6.7 Hz, 1H, D-Phes,), 4.40 — 4.14 (m, 10H, Thrag + Thra.iop
+ Dabs 496 + Co’s -CH2-N=N- + H-4 + H-5"), 4.14 — 4.09 (m, 1H, Leuyy), 4.07 (d, J = 4.6 Hz, 1H,
Thrios), 3.94 — 3.88 (m, 1H, H-6), 3.85 — 3.64 (m, 8H, C¢’s -CH2-O- + H-5 + H-4* + H-2"’ + H-
4’ +H-6""),3.61 — 3.55 (M, 2H, H-2’ + H-5""), 3.54 — 3.43 (M, 4H, Daba,; + H-1 + H-3 + H-3"),

3.34 —3.31 (m, 1H, H-6’¢q), 3.25 — 3.19 (m, 2H, Praig; + H-6’ax), 3.19 — 2.88 (m, 12H, Praip +
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Dabay> + D-Phesp + Dabs s8.9y), 2.53 — 2.43 (m, 2H, Dabspi + H-2¢q), 2.29 — 1.85 (m, 16H, Dabsp:
+ Dabassg90p + PMB3 Cg’s -CH2CO- + Cg’s -CH2CH2-N=N- + H-2a¢ + H-3), 1.66 — 1.60 (m, 2H,
Ce’s -CH2CH,-0-), 1.59 — 1.47 (m, 3H, Leusp + PMB3 Cg’s -CH2CH2CO-), 1.44 — 1.26 (m, 13H,
Leuspz + PMB3 Cg’s -CHy- + Cg’s -CHy-), 1.24 — 1.03 (m, 6H, Thra.i0,), 0.89 (t, J = 7.2 Hz, 3H,
PMB3 Cg’s -CH3), 0.87 —0.59 (m, 7H, Leur, + Leuss). 3C NMR (126 MHz, Methanol-d4) & 175.64
(PMB3 Cg’s carbonyl), 175.38, 174.53, 172.74, 172.64, 172.62, 172.48, 172.17, 171.91, 171.74,
171.47, 142.12 (triazole C without H), 135.51 (D-Phes C without H), 128.85, 128.34, 126.72,
123.53 (triazole C with H), 101.07 (C-17"), 92.70 (C-1°), 82.24, 81.56 (C-6), 76.37, 75.62, 73.95,
72.59, 69.07, 66.33, 66.04, 65.06, 63.64, 59.92, 59.82, 56.41, 55.00, 53.43 (Prai.), 52.18, 51.94,
51.67, 50.03 (Dabsq), 49.73, 48.41, 47.50, 39.30 (Leu7p), 38.54, 36.61, 36.45, 36.28, 36.01, 35.40,
31.43, 29.71, 29.47, 28.87, 28.83, 28.69, 28.60, 28.54, 27.69, 25.54, 24.85, 22.25, 22.15, 20.05,
19.19, 18.73, 12.99 (PMB3 Csg’s -CH3). MALDI-TOF-MS m/z calcd for CaoH142N23022 (M+H)*

monoisotopic peak: 1777.070, found: 1777.073.

PMB3-triazole-Cs-Tobramycin (1c). *H NMR (500 MHz, Methanol-ds) & 7.88 — 7.81 (m, 1H,
triazole), 7.35 — 7.18 (m, 5H, D-Phes aromatic), 5.43 (d, J = 2.7 Hz, 1H, H-1"), 5.12 (d, J = 3.3
Hz, 1H, H-1"), 4.70 — 4.62 (m, 1H, Prai,), 4.52 (dd, J = 8.8, 4.4 Hz, 1H, Dabsy), 4.49 — 4.44 (m,
1H, Dabs,), 4.42 (dd, J=9.7, 6.8 Hz, 1H, D-Pheeq), 4.39 — 4.14 (m, 10H, Thrag + Thra,10p + Dabs 4.9
+ Cg’s -CH2-N=N- + H-4 + H-5"), 4.13 — 4.08 (m, 1H, Leuy,), 4.06 (d, J = 4.6 Hz, 1H, Thrios),
3.91 (t, J = 9.3 Hz, 1H, H-6), 3.83 — 3.64 (m, 8H, Cg’s -CH,-O- + H-5 + H-4’ + H-2> + H-4"" +
H-6%), 3.61 — 3.56 (M, 2H, H-2" + H-5""), 3.56 — 3.43 (M, 4H, Daba,; + H-1 + H-3 + H-3""), 3.29
—3.25 (m, 1H, H-6"¢), 3.25 — 3.19 (m, 2H, Praipi + H-6"a), 3.19 — 2.85 (m, 12H, Praig, + Dabay»

+ D-Phe6[3 + Dabs,s,g,gy), 254 — 243 (m, 2H, Dabgm + H-Zeq), 231 -1.85 (m, 16H, Dab3p2 +
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Dabusgop + PMB3 Cg’s -CH2CO- + Cg’s -CH2CH2-N=N- + H-24 + H-3), 1.67 — 1.60 (m, 2H,
Cg’s -CHoCH,-0-), 1.59 — 1.47 (m, 3H, Leusp; + PMB3 Cg’s -CH2CH2CO-), 1.41 — 1.25 (m, 17H,
Leusp + PMB3 Cg’s -CHy- + Cg’s -CHa-), 1.24 — 1.02 (m, 6H, Thra.10y), 0.90 (t, J = 7.3 Hz, 3H,
PMB3 Cg’s -CHs), 0.88 — 0.58 (m, 7H, Leus, + Leuss). *C NMR (126 MHz, Methanol-ds) § 175.34
(PMB3 Cg’s carbonyl), 173.91, 173.16, 172.64, 172.50, 172.20, 171.97, 171.81, 171.48, 171.28,
170.95, 142.97 (triazole C without H), 135.85 (D-Phes C without H), 128.86, 128.34, 126.71,
123.28 (triazole C with H), 101.10 (C-1"), 92.67 (C-1°), 82.22, 81.57 (C-6), 76.41, 75.56, 73.93,
72.58, 69.07, 66.28, 65.26, 63.66, 59.94, 59.82, 56.41, 54.99, 53.53 (Prauy), 52.01, 51.73, 51.45,
50.00 (Dabs,), 49.95, 49.76, 48.48, 47.68, 39.28 (Leuss), 38.58, 36.67, 36.60, 36.52, 36.45, 36.40,
36.00, 35.38, 31.43, 29.88, 29.84, 29.70, 29.62, 29.39, 29.31, 29.26, 28.86, 28.83, 28.70, 28.60,
28.33, 27.70, 26.13, 26.06, 26.01, 25.54, 25.51, 25.48, 25.44, 23.54, 22.25, 22.16, 20.04, 19.18,
18.74, 12.99 (PMBs Cg’s -CHs). MALDI-TOF-MS m/z calcd for CaHissN2sOzo (M+H)*

monoisotopic peak: 1805.101, found: 1805.104.

PMB3-triazole-Cio-Tobramycin (1d). *H NMR (500 MHz, Methanol-ds) & 7.87 — 7.82 (m, 1H,
triazole), 7.32 — 7.19 (m, 5H, D-Phes aromatic), 5.41 (d, J = 2.6 Hz, 1H, H-1"), 5.12 (d, J = 3.4
Hz, 1H, H-1"), 4.68 — 4.62 (m, 1H, Prai,), 4.52 (dd, J = 8.8, 4.5 Hz, 1H, Dabsy), 4.48 — 4.39 (m,
2H, D-Phes, + Dabsy), 4.39 — 4.13 (M, 10H, Thrae + Thra,10p + Dabs 49 + C10’s -CH2-N=N- + H-4
+H-5"), 4.13 — 4.08 (m, 1H, Leus), 4.06 (d, J = 4.7 Hz, 1H, Thrios), 3.91 (t, J = 9.2 Hz, 1H, H-6),
3.84 -3.63 (m, 8H, C10’s -CH2-O- + H-5 + H-4> + H-2>* + H-4"’ + H-6""), 3.61 — 3.56 (m, 2H, H-
2’ +H-5""), 3.55 — 3.43 (M, 4H, Daba, + H-1 + H-3 + H-3"), 3.28 — 3.25 (M, 1H, H-6’¢g), 3.25 —
3.18 (m, 2H, Praip; + H-6’4), 3.17 — 2.87 (m, 12H, Praip; + Dabas,» + D-Pheeg + Dabs 55.9y), 2.54 —

2.43 (M, 2H, Dabsp + H-2eq), 2.29 — 1.86 (M, 16H, Dabag + Daba s g.op + PMB3 Cg’s -CH2CO- +
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Ci10’s -CH2CH-N=N- + H-2a + H-3"), 1.67 — 1.59 (m, 2H, C10’s -CH2CH,-O-), 1.59 — 1.48 (m,
3H, Leuzp + PMB3 Cg’s -CH2CH,CO-), 1.39 — 1.25 (m, 21H, Leusp + PMB3 Cg’s -CHy- + Cio’s
-CHp-), 1.23 — 1.02 (m, 6H, Thr.105), 0.89 (t, J = 7.2 Hz, 3H, PMB3 Cg’s -CHs), 0.87 — 0.58 (m,
7H, Leus, + Leuss). 3C NMR (126 MHz, Methanol-ds) 5 175.31 (PMB3 Cs’s carbonyl), 173.91,
173.20, 172.64, 172.49, 172.17, 171.98, 171.70, 171.45, 171.27, 170.93, 142.96 (triazole C
without H), 135.86 (D-Phes C without H), 128.86, 128.33, 126.71, 123.27 (triazole C with H),
101.10 (C-1°"), 92.68 (C-1°), 82.19, 81.57 (C-6), 76.43, 75.62, 73.92, 72.65, 69.07, 66.26, 65.27,
63.64, 59.97, 59.81, 56.36, 54.98, 53.48 (Prau,), 51.93, 51.75, 51.45, 50.02 (Dabs,), 49.91, 49.76,
48.48, 47.56, 39.29 (Leusp), 38.55, 36.68, 36.59, 36.53, 36.45, 36.00, 35.38, 31.43, 30.31, 29.95,
29.78, 29.56, 29.38, 29.25, 28.86, 28.79, 28.70, 28.58, 28.48, 28.32, 27.70, 26.90, 26.21, 26.16,
25.66, 25.54, 23.56, 22.25, 22.15, 20.05, 19.17, 18.74, 12.99 (PMBs Cs’s -CH3). MALDI-TOF-

MS m/z calcd for CgaH150N23022 (M+H)* monoisotopic peak: 1833.133, found: 1833.192.

PMB3-triazole-Cio-Tobramycin (1e). H NMR (500 MHz, Methanol-ds) § 7.87 — 7.83 (m, 1H,
triazole), 7.34 — 7.18 (m, 5H, D-Phes aromatic), 5.42 (d, J = 2.7 Hz, 1H, H-1"), 5.12 (d, J = 3.2
Hz, 1H, H-1°"), 4.70 — 4.62 (m, 1H, Pra;s), 4.52 (dd, J = 8.8, 4.3 Hz, 1H, Dabsy), 4.48 — 4.40 (m,
2H, D-Phes, + Dabs), 4.39 — 4.14 (m, 10H, Thra + Thra,10p + Dabs 494 + C12’s -CH2-N=N- + H-4
+H-5")4.14 — 4.08 (m, 1H, Leus,), 4.06 (d, J = 4.6 Hz, 1H, Thrio,), 3.91 (t, J = 9.4 Hz, 1H, H-6),
3.84 —3.65 (M, 8H, C12’s -CHp-O- + H-5 + H-4> + H-2”> + H-4> + H-6""), 3.61 — 3.55 (m, 2H, H-
2’ +H-5""), 3.54 — 3.43 (M, 4H, Dabay + H-1 + H-3 + H-3"), 3.29 — 3.26 (M, 1H, H-6¢g), 3.24 —
3.18 (m, 2H, Praip; + H-6"ax), 3.17 — 2.87 (m, 12H, Praip> + Dabsy> + D-Phesg + Dabs 559y), 2.53 —
2.44 (m, 2H, Dabsp; + H-2eq), 2.29 — 1.86 (m, 16H, Dabsp + Dabassop + PMB3 Cg’s -CH,CO- +

Ci2’s -CHaCH2-N=N- + H-24 + H-3"), 1.68 — 1.60 (m, 2H, C12’s -CHoCH2-0-), 1.59 — 1.48 (m,
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3H, Leusp + PMB3 Cg’s -CHoCH2CO-), 1.38 — 1.24 (m, 25H, Leup, + PMB3 Cg’s -CHz- + Ci2’s
-CHy-), 1.24 — 1.04 (m, 6H, Thra.10,), 0.89 (t, J = 7.3 Hz, 3H, PMB3 Cg’s -CHs), 0.88 — 0.59 (m,
7H, Leus, + Leuss). *°C NMR (126 MHz, Methanol-ds) 8 175.30 (PMB3 Cg’s carbonyl), 174.84,
174.39, 173.92, 173.21, 172.64, 172.51, 172.16, 172.00, 171.46, 170.94, 143.08 (triazole C
without H), 135.86 (D-Phes C without H), 128.86, 128.33, 126.71, 120.82 (triazole C with H),
101.11 (C-1""), 92.66 (C-1°), 82.33, 82.19, 81.58 (C-6), 80.61, 76.40, 75.59, 73.92, 72.66, 69.07,
66.27, 65.80, 65.26, 63.65, 63.12, 59.97, 59.81, 56.00, 54.98, 53.46 (Prais), 52.66, 52.01, 51.74,
51.47, 50.03 (Dabss), 49.77, 48.48, 47.51, 39.31 (Leuss), 38.55, 36.68, 36.66, 36.62, 36.53, 36.44,
36.00, 35.39, 31.44, 29.95, 29.79, 29.62, 29.49, 29.43, 29.35, 29.26, 29.16, 28.91, 28.87, 28.81,
28.77, 28.71, 28.58, 28.32, 27.69, 26.21, 26.16, 25.70, 25.55, 23.56, 22.26, 22.16, 20.05, 19.17,
18.75, 13.00 (PMBs Cg’s -CHs). MALDI-TOF-MS m/z calcd for CasHissN2sOzo (M+H)*

monoisotopic peak: 1861.164, found: 1861.144.

Biological studies. Bacterial isolates were either obtained from the American Type Culture
Collection (ATCC), Canadian National Intensive Care Unit (CAN-ICU) surveillance study (40) or
the Canadian Ward Surveillance (CANWARD) study (41). Strains from CAN-ICU and
CANWARD are clinical isolates recovered from patients suffering from a presumed infectious

disease admitted in a participating medical center across Canada.

Antimicrobial susceptibility assay. The in vitro antibacterial activity was assessed by microbroth
dilution susceptibility testing following the CLSI guidelines (43). Overnight grown bacterial
cultures were diluted in saline (0.85% NaCl) to achieve a 0.5 McFarland turbidity, followed by

1:50 dilution in Mueller-Hinton broth (MHB) for inoculation to a final concentration of
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approximately 5 x 10° colony forming units/mL. The assay was performed on a 96-well plates to
which the tested agents were 2-fold serially diluted in MHB and incubated with equal volumes of
inoculum at 37 °C for 18 hours. The MIC was determined as the lowest concentration to inhibit
visible bacterial growth in form of turbidity, which was confirmed using EMax Plus microplate
reader (Molecular Devices, USA) at a wavelength of 590 nm. The broth with or without bacterial

cells was used as positive or negative control, respectively.

Checkerboard Assay. The assay was performed in a 96-well plate as previously described (16, 17).
Briefly, the antibiotic of interest was 2-fold serially diluted along the x-axis, while the adjuvant
was 2-fold serially diluted along the y-axis to create a matrix in which each well consists of a
combination of both at different concentrations. Bacterial cultures grown overnight were diluted
in saline (0.85% NaCl) to 0.5 McFarland turbidity, followed by 1:50 dilution in MHB and
inoculation in each well to a final concentration of approximately 5 x 10° colony forming units/mL.
Wells containing only MHB with or without bacterial cells were used as positive or negative
controls, respectively. The plates were incubated at 37 °C for 18 hours and examined for visible
turbidity, which was confirmed using EMax Plus microplate reader (Molecular Devices, USA) at
a wavelength of 590 nm. The fractional inhibitory concentration (FIC) of the antibiotic was
calculated via dividing the MIC of antibiotic in the presence of adjuvant by the MIC of antibiotic
alone. Similarly, the FIC of adjuvant was calculated via dividing the MIC of adjuvant in the
presence of antibiotic by the MIC of adjuvant alone. FIC index was obtained by the summation of
both FIC values. FIC index was interpreted as synergistic, additive or antagonistic for values of <

0.5, 0.5 <x <4 or >4, respectively (47).
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Hemolytic assay. The ability of the agents to lyse eukaryotic red blood cells was quantified by the
amount of hemoglobin released upon incubation with pig erythrocytes, following a published
protocol (17). Briefly, fresh pig blood (generously provided by Dr. Charles M. Nyachoti from
University of Manitoba) drawn from pig antecubital vein was centrifuged at 1000 x g for 5 minutes
at 4 °C, washed with PBS three times and re-suspended in the same buffer, consecutively. Agents
were 2-fold serially diluted in phosphate-buffered saline (PBS) on a 96-well plate and mixed with
equal volumes of erythrocyte solution. Post 1-hour incubation at 37 °C, intact cells were pelleted
by centrifugation at 1000 x g for 5 minutes at 4 °C. The resulting supernatant was then transferred
to a new 96-well plate. The hemoglobin released was measured via EMax Plus microplate reader
(Molecular Devices, USA) at 570 nm wavelength. Erythrocytes in PBS with or without 0.1%

Triton X-100 were used as negative or positive controls, respectively.
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7.10. Concluding remarks

This chapter highlighted my efforts in the development of antibiotic hybrids composed of
polymyxins and aminoglycosides. Specifically, | successfully linked polymyxin B3 to tobramycin
through an aliphatic hydrocarbon molecular linker that yielded five different polymyxin Bs-
tobramycin hybrids (only differing in the length of the linker). We identified several hybrids with
potent antipseudomonal activity, that also possessed the ability to enhance other antibiotics as a
partner adjuvant against Gram-negative bacteria, especially against P. aeruginosa. Importantly,
the polymyxin-tobramycin hybrid exhibited superior (or similar in few strains) membrane effects

and adjuvant properties relative to either polymyxin Bz or tobramycin.

Note that complimentary data for this Chapter is provided in Appendix IV.
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Chapter 8: Conclusion and outlook

8.1. Summary

It is of utmost importance to address the problem of antimicrobial resistance. Significant efforts
have been taken by the government, academia and private companies, alike, to raise public
awareness of this issue and stimulate the development of new strategies that either may mitigate
the spread or may eradicate these recalcitrant pathogens (1, 2). Several therapeutic strategies that
may overcome these problematic multidrug-resistant (MDR) bacteria were extensively discussed
in Chapters 1 and 2, which included the development of membrane-targeting peptides, antibiotic

hybrids and drug combinations.

Through my doctoral research, | have identified several lead peptides with potential as adjuvant
partners to clinically-used antibiotics against MDR Gram-negative bacteria. For instance, a short
proline-rich lipopeptide (SPRLP) was found to enhance the antibacterial activity of minocycline
and rifampin (also known as rifampicin) against MDR P. aeruginosa, as discussed in Chapter 4.
This SPRLP was evaluated to be non-hemolytic and non-cytotoxic. Our initial attempt to optimize
the chemical scaffold of this SPRLP revealed that its adjuvant property was amenable to
modifications. Another lead peptide adjuvant was identified in Chapter 5 to be a dilipid ultrashort
cationic lipopeptide (dUSCL) that demonstrated the ability to enhance the antibacterial activity of
chloramphenicol against Gram-negative bacteria. Our initial assessment revealed that this non-
hemolytic dUSCL potentiated chloramphenicol against wild-type and MDR clinical isolates of P.

aeruginosa, A. baumannii, and Enterobacteriaceae. Moreover, this dUSCL also synergized with
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other clinically-used antibiotics such as fluoroquinolones, rifampicin, minocycline, trimethoprim,
fosfomycin, piperacillin, vancomycin and linezolid against wild-type P. aeruginosa. Further
assessment is currently undergoing for these observed synergistic combinations of dUSCL in other

Gram-negative bacteria.

Polymyxin is a clinically-used peptide antibiotic to treat multidrug-resistant Gram-negative
bacterial infections that are non-responsive to conventional antibiotic therapy. My interest in
polymyxins was apparent in Chapters 6 and 7. In chapter 6, we explored the effect of
hydrophobicity on the biological activity (antibacterial, adjuvant and ability to resist active efflux)
of polymyxin by introducing an additional fatty acid onto its typical monolipid fragment. Dilipid
polymyxins exhibited enhanced antibacterial activity against Gram-positive bacteria relative to
polymyxins. We also identified a dilipid polymyxin that possessed similar adjuvant properties to
the well-known membrane permeabilizer polymyxin B nonapeptide. Importantly, we disclosed for
the first time that the lipid component of polymyxin was responsible for their ability to resist efflux
systems in P. aeruginosa. The polymyxin core structure was covalently fused with an
aminoglycoside to generate antibiotic hybrids in Chapter 7. The complex preparation of polymyxin
Bs linked to the aminoglycoside tobramycin via an aliphatic hydrocarbon tether was disclosed.
Interestingly, this antibiotic hybrid exhibited potent antipseudomonal activity, and the antibacterial
effect is specific only against P. aeruginosa relative to other Gram-negative bacteria. The
polymyxin Bs-tobramycin hybrid also displayed promising adjuvant properties, better than either
polymyxin Bs or tobramycin, against P. aeruginosa. The combinations of the hybrid and either
minocycline, rifampicin or vancomycin, among other antibiotics, were found to be strongly

synergistic against multidrug-resistant P. aeruginosa and other Gram-negative bacterial isolates.
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8.2. Future outlook

Overall, these described contributions on the development of investigational peptide-based
therapeutic agents may hold the key to future therapeutic strategies to overcome MDR Gram-
negative bacteria. However, these lead peptide candidates require further optimization attempts to
increase their potency and stability (especially those lipopeptide compounds) to be considered for
clinical trials. For instance, peptidomimetic modifications (as discussed in Chapter 1) may be
imparted to the peptide to remove their “peptide-like” nature. Such modifications may involve
stereochemical transformations (from L- to D-amino acids) or replacement with unnatural amino
acids. Aside from the possibility that these changes may enhance biological activity, removing the
“peptide-like” nature of these agents may render endogenous/host enzymes, such as proteases,
unable to recognize them and therefore impart enhanced serum stability. Moving forward with the
optimization of these reported investigational peptide-based agents in this thesis, peptidomimetics

optimization is certainly warranted.

As we expect that these agents’ action is membranotropic (permeabilize bacterial membranes),
similarly observed in other antimicrobial peptides, biochemical assays that evaluate these
membrane effects should be performed in the future to validate our assumption. A suggested
membrane permeabilization assay might include the use of 1-N-phenylnaphthylamine (NPN) dye
to explore the perturbation of the outer membrane. Moreover, 3,3’-dipropylthiadicarbocyanine
iodide [DiSC3(5)] dye might be used to explore the effects of these agents on the inner membrane
and the transmembrane potential. The latter is very important as the bacterial transmembrane

potential also known as the proton motive force (3), including the electrochemical and proton
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gradient, generates bacterial energy in the form of adenosine triphosphate (ATP). In turn, ATP
powers all bacterial cellular functions that include important drug resistance mechanisms such as
efflux systems and drug inactivating/modifying enzymes. Other modes of action may also be
explored in the future. For instance, the SPRLP reported in Chapter 4 may be evaluated for their
potential protein translation inhibitory activities as other proline-rich peptides are known to
interact with ribosomes. Furthermore, polymyxins and the aminoglycoside tobramycin are also
known to affect protein translation. Thus, the dilipid polymyxins in Chapter 6 and polymyxin Bs-
tobramycin hybrids in Chapter 7 should also be assessed for protein translation inhibition. A

protein translation assay utilizing the oxidative enzyme luciferase may be used for this assessment.

All the data presented herein are in vitro evaluations and thus require in vivo assessment to validate
whether these biological activities are retained in complex biological systems. While further
optimization is expected for these investigational peptide-based agents and considering that testing
in animal models such as mice or rats is rather costly, one may assess in vivo efficacy of these
peptides, in their current form, in Galleria mellonella wax worm infection model. The G.
mellonella infection model is considerably inexpensive but still a valid model that emulates the
immune systems of higher organisms (4, 5). Therefore, this is a potential future experiment for
these peptide-based agents. Other in vivo assessments will soon follow once these drug candidates

undergo optimization, especially to increase their serum/protease stability.

8.3. Perspective

There is absolutely an urgent need to develop new therapeutic strategies that can overcome

antibiotic resistance, especially against MDR Gram-negative pathogens. However, it has been
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proven difficult to generate these much needed lifeline. My collective work in the field of
investigative peptide-based therapeutics published in this thesis represents an effort, among
thousands of contributions, by academia to develop new strategies and agents able to eradicate
MDR pathogens. | foresee that these investigational peptide-based agents will take part in the

future as next generation therapeutics.

Development of novel therapeutic strategies should not cease, especially in the field of
antibacterial drugs. This is very important as bacteria continuously evolve to counter and disarm
our antibiotic weaponry. Scientific ingenuity is humankind’s best weaponry in our crusade to repel

the looming threat of antimicrobial resistance!
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Appendix I: Supporting information for Chapter 4

Additional data shown below are complimentary to Chapter 4 and are based on my publication:
Ronald Domalaon, Yaroslav Sanchak, Linet Cherono Koskei, Yinfeng Lyu, George G. Zhanel,
Gilbert Arthur, Frank Schweizer. 2018. Short proline-rich lipopeptide potentiates minocycline and

rifampin against multidrug- and extensively drug-resistant Pseudomonas aeruginosa. Antimicrob

Agents Chemother 62:02374-17. doi: 10.1128/AAC.02374-17.

Reproduced with permission.

I-1. Characterization of synthesized short proline-rich lipopeptides (SPRLPs)

Cs-PRP (Cs-PRPRPRP-NH3)

!H NMR (300 MHz, Methanol-d4) § 4.73 — 4.56 (m, 3H, Arg.), 4.54 — 4.35 (m, 4H, Prog), 3.92 —
3.42 (m, 8H, Pros), 3.28 — 3.08 (m, 6H, Args), 2.37 (t, J = 7.0 Hz, 2H, C8’s -CH>CO-), 2.30 —
1.83 (m, 20H, Prog, Proy, Argg, Argy), 1.79 — 1.66 (m, 8H, Args, Argy), 1.62 — 1.51 (m, 2H, C8’s

-CH,CHCO-), 1.43 — 1.21 (m, 8H, C8’s -CHs-), 0.96 — 0.79 (m, 3H, C8’s -CHa).

13C NMR (75 MHz, Methanol-d4) § 176.94, 174.79, 174.74, 174.26, 174.15, 172.21, 172.10,
172.03, 158.91, 158.72, 158.67, 61.50, 61.45, 61.35, 61.12, 52.16, 52.12, 51.96, 49.96, 49.76,
49.44, 48.94, 48.86, 42.18, 42.07, 42.03, 35.39, 32.86, 30.91, 30.79, 30.70, 30.63, 30.50, 30.36,

30.32, 30.19, 29.32, 29.24, 25.99, 25.87, 25.81, 25.71, 25.64, 23.63, 23.30, 14.39.

MS-ESI m/z calculated for C4sHs2N170s (M+H)*: 1001.27 found 1001.01.
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C12-PRP (C12-PRPRPRP-NH?2)

'H NMR (300 MHz, Methanol-ds) & 4.69 — 4.56 (m, 3H, Arg,), 4.51 — 4.37 (m, 4H, Pro,), 3.88 —
3.54 (m, 8H, Pros), 3.26 — 3.10 (m, 6H, Args), 2.37 (t, J=7.5 Hz, 2H, C12’s -CH>CO-), 2.32 -
1.80 (m, 20H, Prog, Proy, Argg, Argy), 1.74 (m, 8H, Argg, Argy), 1.63 — 1.54 (m, 2H, C12’s -

CH2CH2CO-), 1.31 (m, 16H, C12’s -CH2-), 0.89 (t, J = 6.6 Hz, 3H, C12’s -CHa).

13C NMR (75 MHz, Methanol-ds) & 176.92, 174.81, 174.79, 174.32, 174.18, 172.25, 172.14,
172.01, 158.76, 158.71, 158.69, 61.46, 61.36, 61.32, 61.16, 52.29, 52.18, 51.93, 49.74, 48.88,
48.59, 48.35, 42.16, 42.09, 42.03, 40.85, 35.45, 33.08, 30.99, 30.81, 30.76, 30.72, 30.68, 30.59,
30.48, 30.43, 29.41, 29.36, 29.29, 29.24, 26.03, 25.93, 25.88, 25.78, 25.75, 25.69, 25.63, 25.56,

23.74, 14.44.

MALDI-MS m/z calculated for CsoHaoN170s (M+H)*: 1056.72, found 1056.722.

C16-PRP (C16-PRPRPRP-NH>)

'H NMR (300 MHz, Methanol-ds) § 4.65 — 4.52 (m, 3H, Arg,), 4.46 — 4.30 (m, 4H, Pro,), 3.82 —
3.67 (m, 3H, Pros), 3.66 — 3.49 (m, 5H, Pros), 3.22 — 3.09 (m, 6H, Args), 2.33 (t, J = 7.5 Hz, 2H,
C16’s -CH.CO-), 2.24 — 1.52 (m, 30H, Prog, Proy, Args, Argy, C16’s -CH>CH.CO-), 1.34 —1.18

(m, 24H, C16’s -CHy-), 0.85 (t, J = 6.9 Hz, 3H, C16’s -CHa).

13C NMR (126 MHz, Methanol-da, rotamers observed) § 175.47, 173.35, 173.33, 172.87, 172.82,
172.79, 172.72, 170.79, 170.67, 170.56, 157.31, 157.26, 157.23, 60.03, 60.01, 59.90, 59.86,

59.74,59.70, 50.75, 50.73, 50.48, 48.19, 48.02, 47.85, 47.68, 40.71, 40.67, 40.63, 33.99, 31.63,
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29.54, 29.34, 29.31, 29.26, 29.23, 29.14, 29.03, 28.98, 27.95, 27.85, 27.83, 24.58, 24.48, 24.43,

24.40, 24.32, 24.18, 22.29, 12.99.

MS-ESI m/z calculated for Cs4HegN170s (M+H)*: 1113.49, found 1113.40.

Ad-PRP (Ad-PRPRPRP-NH>)

'H NMR (300 MHz, Methanol-ds) & 4.72 — 4.54 (m, 3H, Arg,), 4.53 — 4.32 (m, 4H, Pro,), 3.90 —
3.43 (m, 8H, Pros), 3.29 — 3.06 (m, 6H, Args), 2.40 — 2.11 (m, 6H, Prog, Adamantyl’s -CH.CO-),
2.11-1.82 (m, 18H, Prog, Proy, Argg, Argy, Adamantyl), 1.82 — 1.56 (m, 21H, Args, Argy,

Adamantyl).

13C NMR (75 MHz, Methanol-ds) § 176.92, 174.72, 174.28, 174.14, 172.86, 172.22, 172.07,
172.01, 158.75, 158.70, 158.68, 61.57, 61.46, 61.34, 61.22, 52.17, 52.13, 51.90, 50.14, 49.78,
48.96, 48.56, 48.30, 43.78, 43.63, 42.21, 42.10, 41.93, 37.85, 35.09, 34.73, 30.93, 30.85, 30.68,
30.65, 30.52, 30.47, 30.36, 30.26, 30.16, 29.94, 29.48, 29.40, 29.27, 29.25, 26.03, 26.00, 25.82,

25.73, 25.63.

MALDI-MS m/z calculated for CsoHgaN170s (M+H)*: 1049.66, found 1050.680.

Cs-PGP (Cs-PRPGPRP-NH2)

'H NMR (500 MHz, Methanol-ds) & 4.75 — 4.65 (m, 2H, Argy), 4.54 — 4.37 (m, 4H, Pro,), 4.15 —
3.96 (m, 2H, Gly,), 3.83 — 3.55 (m, 8H, Pros), 3.27 — 3.16 (m, 4H, Args), 2.37 (t, J = 7.6 Hz, 2H,

C8’s -CH.CO-), 2.30 — 1.86 (m, 18H, Prog, Proy, Argg, Argy), 1.80 — 1.69 (m, 6H, Proy, Args,
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Argy), 1.60 (m, 2H, C8’s -CH,CH,CO-), 1.40 — 1.25 (m, 8H, C8’s -CH-), 0.91 (t, J = 7.0 Hz, 3H

C8’s -CHa).

13C NMR (126 MHz, Methanol-ds) 5 176.94, 174.78, 174.70, 174.54, 174.36, 172.18, 171.84,
169.38, 158.66, 158.64, 61.53, 61.47, 61.28, 61.16, 52.03, 51.93, 49.63, 49.46, 49.28, 48.49,
47.88, 42.85, 42.10, 42.05, 35.43, 32.92, 30.98, 30.74, 30.73, 30.63, 30.38, 30.25, 29.37, 29.34,

25.99, 25.92, 25.86, 25.84, 25.64, 25.63, 23.69, 14.41.

MALDI-MS m/z calculated for C42H73N140g (M+H)*: 900.57, found 901.586.

C12-PGP (C12-PRPGPRP-NH2)

'H NMR (300 MHz, Methanol-ds) § 4.76 — 4.59 (m, 2H, Arg,), 4.57 — 4.34 (m, 4H, Pro,), 4.17 —
3.89 (m, 2H, Gly,), 3.88 — 3.46 (m, 8H, Pros), 3.27 — 3.04 (m, 4H, Args), 2.42-2.30 (t, J=7.5
Hz, 2H, C12’s -CH>CO-), 2.27 — 1.65 (m, 24H, Prog, Proy, Argg, Argy), 1.63 — 1.52 (m, 2H,

C12’s -CH,CH2CO-), 1.43 — 1.15 (m, 16H, C12’s -CH,-), 0.95 — 0.78 (m, 3H, C12’s -CHs).

13C NMR (75 MHz, Methanol-ds) 176.94, 174.74, 174.68, 174.51, 174.36, 172.22, 171.89,
169.35, 158.65, 158.56, 61.49, 61.32, 61.18, 61.13, 52.15, 51.95, 49.41, 49.15, 48.86, 47.86,
42.84, 42.06, 35.40, 33.03, 30.94, 30.84, 30.71, 30.62, 30.54, 30.42, 30.40, 29.44, 29.39, 29.34,

29.31, 29.25, 29.18, 26.06, 25.97, 25.88, 25.82, 25.69, 25.62, 23.69, 23.63, 14.42.

MALDI-MS m/z calculated for C4sHg1N140g (M+H)™: 957.64, found 957.656.

C16-PGP (C16-PRPGPRP-NH2)
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IH NMR (300 MHz, Methanol-ds) & 4.54 — 4.41 (m, 2H, Argy), 4.37 — 4.14 (m, 4H, Pro,), 3.96 —
3.73 (m, 2H, Gly,), 3.65 —3.28 (m, 8H, Pros), 3.07 — 2.90 (m, 4H, Args), 2.17 (t, J = 7.6 Hz, 2H,
C16’s -CH2CO-), 2.11 — 1.61 (m, 18H, Prog, Proy, Argg, Argy), 1.59 — 1.33 (m, 8H, Proy, Argg,
Argy, C16’s -CH2CH,CO-), 1.19 — 1.01 (m, 24H, C16’s -CH2-), 0.68 (t, J = 6.7 Hz, 3H, C16’s -

CHs).

13C NMR (75 MHz, Methanol-ds) & 176.97, 174.81, 174.72, 174.56, 174.38, 172.21, 171.87,
169.40, 158.75, 158.68, 61.55, 61.50, 61.31, 61.18, 52.17, 51.96, 48.93, 48.58, 48.30, 47.90,
42.87,42.12, 42.07, 35.45, 33.08, 31.00, 30.95, 30.93, 30.91, 30.80, 30.77, 30.68, 30.66, 30.59,
30.48, 30.44, 29.50, 29.39, 29.37, 26.08, 26.01, 25.94, 25.87, 25.76, 25.74, 25.67, 25.59, 25.57,

23.74, 14.45.

MALDI-MS m/z calculated for CsoHggN14Og (M+H)*: 1013.70, found 1013.704.

Ad-PGP (C8-PRPGPRP-NH>)

'H NMR (300 MHz, Methanol-ds) § 4.73 — 4.61 (m, 2H, Arg,), 4.59 — 4.37 (m, 4H, Pro,), 4.17 —
3.94 (m, 2H, Gly,), 3.84 — 3.52 (m, 8H, Pros), 3.26 — 3.13 (m, 4H, Args), 2.39 — 2.13 (m, 6H,
Prog, Adamantyl’s -CH2.CO-), 2.12 — 1.82 (m, 17H, Prog, Proy, Argg, Argy, Adamantyl), 1.81 —

1.57 (m, 18H, Argg, Argy, Adamantyl).

13C NMR (75 MHz, Methanol-ds) § 176.94, 174.67, 174.55, 174.35, 172.90, 172.14, 171.82,
169.38, 61.53, 61.46, 61.31, 61.26, 51.94, 51.90, 49.99, 49.78, 49.73, 49.44, 49.42, 49.15, 48.99,
48.61, 48.31, 48.28, 48.06, 42.85, 42.17, 42.12, 42.07, 41.72, 41.64, 37.87, 35.12, 30.99, 30.73,
30.70, 30.66, 30.64, 30.20, 29.48, 29.38, 29.36, 26.07, 26.01, 25.99, 25.96, 25.91, 25.84, 25.80,
25.63
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MALDI-MS m/z calculated for C4sH75N140g (M+H)*: 950.58, found 951.604.

Cs-PLP (Cs-PRPLPRP-NH2)

H NMR (300 MHz, Methanol-ds) § 4.73 — 4.55 (m, 3H, Arg,, Leuy), 4.54 — 4.34 (m, 4H, Pro,),
3.91 - 3.46 (m, 8H, Pros), 3.27 — 3.12 (m, 4H, Args), 2.36 (t, J=7.5 Hz, 2H, C8’s -CH.CO-),
2.30 —1.80 (m, 19H, Prog, Proy, Argg, Leuy), 1.79 — 1.66 (m, 6H, Argg, Argy), 1.64 —1.50 (m,
4H, Leug, C8’s -CH2CH,CO-), 1.41 — 1.21 (m, 8H, C8’s -CH,-), 0.97 (m, 6H, Leus), 0.90 (t, J =

6.2 Hz, 3H, C8’s -CH3).

13C NMR (75 MHz, Methanol-ds) § 176.96, 174.76, 174.73, 174.38, 174.34, 174.12, 173.29,
172.00, 158.71, 158.70, 61.35, 61.28, 61.21, 61.17, 52.04, 51.89, 51.19, 49.97, 49.76, 49.47,
48.91, 42.13, 42.11, 41.21, 35.44, 32.92, 30.97, 30.81, 30.55, 30.45, 30.43, 30.39, 30.25, 29.41,

29.31, 26.01, 25.92, 25.86, 25.74, 25.68, 25.60, 23.79, 23.69, 21.96, 14.43.

MALDI-MS m/z calculated for C4sHg1N14Og (M+H)*: 957.63, found 957.632.

C12-PLP (C12-PRPLPRP-NH?>)

IH NMR (300 MHz, Methanol-ds) & 4.73 — 4.55 (m, 3H, Arg,, Leu,), 4.53 — 4.35 (m, 4H, Pro,),
3.93 —3.40 (m, 8H, Pros), 3.28 — 3.06 (m, 4H, Args), 2.37 (t, J = 7.6 Hz, 2H, C12’s —-CH2CO-),
2.30 —1.83 (m, 18H, Prog, Proy, Argp), 1.83 — 1.65 (m, 7H, Args, Argy, Leuy), 1.65 - 1.50 (m,
4H, Leug, C12’s -CH2CH2CO-), 1.40 — 1.23 (m, 16H, C12’s -CH2-), 0.97 (m, 6H, Leus), 0.89 (t,

J=6.7 Hz, 3H, C12’s -CHg).
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13C NMR (75 MHz, Methanol-ds) § 176.92, 174.79, 174.71, 174.69, 174.33, 174.11, 173.23,
172.01, 158.70, 158.65, 61.56, 61.31, 61.27, 61.16, 52.04, 51.89, 51.15, 49.85, 49.72, 49.46,
48.87, 42.09, 41.16, 35.40, 35.30, 33.18, 33.03, 30.92, 30.77, 30.71, 30.63, 30.54, 30.43, 30.39,
30.30, 29.35, 29.24, 25.97, 25.87, 25.82, 25.71, 25.65, 25.61, 25.51, 23.77, 23.70, 23.64, 21.93,

14.43.

MALDI-MS m/z calculated for CsoHggN140g (M+H)*: 1013.70, found 1013.699.

Ci16-PLP (C16-PRPLPRP-NH?2)

IH NMR (300 MHz, Methanol-ds) & 6.77 — 6.57 (m, 3H, Args, Leus), 6.57 — 6.38 (m, 4H, Pro,),
5.96 — 5.44 (m, 8H, Pros), 5.31 — 5.08 (m, 4H, Args), 4.38 (t, J = 7.5 Hz, 2H, C16’s -CH2CO-),
4.31 —3.86 (m, 18H, Prog, Proy, Argg), 3.86 — 3.68 (m, 7H, Argg, Argy, Leuy), 3.68 — 3.53 (m,
4H, Leug, C16’s -CH2CH,CO-), 3.42 — 3.24 (m, 24H, C16’s -CH2-), 3.06 — 2.95 (m, 6H, Leus),

2.91 (t, J = 6.7 Hz, 3H, C16’s -CHa).

13C NMR (75 MHz, Methanol-ds) & 176.91, 174.78, 174.68, 174.30, 174.12, 173.18, 172.05,
158.68, 158.63, 61.53, 61.29, 61.19, 61.13, 52.08, 51.93, 51.14, 50.06, 49.96, 49.72, 48.86,
42.07, 41.95, 41.16, 35.40, 35.28, 33.03, 30.91, 30.74, 30.72, 30.63, 30.53, 30.43, 30.39, 29.34,
29.21, 26.18, 25.97, 25.87, 25.81, 25.71, 25.66, 25.51, 25.47, 23.77, 23.70, 23.21, 23.17, 22.13,

22.08, 22.04, 21.94, 21.86, 14.44.

MALDI-MS m/z calculated for CsaHg7N140g (M+H)*: 1069.76, found 1069.736.

Ad-PLP (Ad-PRPLPRP-NH2)
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H NMR (300 MHz, Methanol-ds) & 4.72 — 4.54 (m, 3H, Arg., Leu,), 4.53 — 4.35 (m, 4H, Pro,),
3.94 — 3.36 (m, 8H, Pros), 3.28 — 3.10 (m, 4H, Args), 2.37 — 2.12 (m, 6H Prog, Adamantyl’s -
CH>CO-), 2.12 -1.86 (m, 17H, Prog, Proy, Args, Leuy, Adamantyl), 1.80 — 1.48 (m, 21H, Argg,

Argy, Adamantyl), 1.03-0.88 (m, 6H, Leus).

13C NMR (75 MHz, Methanol-ds) & 176.92, 174.66, 174.33, 174.09, 173.25, 172.83, 171.99,
171.95, 158.72, 158.67, 61.43, 61.31, 61.27, 61.13, 52.02, 51.85, 51.15, 50.13, 50.02, 49.99,
49.72, 43.76, 43.63, 42.09, 41.87, 41.17, 37.84, 35.07, 34.71, 33.17, 33.09, 30.92, 30.74, 30.66,
30.59, 30.50, 30.35, 30.30, 30.15, 29.47, 29.26, 26.01, 25.97, 25.70, 25.63, 25.59, 23.76, 22.21,

21.92.

MALDI-MS m/z calculated CsoHgsN140s (M+H)*: 1007.65 found, 1006.64.

Cs-PWP (Cs-PRPWPRP-NH2)

H NMR (500 MHz, Methanol-ds) § 7.68 — 7.00 (m, 5H, Trp aromatic), 5.00 — 4.86 (m, 1H,
Trpa), 4.72 — 4.57 (m, 2H, Arg.), 4.55 — 4.29 (m, 4H, Pro,), 3.87 — 3.35 (m, 8H, Pros), 3.29 —
3.07 (m, 6H, Args, Trpp), 2.37 (t, J = 7.6 Hz, 2H, C8’s -CH2CO-), 2.30 — 1.83 (m, 16H, Prog,
Proy), 1.82 — 1.44 (m, 10H, Argg, Argy, C8’s -CH2CH,CO-), 1.43 — 1.25 (m, 8H, C8’s -CH,-),

0.89 (t, J = 6.8 Hz, 3H, C8’s -CHa).

13C NMR (126 MHz, Methanol-ds) 5 176.96, 176.93, 174.86, 174.76, 174.73, 174.67, 174.57,
174.33,174.12, 173.96, 173.33, 173.26, 172.89, 172.08, 172.06, 171.96, 158.66, 158.60, 137.98,
128.79, 125.11, 122.49, 119.88, 119.05, 112.37, 110.53, 61.62, 61.59, 61.32, 61.29, 61.27, 61.25,
61.22, 61.18, 53.64, 53.55, 52.01, 51.98, 51.92, 51.84, 49.63, 49.45, 49.28, 49.11, 49.04, 48.96,
48.87, 48.70, 42.12, 42.11, 42.06, 42.02, 35.42, 32.91, 30.99, 30.94, 30.82, 30.77, 30.46, 30.37,
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30.32, 30.29, 30.25, 30.19, 30.09, 29.67, 29.59, 29.42, 29.41, 29.39, 29.35, 28.33, 28.31, 28.27,

26.01, 25.99, 25.95, 25.92, 25.89, 25.86, 25.81, 25.70, 25.57, 23.68, 14.41.

MALDI-MS m/z calculated for Cs1HgoN150g (M+H)*: 1030.63, found 1030.640.

C12-PWP (C12-PRPWPRP-NH?2)

'H NMR (300 MHz, Methanol-ds) § 7.71 — 6.95 (m, 5H, Trp aromatic), 4.93 — 4.88 (m, 1H,
Trpo), 4.72 — 4.56 (m, 2H, Arg.), 4.56 — 4.34 (m, 4H, Pro,), 3.88 — 3.34 (m, 8H, Pros), 3.29 —
3.03 (m, 6H, Args, Trpp), 2.36 (t, J = 7.6 Hz, 2H, C12’s -CH,CO-), 2.31 — 1.83 (m, 16H, Pro,
Proy), 1.82 — 1.48 (m, 10H, Argp, Argy, C12’s -CH,CH,CO-), 1.42 — 1.20 (m, 16H, C12’s -CH,-

), 0.88 (t, J = 6.5 Hz, 3H, C12’s -CHs).

13C NMR (75 MHz, Methanol-ds, rotamers present) & 176.96, 174.85, 174.74, 174.66, 174.04,
173.98, 173.31, 173.27,172.81, 172.75, 172.54, 172.16, 172.01, 171.85, 158.64, 158.59, 137.93,
128.80, 128.62, 125.15, 124.99, 122.81, 122.47, 120.04, 119.88, 119.25, 119.04, 112.59, 112.40,
110.46, 110.17, 61.71, 61.57, 61.41, 61.38, 61.30, 61.15, 61.04, 54.29, 53.50, 52.35, 52.05,
51.95, 51.86, 49.97, 49.71, 48.95, 48.86, 48.27, 42.10, 42.03, 35.46, 35.41, 35.32, 35.30, 33.03,
31.93, 30.94, 30.89, 30.71, 30.63, 30.54, 30.43, 30.39, 30.29, 30.15, 29.59, 29.33, 28.82, 28.78,

28.72, 28.29, 28.21, 25.99, 25.95, 25.89, 25.83, 25.72, 25.62, 25.59, 23.70, 23.11, 23.06, 14.42.

MALDI-MS m/z calculated for CssHgsN150s (M+H)*: 1086.69, found 1086.679.

C16-PWP (C16-PRPWPRP-NH2)
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H NMR (300 MHz, Methanol-ds) § 7.75 — 6.89 (m, 5H, Trp aromatic), 4.98 — 4.87 (m, 1H,
Trpo), 4.73 —4.56 (m, 2H, Arg.), 4.56 — 4.25 (m, 4H, Pro,), 3.91 — 3.34 (m, 8H, Pros), 3.29 —
2.96 (M, 6H, Args, Trpp), 2.37 (t, J = 7.5 Hz, 2H, C16’s -CH,CO-), 2.32 — 1.83 (m, 16H, Pro,
Proy), 1.82 — 1.41 (m, 10H, Argg, Argy, C16’s -CH,CH>CO-), 1.40 — 1.17 (m, 24H, C16’s -CH>-

), 0.90 (t, J=6.7 Hz, 3H, C16’s -CH3).

13C NMR (75 MHz, Methanol-da, rotamers present) 8 176.96, 174.76, 174.66, 174.25, 174.07,
174.04,173.97, 173.32, 173.27, 172.84, 172.75, 172.56, 172.23, 172.14, 172.00, 171.82, 158.65,
158.60, 137.95, 128.81, 128.64, 125.14, 124.97, 122.83, 122.48, 120.05, 119.88, 119.27, 119.05,
112.60, 112.39, 110.49, 110.18, 61.74, 61.58, 61.17, 53.52, 52.34, 52.23, 52.04, 51.86, 48.96,
48.88, 42.11, 42.05, 35.42, 33.05, 30.96, 30.91, 30.76, 30.64, 30.55, 30.44, 30.41, 30.32, 29.34,

28.87, 28.83, 28.78, 28.24, 26.00, 25.95, 25.90, 25.84, 25.71, 25.60, 23.71, 23.07, 14.43.

MALDI-MS m/z calculated for CsoHgsN150s (M+H)*: 1142.76, found 1142.758.

Ad-PWP (C8-PRPWPRP-NH;)

H NMR (300 MHz, Methanol-ds) § 7.70 — 6.96 (m, 5H, Trp aromatic), 5.06 — 4.92 (m, 1H,
Trpa), 4.71 — 4.55 (m, 2H, Arg.), 4.55 — 4.24 (m, 4H, Pro,), 3.97 — 3.37 (m, 8H, Pros), 3.26 —
2.83 (m, 6H, Args, Trpp), 2.36 — 2.07 (m, 6H, Prop, Adamantyl’s -CH2CO-), 2.06 — 1.80 (m, 15H,

Prog, Proy, Args, Adamantyl), 1.79 — 1.16 (m, 20H, Argg, Argy, Adamantyl).

13C NMR (75 MHz, Methanol-ds, rotamers present) & 176.95, 174.73, 174.64, 174.10, 174.03,
173.98, 173.31, 173.27,172.94, 172.82, 172.74, 172.62, 172.50, 172.15, 172.02, 171.86, 158.62,
158.59, 138.07, 137.91, 128.80, 128.61, 125.14, 124.99, 123.45, 122.80, 122.47, 120.04, 119.88,

119.60, 119.56, 119.25, 119.04, 115.74, 112.60, 112.41, 110.62, 110.45, 110.15, 61.68, 61.65,
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61.56, 61.46, 61.31, 61.25, 61.11, 60.91, 54.29, 53.49, 52.36, 52.15, 52.06, 51.93, 51.85, 50.12,
48.94, 48.59, 43.75, 43.62, 42.16, 42.08, 41.97, 37.82, 35.06, 34.72, 31.92, 30.93, 30.87, 30.72,
30.55, 30.44, 30.32, 30.26, 30.13, 30.04, 29.70, 29.42, 29.32, 28.74, 28.19, 25.98, 25.85, 25.72,

25.63, 25.58, 23.05.

MALDI-MS m/z calculated for CssHg2N150s (M+H)*: 1079.64, found 1081.685.

Cu12-prp (Ciz2-prprprp-NHz) — all D-peptide

'H NMR (300 MHz, Methanol-ds) § 4.70 — 4.55 (m, 3H, Arg,), 4.53 — 4.35 (m, 4H, Pro,), 3.87 —
3.46 (m, 8H, Pros), 3.28 — 3.10 (m, 6H, Args), 2.37 (t, J = 7.6 Hz, 2H, C12’s -CH2CO-), 2.30 —
1.83 (m, 19H, Prog, Proy, Argy, Argp), 1.83 — 1.66 (m, 9H, Argp, Argy), 1.65 — 1.54 (m, 2H,

C12’s -CH2CH,CO-), 1.40 — 1.22 (m, 16H, C12’s -CH2-), 0.89 (t, J = 6.5 Hz, 3H, C12’s -CHa).

13C NMR (75 MHz, Methanol-ds) & 176.93, 174.76, 174.73, 174.28, 174.17, 172.20, 172.16,
172.01, 158.73, 158.69, 158.64, 61.49, 61.40, 61.35, 61.12, 52.19, 52.12, 52.01, 49.78, 49.69,
49.17, 48.95, 48.88, 42.24, 42.11, 41.95, 35.50, 35.41, 35.31, 33.03, 30.94, 30.84, 30.72, 30.63,
30.57, 30.55, 30.43, 30.39, 29.27, 26.13, 26.03, 25.99, 25.93, 25.88, 25.83, 25.76, 25.71, 25.61,

23.70, 14.42.

MALDI-MS m/z calculated for CsoHooN170s (M+H)*: 1056.35, found 1056.736.
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I-2. Synergy scan for combinations of clinically-used antibiotics with SPRLPs
against wild-type Pseudomonas aeruginosa PAO1

Note: A >four-fold reduction of the antibiotic’s minimum inhibitory concentration (MIC) at a

fixed 8 pg/mL (5 uM) SPRLP concentration denotes for a potential synergistic interaction.

Appendix Table I-1 Synergy scan for combinations of rifampicin, minocycline, moxifloxacin,

ceftazidime, and gentamicin with SPRLPs against wild-type P. aeruginosa PAOL.

MIC, pg/mL

Rifampicin

Minocycline Moxifloxacin Ceftazidime

Gentamicin

8

8

1

2

1

Absolute MIC in the presence of 8 ug/mL (5 uM) SPRLP adjuvant, pg/mL

Adjuvant

Rifampicin

Minocycline Moxifloxacin Ceftazidime

Gentamicin

Cs-PRP
C12>-PRP
C16-PRP
Ad-PRP
Cs-PGP
C12-PGP
C16-PGP
Ad-PGP
Cs-PLP
C12-PLP
Ci6-PLP
Ad-PLP
Cs-PWP
C12-PWP
Ci16-PWP
Ad-PWP
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Appendix Table I-2 Synergy scan for combinations of meropenem, ciprofloxacin, colistin,

tobramycin, and aztreonam with SPRLPs against wild-type P. aeruginosa PAO1.

Meropenem Ciprofloxacin  Colistin Tobramycin  Aztreonam

MIC, pg/mL 1 0.125 0.5 1 4
Absolute MIC in the presence of 8 ug/mL (5 pM) SPRLP adjuvant, pg/mL

Adjuvant Meropenem Ciprofloxacin ~ Colistin Tobramycin  Aztreonam
Cs-PRP 1 0.25 0.25 0.5 2
C12-PRP 2 0.0625 1 0.5 2
C16-PRP 1 0.125 0.25 1 2
Ad-PRP 2 0.125 0.5 1 4
Cs-PGP 2 0.125 0.5 1 4
C12-PGP 2 0.25 0.25 1 4
C16-PGP 2 0.125 0.5 1 4
Ad-PGP 2 0.125 0.5 1 2
Ce-PLP 2 0.125 0.5 1 4
C12-PLP 1 0.125 0.25 1 2
Ci6-PLP 1 0.125 0.25 1 4
Ad-PLP 1 0.125 0.5 0.5 2
Cs-PWP 2 0.25 0.5 >1 4
C12-PWP 2 0.125 0.5 0.5 2
C16-PWP 2 0.25 0.25 1 2
Ad-PWP 1 0.125 0.5 0.5 2
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Appendix Table I-3 Synergy scan for combinations of doripenem, levofloxacin, fosfomycin,

amikacin, and cefotaxime with SPRLPs against wild-type P. aeruginosa PAO1.

Doripenem Levofloxacin Fosfomycin ~ Amikacin  Cefotaxime

MIC, pg/mL 0.5 0.25 16 1 16
Absolute MIC in the presence of 8 ug/mL (5 uM) SPRLP adjuvant, pg/mL

Adjuvant Doripenem Levofloxacin Fosfomycin ~ Amikacin  Cefotaxime
Cs-PRP 0.5 1 16 4 16
C12-PRP 0.5 0.5 16 4 16
C16-PRP 1 1 16 4 16
Ad-PRP 0.5 0.5 16 1 16
Cs-PGP 0.5 0.5 16 1 16
C12-PGP 0.5 1 32 2 16
C16-PGP 0.5 0.5 16 2 16
Ad-PGP 0.5 0.5 16 1 16
Cs-PLP 0.5 0.5 16 1 16
C12-PLP 0.5 0.5 16 4 16
C16-PLP 0.5 0.5 16 2 16
Ad-PLP 0.5 0.5 16 1 16
Cs-PWP 1 1 32 2 16
C12-PWP 0.5 0.5 16 2 16
C16-PWP 0.5 1 16 2 16
Ad-PWP 0.5 0.5 16 2 16
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I-3. Checkerboard assay for combinations of minocycline and rifampicin with
SPRLPs belonging to the PRP sequence subset.

Appendix Table 1-4 Synergy evaluation for combinations of minocycline and rifampicin with
either Cg-PRP, C16-PRP or Ad-PRP in wild-type P. aeruginosa PAO1.

Antibiotic MIC antibiotic, Adjuvant MIC adjuvant, FIC index Interpretation
pg/mL pg/mL
Minocycline 8 Cs-PRP >512 1<x<1.004 Indifferent
Minocycline 8 C16-PRP 32 1 Indifferent
Minocycline 8 Ad-PRP >512 0.50<x<0.75 Indifferent
Rifampicin 8 Cs-PRP >512 0.50<x<0.504 Indifferent
Rifampicin 8 C16-PRP 32 0.75 Indifferent
Rifampicin 8 Ad-PRP >512 0.25<x<0.75 Indifferent
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I-4. Assessment for cytotoxicity of C12-PRP along with control drugs.

Appendix Table I-5 Cytotoxicity evaluation of amphiphilic C12-PRP, colistin and adriamycin®
against human liver carcinoma HepG2 and human embryonic kidney HEK-293 cell lines.

HepG2 HEK-293
Agent ICs0°, uM CCso®, uM ICs0°, uM CCso®, uM
C12-PRP >50 >50 >50 >50
Colistin® 15 >50 >50 >50
Adriamycin® <0.16 <0.16 <0.16 0.16

a = concentration needed to inhibit cell proliferation to 50% (ICsp); ® = concentration needed to reduce cell viability
to 50% (CCsp); © = colistin is used as an internal control for a clinically-used peptide antibiotic; ¢ = adriamycin® is
used as an internal control for a clinically-used anticancer drug.
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Appendix Il: Supporting information for Chapter 5

Additional data shown below are complimentary to Chapter 5 and are based on my publication:
Ronald Domalaon, Marc Brizuela, Benjamin Eisner, Brandon Findlay, George G. Zhanel, Frank
Schweizer. 2018. Dilipid ultrashort cationic lipopeptides as adjuvants for chloramphenicol and

other conventional antibiotics against Gram-negative bacteria. Amino Acids (Epub ahead of print).

doi: 10.1007/s00726-018-2673-9.

Reproduced with permission.

I1-1. Chemical characterization of dilipid ultrashort cationic lipopeptides (dUSCLSs)

Di-C7-KKKK-NH2 (1)

IH NMR (500 MHz, Deuterium Oxide) & = 4.38 — 4.14 (m, 4H), 3.15 (t, J=6.2, 2H), 2.97 (t, J=6.6,
10H), 2.37 — 2.12 (m, 4H), 1.94 — 1.11 (m, 41H), 0.92 — 0.74 (m, 6H).

13C NMR (126 MHz, Deuterium Oxide) 6 = 177.54, 177.20, 176.33, 174.52, 173.66, 173.65, 53.84,
53.51, 53.46, 53.37, 39.20, 38.98, 35.83, 35.42, 30.74, 30.70, 30.50, 30.48, 30.44, 30.39, 27.92,
27.86, 27.81, 26.33, 26.26, 25.44, 25.33, 22.58, 22.13, 22.11, 22.07, 21.99, 21.92, 21.90, 13.36.

MS (ESI) m/z calcd for CagH76N9Os (M+H)*: 755.07 found: 754.9.

Di-Co-KKKK-NH:2 (2)
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IH NMR (500 MHz, Deuterium Oxide) 8 = 4.32 — 4.10 (m, 4H), 3.11 (t, J=6.6, 5H), 2.92 t,
J=6.6, 18H), 2.30 — 2.02 (m, 4H), 1.81 — 1.08 (m, 48H), 0.82 — 0.72 (m, 6H).

13C NMR (126 MHz, Deuterium Oxide) & = 176.83, 176.40, 176.30, 174.48, 173.70, 173.62,
53.68, 53.52, 53.49, 53.41, 39.21, 38.70, 36.05, 35.63, 31.50, 30.59, 30.56, 30.50, 30.45, 30.39,
28.88, 28.70, 28.00, 27.26, 26.40, 26.35, 26.31, 25.75, 25.70, 25.63, 22.59, 22.34, 22.14, 22.06,
20.43, 20.38, 13.66.

MS (ESI) m/z calcd for Cs2HssNgOs (M+2H)?*: 406.09 found: 406.1.

Di-C11-KKKK-NHz2 (3)

IH NMR (500 MHz, Deuterium Oxide) & = 4.38 — 4.17 (m, 4H), 3.24 — 3.11 (m, 2H), 3.05 - 2.91
(m, 6H), 2.40 — 2.12 (m, 4H), 1.90 — 1.12 (m, 56H), 0.90 — 0.79 (m, 6H).

13C NMR (126 MHz, Deuterium Oxide) § = 176.25, 176.11, 175.57, 174.42, 173.72, 173.58,
53.62, 53.54, 53.50, 44.61, 39.32, 39.22, 38.54, 36.27, 35.86, 31.99, 30.72, 30.58, 30.52, 30.47,
29.87, 29.84, 29.77, 29.61, 29.55, 29.50, 29.35, 29.23, 28.29, 28.21, 26.36, 26.33, 26.11, 25.93,
22.66, 22.27, 22.15, 22.09, 22.05, 21.53, 13.86, 13.80.

MS (ESI) m/z calcd for CasHg2NgOs (M+H)*: 867.27 found: 866.9.

Di-C14-KKKK-NH:2 (4)

IH NMR (500 MHz, Methanol-ds) 8 = 4.42 — 4.05 (m, 4H), 3.17 (td, J=6.8, 3.3, 2H), 3.01 — 2.87

(m, 6H), 2.21 (dt, J=39.5, 7.0, 4H), 1.90 — 1.25 (m, 68H), 0.90 (t, J=6.8, 6H).
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13C NMR (126 MHz, Methanol-ds) 5 = 176.92, 176.67, 176.50, 175.24, 174.43, 174.11, 55.51,
54.77,54.74, 54.27, 40.72, 40.63, 40.60, 40.05, 37.36, 36.91, 33.21, 32.71, 32.30, 32.27, 32.15,
30.93, 30.91, 30.84, 30.80, 30.64, 30.61, 30.55, 30.51, 30.22, 28.19, 28.14, 28.11, 28.05, 27.27,
27.09, 24.41, 23.89, 23.87, 23.77, 14.59.

MS (ESI) m/z calcd for Cs2H103NeOgs (M+2H)?*: 476.21 found: 476.1.

Di-C7-KKGK-NHz: (5)

IH NMR (500 MHz, Deuterium Oxide) & 4.35 — 4.18 (m, 3H), 3.96 (s, 2H), 3.17 (t, J = 6.7 Hz,
2H), 2.99 (t, J = 7.6 Hz, 4H), 2.35 — 2.15 (m, 4H), 1.94 — 1.13 (m, 34H), 0.92 — 0.77 (m, 6H).
13C NMR (126 MHz, Deuterium Oxide) § 177.43, 176.97, 176.61, 174.58, 174.34, 171.19,
53.81, 53.65, 53.31, 42.37, 39.33, 39.23, 38.92, 35.92, 35.50, 30.84, 30.81, 30.52, 30.45, 30.28,
28.03, 28.00, 27.90, 26.28, 26.25, 25.51, 25.41, 22.59, 22.26, 22.10, 22.08, 21.99, 13.43.

MS (ESI) m/z calcd for CasHs7NgOs (M+H)*: 683.94 found: 683.6.

Di-Co-KKGK-NH: (6)

IH NMR (500 MHz, Deuterium Oxide) & 4.36 — 4.23 (m, 3H), 4.03 — 3.89 (m, 2H), 3.25 — 3.12
(m, 2H), 3.00 (t, J = 7.4 Hz, 4H), 2.38 — 2.12 (m, 4H), 1.92 — 1.17 (m, 42H), 0.91 — 0.77 (m,
6H).

13C NMR (126 MHz, Deuterium Oxide) § 176.57, 176.34, 175.78, 174.46, 174.35, 171.11,

53.72, 53.60, 53.37, 42.35, 39.23, 38.61, 36.20, 35.81, 31.78, 31.77, 30.70, 30.51, 30.40, 29.29,
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29.23, 29.18, 29.11, 29.05, 28.98, 28.16, 26.34, 26.29, 25.99, 25.84, 22.63, 22.54, 22.46, 22.40,
22.12,21.97, 13.79, 13.75.

MS (ESI) m/z calcd for C3gH7sNgOsNa (M+Na)*: 762.03 found: 761.7.

Di-C11-KKGK-NH2 (7)

IH NMR (500 MHz, Methanol-ds) § 4.35 (dd, J = 9.4, 4.8 Hz, 1H), 4.28 (dd, J = 8.8, 5.5 Hz,
1H), 4.21 (dd, J = 8.9, 5.3 Hz, 1H), 3.97 — 3.81 (m, 2H), 3.17 (t, J = 6.9 Hz, 2H), 3.02 — 2.86 (m,
4H), 2.32 — 2.22 (m, 2H), 2.17 (t, J = 7.6 Hz, 2H), 1.96 — 1.23 (m, 50H), 0.90 (t, J = 6.9 Hz, 6H).
13C NMR (126 MHz, Methanol-ds) § 176.88, 176.69, 176.33, 175.08, 174.74, 171,51, 55.23,
54.82, 54.10, 49.00, 43.64, 40.52, 40.47, 39.92, 37.21, 36.77, 33.05, 32.30, 32.14, 31.82, 30.71,
30.69, 30.68, 30.64, 30.48, 30.45, 30.43, 30.39, 30.35, 30.07, 27.96, 27.91, 27.11, 26.94, 24.27,
23.74, 23.72, 23.66, 14.43.

MS (ESI) m/z calcd for C42Hg2NgOsNa (M+Na)*: 818.14 found: 818.9.

Di-C14-KKGK-NH2 (8)

IH NMR (500 MHz, Methanol-ds) § 4.36 (dd, J = 9.2, 4.7 Hz, 1H), 4.28 (dd, J = 8.6, 5.5 Hz,
1H), 4.20 (dd, J = 8.7, 5.3 Hz, 1H), 3.97 — 3.81 (m, 2H), 3.17 (t, J = 6.6 Hz, 2H), 3.00 — 2.85 (m,
4H), 2.33 — 2.11 (m, 4H), 1.97 — 1.20 (m, 62H), 0.90 (t, J = 6.7 Hz, 6H).

13C NMR (126 MHz, Methanol-ds) § 176.89, 176.68, 176.35, 175.08, 174.74, 171.49, 55.23,
54.77, 54.08, 43.63, 40.53, 39.91, 37.23, 36.79, 33.15, 32.33, 32.13, 31.85, 30.80, 30.70, 30.66,

30.50, 30.48, 30.41, 30.38, 30.09, 27.98, 27.94, 27.13, 26.96, 24.27, 23.73, 23.67, 14.44.
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MS (ESI) m/z calcd for CagHasNgOsNa (M+Na)*: 902.32 found: 902.4.
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I1-2. Effect of efflux on combinations consisting of chloramphenicol and dUSCLs
2 or 6 against Pseudomonas aeruginosa

Appendix Table 11-1 Evaluation for synergy of combinations consisting of chloramphenicol and
dilipid ultrashort cationic lipopeptides (dUSCLs) 2 or 6 against wild-type PAO1 and efflux-
deficient (PAO200 and PAO750) P. aeruginosa strains.

MICguscL MICchL

[M |Ccomb0] ’ [M |Ccomb0] ’
Organism duscL ug/mL ug/mL FIC index Interpretation
P.aeruginosa 2 128 [8] 32 [1] 0.094 Synergy
PAO1 6 64 [16] 32 [1] 0.281 Synergy
P. aeruginosa 2 32 [16] 1[0.25] 0.750 Additive
PAO200? 6 64 [32] 1[0.5] 1.000 Additive
P. aeruginosa 2 16 [8] 11[0.125] 0.625 Additive
PAQ750° 6 16 [8] 1[0.5] 1.000 Additive

a = efflux-deficient strain PAO200 lacked the MexAB-OprM pump. ® = efflux-deficient strain PAO750 lacked five
clinically-relevant pumps (MexAB-OprM, MexCD-OprJ, MexEF-OprN, MexJK and MexXY) and outer membrane

protein OpmH
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11-3. Checkerboard studies with cationic amphiphiles and chloramphenicol against
wild-type strains of P. aeruginosa, Acinetobacter baumannii and Escherichia coli

Appendix Table 11-2 Evaluation for synergy of combinations consisting of chloramphenicol and
cationic amphiphiles against wild-type strains of P. aeruginosa, Acinetobacter baumannii and
Escherichia coli.

Ivllcamphiphile M|CCH|_
[M |Ccomb0] ’ [M | Ccombo] ’
Organism Amphiphile pg/mL pg/mL FIC index Interpretation
. Benzethonium Chloride 32 [16] 32 [8] 0.750 Additive
P. aeruginosa . . .
PAOL Ben;alkomum Chlo_rlde 64 [32] 32 [4] 0.625 Add!t!ve
Cetrimonium Bromide 128 [64] 32 [16] 1.000 Additive
A baumannii Benzethonium Chloride 16 [8] 64 [4] 0.562 Additive
A.TCC 17978 Benzalkonium Chloride 8 [4] 64 [16] 0.750 Additive
Cetrimonium Bromide 32 [8] 64 [32] 0.750 Additive
. Benzethonium Chloride 64 [32] 411] 0.750 Additive
E. Cgls'gg CC Benzalkonium Chioride 8[2] 412] 0.750 Additive
Cetrimonium Bromide 410.5] 412] 0.625 Additive
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[1-4. Checkerboard studies with dUSCLSs 2 or 6 in combination with other classes

of clinically-used antibiotics against P. aeruginosa

Appendix Table 11-3 Evaluation for synergy of combinations consisting of dilipid ultrashort
cationic lipopeptides (dUSCLs) 2 and various antibiotics against wild-type PAOL.

Absolute
MIC: MIC antiviotic MIC antibio
[M ICcombo] y [M ICcombo] y tic,a

Antibiotic pg/mL pg/mL FIC index Interpretation pg/mL Potentiation®
Rifampicin 128 [8] 16 [0.062] 0.066 Synergy 0.062 256-fold
Trimethoprim 128 [16] 64 [4] 0.187 Synergy 16 4-fold
Tobramycin 128 [0.5] 111] 1.004 Additive 1 1-fold
Amikacin 128 [0.5] 4 [4] 1.004 Additive 4 1-fold
Minocycline 128 [32] 8 [0.5] 0.312 Synergy 1 8-fold
Fosfomycin 128 [32] 16 [4] 0.500 Synergy 8 2-fold
Aztreonam 128 [32] 4 (2] 0.750 Additive 4 1-fold
Meropenem 128 [0.5] 0.5[0.5] 1.004 Additive 0.5 1-fold
Piperacillin 128 [32] 410.5] 0.375 Synergy 1 4-fold
Ceftazidime 128 [0.5] 2[2] 1.004 Additive 2 1-fold
Ciprofloxacin 128 [16] 0.125[0.031] 0.375 Synergy 0.062 2-fold
Levofloxacin 128 [32] 0.25[0.031] 0.375 Synergy 0.125 2-fold
Moxifloxacin 128 [16] 2[0.25] 0.250 Synergy 0.5 4-fold
Linezolid 128 [32] 1024[16] 0.266 Synergy 128 8-fold
Vancomycin 128 [32] 256 [32] 0.375 Synergy 256 1-fold

2= MIC of antibiotic in the presence of 8 pg/mL dUSCL 2. ® = degree of antibiotic potentiation in the presence of 8

pg/mL dUSCL 2.
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Appendix Table 11-4 Evaluation for synergy of combinations consisting of dilipid ultrashort
cationic lipopeptides (dUSCLs) 6 and various antibiotics against wild-type PAO1.

Absolute
MICs MIC antibiotic MIC antibio
[M |Ccombo] y [M | Ccombo] ’ tic,El

Antibiotic pg/mL pg/mL FIC index Interpretation pg/mL Potentiation®
Rifampicin 64 [16] 16 [0.062] 0.254 Synergy 0.062 256-fold
Trimethoprim 64 [16] 64 [32] 0.750 Additive 64 1-fold
Tobramycin 64 [0.25] 1[1] 1.004 Additive 2 Y-fold
Amikacin 64 [0.25] 4 [4] 1.004 Additive 4 1-fold
Minocycline 64 [8] 81[1] 0.250 Synergy 1 8-fold
Fosfomycin 64 [16] 16 [4] 0.250 Synergy 16 1-fold
Aztreonam 64 [0.25] 81[4] 0.504 Additive 4 1-fold
Meropenem 64 [0.25] 0.5[0.5] 1.004 Additive 0.5 1-fold
Piperacillin 64 [8] 411] 0.375 Synergy 1 4-fold
Ceftazidime 64 [0.25] 2[2] 1.004 Additive 2 1-fold
Ciprofloxacin 64 [16] 0.125[0.062] 0.750 Additive 0.125 1-fold
Levofloxacin 64 [16] 0.25[0.062] 0.500 Synergy 0.25 1-fold
Moxifloxacin 64 [16] 2[0.25] 0.375 Synergy 2 1-fold
Linezolid 64 [16] 1024[32] 0.281 Synergy 1024 1-fold
Vancomycin 64 [0.25] 256 [256] 1.004 Additive 256 1-fold

2 = MIC of antibiotic in the presence of 8 pg/mL dUSCL 6. ® = degree of antibiotic potentiation in the presence of 8
pg/mL dUSCL 6.
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Appendix Il Supporting information for Chapter 6

Additional data shown below are complimentary to Chapter 6 and are based on my publication:

Ronald Domalaon, Liam Berry, Quinn Tays, George G. Zhanel, Frank Schweizer. 2018.
Development of dilipid polymyxins: investigation on the effect of hydrophobicity through its fatty

acyl component. Bioorg Chem 80:639-648. doi: 10.1016/j.bioorg.2018.07.018.

Reproduced with permission.
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[11-1. Checkerboard studies of dilipid polymyxin B with clinically used antibiotics

Appendix Table 111-1 Evaluation for synergism of 1 and clinically-used antibiotics against P.

aeruginosa PAOL.

MICprug
(MICprug In MIC1 (MIC1 in
Drug combo) combo) FIC index Interpretation
Ceftazidime 2 (0.25) 128 (32) 0.37 Synergy
Piperacillin 4(2) 128 (32) 0.75 Additive
Aztreonam 4 (0.5) 128 (32) 0.37 Synergy
Meropenem 1 (0.25) 128 (32) 0.50 Synergy
Doripenem 1(0.5) 128 (32) 0.75 Additive
Minocycline 16 (1) 128 (2) 0.08 Synergy
Doxycycline 8 (0.5) 128 (2) 0.08 Synergy
Tobramycin 1(1) 128 (0.5) 1.00 Additive
Streptomycin 16 (8) 128 (32) 0.75 Additive
Gentamicin 2 (2) 128 (0.0625) 1.00 Additive
Moxifloxacin 1(0.125) 128 (16) 0.25 Synergy
Ciprofloxacin 0.25 (0.0625) 128 (32) 0.50 Synergy
Fosfomycin 16 (2) 128 (16) 0.25 Synergy
Trimethoprim 128 (16) 128 (16) 0.25 Synergy
Chloramphenicol 32 (2) 128 (4) 0.09 Synergy
Novobiocin 512 (16) 128 (8) 0.09 Synergy
Vancomycin 256 (8) 128 (32) 0.28 Synergy
Clindamycin 1024 (32) 128 (8) 0.09 Synergy
Linezolid 1024 (64) 128 (4) 0.09 Synergy
Pleuromutilin 512 (4) 128 (8) 0.07 Synergy
Rifampicin 16 (0.125) 128 (2) 0.02 Synergy
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Appendix Table I11-2 Evaluation for synergism of 2 and clinically-used antibiotics against P.

aeruginosa PAOL.

MlCDrug
(MICpryg In MIC2 (MICz in
Drug combo) combo) FIC index Interpretation
Ceftazidime 2 (1) 4(2) 1.00 Additive
Piperacillin 4 (0.0625) 8 (4) 0.51 Additive
Aztreonam 4 (0.125) 8 (4) 0.53 Additive
Meropenem 1 (0.0625) 8 (4) 0.56 Additive
Doripenem 1(0.125) 8 (4) 0.62 Additive
Minocycline 16 (4) 8 (2) 0.50 Synergy
Doxycycline 8 (0.125) 8 (4) 0.51 Additive
Tobramycin 1(1) 4 (0.125) 1.03 Additive
Streptomycin 16 (4) 8 (4) 0.75 Additive
Gentamicin 2 (4) 8 (0.125) 2.01 Additive
Moxifloxacin 1(1) 4 (2) 1.50 Additive
Ciprofloxacin 0.25 (0.0625) 8 (4) 0.75 Additive
Fosfomycin 16 (0.125) 8 (4) 0.51 Additive
Trimethoprim 128 (8) 8 (4) 0.56 Additive
Chloramphenicol 32 (4) 8 (2) 0.37 Synergy
Novobiocin 512 (8) 8 (2) 0.26 Synergy
Vancomycin 256 (2) 8 (4) 0.51 Additive
Clindamycin 1024 (64) 8 (2) 0.31 Synergy
Linezolid 1024 (1) 8 (4) 0.50? Additive
Pleuromutilin 512 (4) 4(2) 0.51 Additive
Rifampicin 16 (8) 4 (1) 0.75 Additive

2= FIC index is 0.500977 therefore not synergistic
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Appendix Table 111-3 Evaluation for synergism of 3 and clinically-used antibiotics against P.

aeruginosa PAOL.

MlCDrug
(MICprug In MICs (MICs in
Drug combo) combo) FIC index Interpretation
Ceftazidime 2 (1) 32 (16) 1.00 Additive
Piperacillin 4(2) 32 (16) 1.00 Additive
Aztreonam 4 (1) 32 (16) 0.75 Additive
Meropenem 1(0.5) 32 (16) 1.00 Additive
Doripenem 1(0.5) 32 (16) 1.00 Additive
Minocycline 16 (2) 32 (16) 0.62 Additive
Doxycycline 8 (1) 32 (16) 0.62 Additive
Tobramycin 1(1) 32 (0.25) 1.01 Additive
Streptomycin 16 (16) 32 (0.25) 1.01 Additive
Gentamicin 2(2) 32 (0.25) 1.01 Additive
Moxifloxacin 1(0.5) 32 (16) 1.00 Additive
Ciprofloxacin 0.125 (0.125) 32 (0.25) 1.01 Additive
Fosfomycin 16 (8) 32 (8) 0.75 Additive
Trimethoprim 128 (16) 32 (16) 0.62 Additive
Chloramphenicol 32 (4) 32 (16) 0.62 Additive
Novobiocin 512 (0.5) 32 (16) 0.50? Additive
Vancomycin 256 (128) 32 (16) 1.00 Additive
Clindamycin 1024 (64) 32 (16) 0.56 Additive
Linezolid 1024 (0.25) 32 (32) 1.00 Additive
Pleuromutilin 512 (8) 32 (16) 0.51 Additive
Rifampicin 16 (8) 32 (8) 0.75 Additive

2= FIC index is 0.500977 therefore not synergistic
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Appendix Table 111-4 Evaluation for synergism of 4 and clinically-used antibiotics against P.

aeruginosa PAOL.

MlCDrug
(MICprug In MIC4 (MIC4 in
Drug combo) combo) FIC index Interpretation
Ceftazidime 2 (0.0625) 16 (8) 0.53 Additive
Piperacillin 4(4) 8 (0.25) 1.03 Additive
Aztreonam 4 (0.0625) 16 (8) 0.51 Additive
Meropenem 1(0.5) 8 (4) 1.00 Additive
Doripenem 1 (0.0625) 16 (8) 0.56 Additive
Minocycline 16 (4) 8 (4) 0.75 Additive
Doxycycline 8 (4) 8 (4) 1.00 Additive
Tobramycin 1(1) 16 (0.25) 1.01 Additive
Streptomycin 16 (16) 8 (0.25) 1.03 Additive
Gentamicin 2(2) 8 (0.25) 1.03 Additive
Moxifloxacin 1(1) 8 (4) 1.50 Additive
Ciprofloxacin 0.125 (0.125) 8 (0.25) 1.03 Additive
Fosfomycin 32 (8) 8 (4) 0.75 Additive
Trimethoprim 128 (0.25) 8 (8) 1.00 Additive
Chloramphenicol 32 (4) 8 (4) 0.62 Additive
Novobiocin 512 (2) 8 (4) 0.50 Additive
Vancomycin 256 (64) 8 (4) 0.75 Additive
Clindamycin 1024 (128) 8 (4) 0.62 Additive
Linezolid 1024 (0.25) 8 (8) 1.00 Additive
Pleuromutilin 512 (4) 8 (4) 0.51 Additive
Rifampicin 16 (0.25) 8 (4) 0.51 Additive
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Appendix Table 111-5 Evaluation for synergism of 5 and clinically-used antibiotics against P.

aeruginosa PAOL.

MlCDrug
(MICprug In MICs (MICs in
Drug combo) combo) FIC index Interpretation
Ceftazidime 2 (0.25) 16 (8) 0.62 Additive
Piperacillin 4(2) 16 (8) 1.00 Additive
Aztreonam 4 (0.5) 16 (8) 0.62 Additive
Meropenem 1(0.5) 16 (8) 1.00 Additive
Doripenem 1(0.5) 16 (8) 1.00 Additive
Minocycline 16 (2) 16 (8) 0.62 Additive
Doxycycline 8 (0.25) 16 (8) 0.53 Additive
Tobramycin 1(1) 16 (0.25) 1.01 Additive
Streptomycin 16 (8) 16 (8) 1.00 Additive
Gentamicin 2(4) 16 (0.25) 2.01 Additive
Moxifloxacin 1(0.25) 16 (8) 0.75 Additive
Ciprofloxacin 0.25 (0.125) 16 (8) 1.00 Additive
Fosfomycin 16 (1) 16 (8) 0.56 Additive
Trimethoprim 128 (16) 16 (8) 0.62 Additive
Chloramphenicol 32 (8) 16 (4) 0.50 Synergy
Novobiocin 512 (128) 16 (4) 0.50 Synergy
Vancomycin 256 (2) 16 (8) 0.51 Additive
Clindamycin 1024 (32) 16 (8) 0.53 Additive
Linezolid 1024 (32) 16 (8) 0.53 Additive
Pleuromutilin 512 (2) 16 (8) 0.50? Additive
Rifampicin 16 (1) 16 (4) 0.31 Synergy

2= FIC index is 0.503906 therefore not synergistic
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[11-2. Checkerboard studies of polymyxin B nonapeptide with clinically used

antibiotics

Appendix Table 111-6 Evaluation for synergism of polymyxin B nonapeptide (PMBN) and
clinically-used antibiotics against P. aeruginosa PAOL.

M |CDrug M |CPMBN
(MICpryg In (MICpmgn in
Drug combo) combo) FIC index Interpretation
Ceftazidime 2 (0.25) 128 (8) 0.19 Synergy
Piperacillin 4 (1) 128 (8) 0.31 Synergy
Aztreonam 4 (0.5) 128 (4) 0.16 Synergy
Meropenem 0.5 (0.125) 128 (16) 0.37 Synergy
Doripenem 1 (0.25) 128 (8) 0.31 Synergy
Minocycline 16 (0.5) 128 (8) 0.09 Synergy
Doxycycline 16 (0.25) 128 (4) 0.05 Synergy
Tobramycin 1(1) 128 (0.5) 1.00 Additive
Streptomycin 16 (8) 128 (0.5) 0.50? Additive
Gentamicin 2(2) 128 (64) 1.50 Additive
Moxifloxacin 1(0.125) 128 (32) 0.37 Synergy
Ciprofloxacin 0.125 (0.0312) 128 (32) 0.50 Synergy
Fosfomycin 16 (2) 128 (32) 0.37 Synergy
Trimethoprim 128 (8) 128 (4) 0.09 Synergy
Chloramphenicol 32 (2) 128 (1) 0.07 Synergy
Novobiocin 512 (4) 128 (4) 0.04 Synergy
Vancomycin 256 (4) 128 (1) 0.02 Synergy
Clindamycin 1024 (32) 128 (0.5) 0.03 Synergy
Linezolid 1024 (32) 128 (4) 0.06 Synergy
Pleuromutilin 512 (16) 128 (0.5) 0.03 Synergy
Rifampicin 16 (0.0625) 128 (0.5) 0.01 Synergy

2= FIC index is 0.503906 therefore not synergistic
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Appendix IV: Supporting information for Chapter 7

Additional data shown below are complimentary to Chapter 7 and are based on my publication:

Ronald Domalaon, Xuan Yang, Yinfeng Lyu, George G. Zhanel, Frank Schweizer. 2017.
Polymyxin Bs-tobramycin hybrids with Pseudomonas aeruginosa-selective antibacterial activity
and strong potentiation of rifampicin, minocycline and vancomycin. ACS Infect Dis 3:941-954.

doi: 10.1021/acsinfecdis.7b00145.

Reproduced with permission.

IV-1. Synthesis and characterization of intermediates

Boc protection of tobramycin and characterization of Tobramycin-Boc (4)

Following an established protocol!, Tobramycin and Boc anhydride (10 mol. eq.) were dissolved
in an ample amount of 2:1 methanol:water. Triethylamine (22 mol. eg.) was added followed by
stirring at 55 °C until tobramycin starting material is not TLC-visible (more than 20 hours). The
solvent was removed in vacuo followed by co-distillation with DCM and toluene, successively.
The compound was left drying under high-vacuum for more than 24 hours to afford a white solid

(4). Crude was used directly for the next step. Rf = 0.22 (Ethyl acetate).

OH
HOENC BooHN7>—7~OH  Tobramycin-Boc (4) *H NMR (500 MHz,
OH Ho NHBoc
0 Methanol-ds) 8 5.17 — 4.98 (m, 2H), 3.96 — 3.89 (m,

1H), 3.82 — 3.75 (M, 1H), 3.75 — 3.65 (m, 2H), 3.65 — 3.55 (M, 3H), 3.55 — 3.31 (M, 10H), 2.16 —

1.95 (m, 2H), 1.69 — 1.58 (m, 1H), 1.50 — 1.40 (m, 45H). *C NMR (126 MHz, Methanol-da)
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158.08, 157.99, 157.87, 156.52, 156.33, 98.22, 97.95, 82.17, 81.10, 79.28, 79.07, 79.00, 78.93,
78.73, 75.54, 73.29, 72.07, 70.67, 68.18, 65.04, 60.78, 55.76, 50.11, 49.69, 49.51, 40.55, 34.42,
32.81, 27.44, 27.39, 27.38, 27.35, 26.89, 26.79, 26.61. MALDI-TOF-MS m/z calcd for

Ca3H77NsNaO19 (M+Na)* monoisotopic peak: 990.511, found: 990.520.

Selective TBDMS protection of 4 and characterization of Tobramycin-Boc-TBDMS (5)

Continuing with the previously followed protocol!, compound 4 and tert-butyldimethylsilyl
chloride (TBDMS-CI) (11 mol. eq.) were dissolved in anhydrous DMF, followed by the addition
of 1-imidazole (10 mol. eq.). The solution was stirred under N2 atmosphere until the starting
compound 4 is not TLC-visible (for more than 96 hours). Water was added followed by extraction
using ethyl acetate (3x). The organic layer was washed with brine and dried over anhydrous sodium
sulfate. The solvent was removed in vacuo followed by purification via flash chromatography
using a mixture of solvent systems (eluent, hexanes and ethyl acetate at a 15:1, 10:1 and 8:1 ratio,

successively) to afford 5 as a white solid (69% yield). Rs = 0.49 (hexanes/ethyl acetate = 4:1).

R
O

BooHN BocHN 75 R
R | HO NHBoc
Tobramycin-Boc-TBDMS (5) *H NMR (500 MHz,

2
BocHN NHBoc

R: -OTBDMS Chloroform-d) 6 4.97 — 4.85 (m, 2H), 3.91 — 3.07
(m, 16H), 2.11 — 1.98 (m, 1H), 1.62 (q, J = 11.7 Hz, 1H), 1.57 — 1.50 (m, 1H), 1.47 — 1.36 (m,
45H), 0.94 — 0.82 (m, 36H), 0.08 (d, J = 28.8 Hz, 24H). 3C NMR (126 MHz, Chloroform-d) &
156.10, 155.86, 155.52, 155.10, 154.74, 99.37, 98.47, 83.24, 81.90, 79.88, 79.54, 79.43, 78.92,

78.74, 75.99, 75.25, 72.83, 71.30, 68.74, 67.43, 63.14, 56.56, 50.93, 50.40, 49.59, 41.41, 34.80,
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34.67, 33.84, 28.70, 28.55, 28.42, 28.24, 28.01, 26.14, 26.06, 26.03, 25.95, 25.75, 18.47, 18.16,
18.09, 17.84, -3.77, -4.17, -4.20, -4.66, -4.73, -4.94, -4.99, -5.17. MALDI-TOF-MS m/z calcd for

Ce7H133NsNaO19Sis (M+Na)* monoisotopic peak: 1446.857, found: 1446.881.

O-alkylation of C-5 Position and Characterization of Tobramycin-Boc-TBDMS-C,-Br (6a-€)

Phase-transfer catalysis was utilized for the C-5 hydroxyl alkylation of compound 5 following
published procedure!. Dibromoalkane (4 mol. eq.), where the carbon length were either 4, 6, 8, 10
or 12 carbons-long, was added to Tobramycin-Boc-TBDMS 5 dissolved in anhydrous toluene.
Potassium hydroxide (2.5 mol. eq.) was added followed by the phase-transfer catalyst
tetrabutylammonium hydrogen sulfate (TBAHS) (0.1 mol eq.). The mixture was then stirred
rigorously under N2 atmosphere for 19 hours. The solvent was removed in vacuo followed by
purification via flash chromatography using a mixture of solvent systems (eluent, hexanes and
ethyl acetate at a 20:1, 15:1, 10:1 and 8:1 ratio, successively) to afford 6a-e as an opaque solid

(53-62% yield). Rf = 0.56 (hexanes/ethyl acetate = 4:1).

R
BO%HN 0 Brﬁ ,4BocHN o R Tobramycin-Boc-TBDMS-C4-Br (6a) H NMR
R o NHBoc
o o (500 MHz, Chloroform-d) 6 5.22 — 5.07 (m, 2H),
Bocm/NHBoc
R:-OTBDMS 4.33 - 4.03 (m, 3H), 3.86 — 3.16 (m, 17H), 2.45 (d,

J=7.7Hz, 1H), 2.03 - 1.97 (m, 1H), 1.94 — 1.84 (m, 2H), 1.65 — 1.57 (m, 2H), 1.56 — 1.50 (m,
1H), 1.48 — 1.29 (m, 45H), 1.08 — 0.98 (m, 1H), 0.96 — 0.82 (m, 36H), 0.22 — -0.06 (M, 24H). 13C
NMR (126 MHz, Chloroform-d) § 155.69, 155.65, 155.47, 154.72, 154.59, 97.85, 96.49, 85.90,

79.95, 79.41, 79.27, 79.11, 78.78, 75.41, 72.67, 72.26, 71.57, 67.98, 67.05, 63.22, 57.14, 50.49,
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48.82, 48.31, 41.61, 36.64, 36.03, 35.61, 34.62, 34.47, 33.72, 29.47, 29.22, 29.01, 28.60, 28.48,
28.41, 26.09, 25.97, 25.76, 25.24, 18.46, 18.28, 18.07, 17.89, -3.42, -3.76, -4.22, -4.91, -4.93, -
5.06, -5.17, -5.20. MALDI-TOF-MS m/z calcd for C71H140BrNsNaO19Sis (M+Na)* monoisotopic

peak: 1580.830, found: 1580.806.

R
@)
BooHN By BOHNZG 7R Tobramycin-Boc-TBDMS-Cs-Br (6) *H NMR
R1 0 NHBoc
o 500 MHz, Chloroform-d) 6 5.22 — 5.06 (m, 2H),
BO%MNHBOC ( ) ( )
R: -OTBDMS 4.27 — 3.98 (m, 3H), 3.81 — 3.09 (m, 17H), 2.48 —

2.37 (m, 1H), 1.99 — 1.91 (m, 1H), 1.89 — 1.74 (m, 2H), 1.53 (s, 1H), 1.51 — 1.22 (m, 51H), 1.06 —
0.95 (m, 1H), 0.93 —0.77 (m, 36H), 0.16 — -0.03 (m, 24H). 3C NMR (126 MHz, Chloroform-d) &
155.76, 155.66, 155.46, 154.75, 154.58, 97.72, 96.42, 85.75, 79.89, 79.70, 79.37, 79.20, 78.78,
75.25, 73.17, 72.65, 71.56, 68.06, 67.00, 63.16, 57.25, 50.55, 48.90, 48.34, 41.68, 35.98, 35.72,
33.74, 33.52, 32.82, 32.59, 32.50, 30.42, 28.63, 28.50, 28.43, 27.27, 26.13, 26.00, 25.80, 25.33,
18.49, 18.32, 18.10, 17.92, -3.46, -3.77, -4.19, -4.87, -5.02, -5.15, -5.18, -5.28. MS (ESI) m/z calcd

for C73H144BrNsNaO19Sis (M+Na)+: 1611.2, found: 1611.6.

R
) .
BRIN Brﬁ BocHNZS R Tobramycin-Boc-TBDMS-Ce-Br (6c) *H NMR
R o NHBoc
0 (500 MHz, Chloroform-d) 6 5.24 — 5.09 (m, 2H),
R:-OTBDMS 4.31 — 4.18 (m, 1H), 4.18 — 4.10 (m, 1H), 4.10 —

4.00 (m, 1H), 3.83 — 3.14 (m, 17H), 2.44 (d, J = 7.0 Hz, 1H), 2.02 — 1.95 (m, 1H), 1.86 — 1.78 (m,

2H), 1.56 — 1.51 (m, 1H), 1.40 (s, 45H), 1.38 — 1.18 (m, 10H), 1.07 — 0.98 (m, 1H), 0.96 — 0.80
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(m, 36H), 0.18 — -0.03 (m, 24H). *C NMR (126 MHz, Chloroform-d) § 155.69, 155.50, 154.72,
154.65, 154.55, 97.80, 96.42, 85.75, 79.90, 79.37, 79.21, 78.92, 78.84, 75.21, 73.26, 72.63, 71.55,
68.01, 66.88, 63.10, 57.25, 50.51, 48.88, 48.31, 41.65, 36.64, 35.91, 35.64, 33.88, 32.81, 30.56,
29.76, 28.72, 28.61, 28.48, 28.38, 28.14, 26.10, 26.03, 25.97, 25.76, 24.67, 23.46, 18.46, 18.30,
18.07, 17.89, -3.44, -3.81, -4.22, -4.90, -4.96, -5.09, -5.19, -5.24. MALDI-TOF-MS m/z calcd for

C75H148BrNsNaO19Sis (M+Na)™ monoisotopic peak: 1636.896, found: 1636.897.

R

O -
BooHN Brﬁ )BOCHNEOEKR Tobramycin-Boc-TBDMS-C1o-Br (6d) *H NMR

10

R e} NHBoc
o 300 MHz, Chloroform-d) & 5.23 (d, J = 3.1 Hz,
Bo%MNHBOC ( (
R:-OTBDMS 1H), 5.19 - 5.13 (m, 1H), 4.33 — 4.22 (m, 1H), 4.18

(d, J = 10.2 Hz, 1H), 4.09 (d, J = 5.8 Hz, 1H), 3.87 — 3.10 (m, 17H), 2.48 (d, J = 11.4 Hz, 1H),
2.07 — 1.96 (m, 1H), 1.92 — 1.80 (m, 2H), 1.57 — 1.50 (m, 1H), 1.48 — 1.40 (m, 45H), 1.39 — 1.18
(m, 14H), 1.12 — 1.00 (m, 1H), 0.99 — 0.82 (m, 36H), 0.22 — -0.03 (M, 24H). 3C NMR (75 MHz,
Chloroform-d) 6 155.63, 155.55, 154.85, 154.77, 154.59, 97.87, 96.54, 85.78, 79.95, 79.63, 79.39,
79.24, 79.11, 77.45, 75.31, 73.37, 72.69, 71.56, 68.07, 66.88, 63.16, 63.13, 57.32, 50.57, 48.97,
48.38, 41.73, 36.66, 35.97, 35.90, 35.68, 33.99, 33.80, 32.88, 30.66, 30.43, 29.98, 29.72, 29.70,
29.65, 29.56, 29.47, 29.38, 28.80, 28.66, 28.53, 28.42, 28.20, 26.15, 26.02, 26.01, 25.80, 24.70,
23.45, 18.51, 18.35, 18.12, 17.93, -3.39, -3.77, -4.18, -4.86, -4.92, -5.06, -5.14, -5.20. MALDI-
TOF-MS m/z calcd for C77H15:BrNsNaO19Sia (M+Na)™ monoisotopic peak: 1664.924, found:

1665.010.
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R

O -
BooHN Brﬁ )BOCHNWR Tobramycin-Boc-TBDMS-C1,-Br (6e) 'H NMR

12

R NHBoc
o (500 MHz, Chloroform-d) & 5.26 — 5.12 (m, 2H),
Bo%m/NHBOC )
R: -OTBDMS 4.33 -4.21 (m, 1H), 4.16 (d, J = 9.9 Hz, 1H), 4.12

—4.02 (m, 1H), 3.82 — 3.17 (m, 17H), 2.46 (d, J = 7.7 Hz, 1H), 2.04 — 1.96 (m, 1H), 1.87 — 1.82
(m, 2H), 1.59 — 1.53 (m, 1H), 1.47 — 1.39 (m, 45H), 1.34 — 1.20 (m, 18H), 1.10 — 1.00 (m, 1H),
0.97-0.81 (m, 36H), 0.23 —-0.04 (M, 24H). 13C NMR (126 MHz, Chloroform-d) § 155.89, 155.67,
154.93, 154.88, 154.71, 97.94, 96.68, 85.87, 80.04, 79.99, 79.51, 79.35, 79.24, 75.45, 73.55, 72.85,
71.68, 68.16, 66.98, 63.49, 63.45, 63.25, 57.44, 50.67, 49.09, 48.52, 41.79, 36.79, 36.05, 35.79,
34.13, 33.97, 33.07, 33.01, 32.96, 30.77, 30.46, 30.17, 29.79, 29.70, 29.64, 29.58, 29.55, 29.53,
29.41, 29.30, 29.11, 28.94, 28.90, 28.87, 28.78, 28.66, 28.55, 28.34, 28.31, 28.29, 28.22, 26.31,
26.28, 26.16, 26.14, 25.93, 25.81, 24.83, 24.02, 23.57, 18.63, 18.48, 18.25, 18.06, -3.26, -3.65, -
4.05, -4.73, -4.80, -4.93, -5.03, -5.08. MS (ESI) m/z calcd for C7oH1s56BrNsNaO19Sia (M+Na)*:

1695.4, found: 1695.7.

Characterization of Tobramycin-Boc-TBDMS-C,-azide (7a-e)

R

BO‘%HN 2 NSﬁ )BocHN 7 R Tobramycin-Boc-TBDMS-Cs-N3 (7a) 'H NMR
R| o NHBoc

o 500 MHz, Chloroform-d) 6 5.22 — 5.05 (m, 2H),

AANSACTTT ) (m, 21

R:-OTBDMS 4.31 —3.98 (m, 3H), 3.87 — 3.13 (m, 17H), 2.43 (d,

J=7.6 Hz, 1H), 2.01 — 1.93 (m, 1H), 1.66 — 1.57 (m, 2H), 1.56 — 1.51 (m, 2H), 1.51 — 1.47 (m,
1H), 1.47 — 1.27 (m, 45H), 1.08 — 0.97 (m, 1H), 0.95 — 0.75 (m, 36H), 0.17 — -0.04 (m, 24H). 2°C

NMR (126 MHz, Chloroform-d) & 155.65, 155.54, 155.44, 154.73, 154.58, 97.90, 96.40, 85.90,
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79.93, 79.40, 79.36, 79.24, 79.10, 78.66, 75.38, 72.61, 72.45, 71.56, 67.98, 67.11, 63.22, 57.13,
51.39, 50.49, 48.83, 48.28, 41.61, 35.94, 35.62, 28.59, 28.46, 28.36, 27.57, 26.07, 25.94, 25.75,
25.41, 18.44, 18.26, 18.05, 17.88, -3.51, -3.79, -4.02, -4.24, -4.70, -4.92, -5.13, -5.23. MALDI-

TOF-MS m/z calcd for C71H140NsNaO1eSis (M+Na)® monoisotopic peak: 1543.921, found:

1543.952.
R
s RN~ Noq BocHNZS—7 "R Tobramycin-Boc-TBDMS-Co-Ns (7b) *H NMR
R e} NHBoc
o 300 MHz, Chloroform-d) & 5.21 (d, J = 3.0 Hz,
Bo%MNHBOC ( (
R: -OTBDMS 1H), 5.17 - 5.10 (m, 1H), 4.32 — 4.01 (m, 3H), 3.84

—3.15(m, 17H), 2.45 (d, J = 11.3 Hz, 1H), 2.05 - 1.93 (m, 1H), 1.66 — 1.56 (m, 2H), 1.55 — 1.51
(m, 1H), 1.49 — 1.37 (m, 45H), 1.36 — 1.21 (m, 6H), 1.10 — 1.00 (m, 1H), 0.98 — 0.79 (m, 36H),
0.18 — -0.05 (m, 24H). 3C NMR (75 MHz, Chloroform-d) & 155.83, 155.58, 154.93, 154.84,
154.71, 97.76, 96.53, 85.87, 80.04, 79.75, 79.50, 79.33, 78.95, 77.26, 75.35, 73.19, 72.82, 71.62,
68.15, 67.12, 63.28, 63.08, 57.41, 51.54, 50.64, 48.99, 48.42, 41.84, 36.07, 35.83, 32.73, 30.55,
29.77, 28.93, 28.89, 28.81, 28.73, 28.60, 28.51, 28.18, 27.11, 26.61, 26.46, 26.38, 26.22, 26.09,
25.88, 25.76, 25.62, 25.49, 18.58, 18.41, 18.19, 18.02, -3.37, -3.68, -4.11, -4.78, -4.96, -5.06, -
5.10, -5.20. MALDI-TOF-MS m/z calcd for C73H144NsNaO19Sis (M+Na)™ monoisotopic peak:

1571.952, found: 1571.956.
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R
@)

BRAN Nsﬁ JBocHN 77 R Tobramycin-Boc-TBDMS-Ce-N3  (7c) 'H NMR
R| o NHBoc
o (500 MHz, Chloroform-d) & 5.25 — 5.08 (m, 2H),
Bo%MNHBOC
R: -OTBDMS 431 — 4.18 (m, 1H), 4.18 — 4.10 (m, 1H), 4.10 —

4.00 (m, 1H), 3.81 —3.12 (m, 17H), 2.45 (d, J = 7.5 Hz, 1H), 2.02 — 1.94 (m, 1H), 1.59 — 1.54 (m,
2H), 1.52 — 1.49 (m, 1H), 1.39 (s, 45H), 1.36 — 1.18 (m, 10H), 1.10 — 0.98 (m, 1H), 1.02 (d, J =
30.5 Hz, 1H), 0.96 — 0.78 (m, 36H), 0.18 — -0.05 (m, 24H). 3C NMR (126 MHz, Chloroform-d) &
155.71, 155.64, 155.49, 154.69, 154.54, 97.86, 96.44, 85.74, 79.88, 79.34, 79.19, 79.04, 78.83,
75.25, 73.25, 72.63, 71.53, 67.99, 66.86, 63.10, 57.24, 51.40, 50.49, 48.87, 48.31, 41.64, 35.93,
35.64, 30.55, 29.78, 29.64, 29.08, 28.77, 28.60, 28.47, 28.37, 26.66, 26.09, 26.01, 25.95, 25.75,
18.45, 18.29, 18.06, 17.88, -3.46, -3.82, -4.24, -4.91, -4.97, -5.11, -5.21, -5.25. MALDI-TOF-MS

m/z calcd for C75H148NgNaO19Sis (M+Na)™ monoisotopic peak: 1599.984, found: 1600.001.

R
) .
BRAN Nsﬁ BocHNZS R Tobramycin-Boc-TBDMS-C10-Nz (7d) *H NMR
R NHBoc
o (300 MHz, Chloroform-d) 6 5.23 (d, J = 3.4 Hz,
R:-OTBDMS 1H), 5.19 - 5.11 (m, 1H), 4.34 — 4.23 (m, 1H), 4.17

(d, J = 10.4 Hz, 1H), 4.13 — 4.00 (m, 1H), 3.89 — 3.09 (m, 17H), 2.48 (d, J = 11.9 Hz, 1H), 2.07 —
1.97 (m, 1H), 1.66 — 1.57 (m, 2H), 1.57 — 1.52 (m, 1H), 1.50 — 1.39 (m, 45H), 1.37 — 1.20 (m,
14H), 1.12 — 1.01 (m, 1H), 0.98 — 0.82 (m, 36H), 0.20 — -0.00 (m, 24H). *C NMR (75 MHz,
Chloroform-d) § 155.73, 155.55, 154.80, 154.74, 154.59, 97.87, 96.57, 85.76, 79.95, 79.69, 79.39,
79.24, 79.12, 75.34, 73.37, 72.76, 71.57, 68.03, 66.88, 63.16, 57.32, 51.50, 50.53, 48.98, 48.39,

41.72, 36.66, 36.03, 35.96, 35.70, 30.66, 29.99, 29.70, 29.56, 29.52, 29.18, 28.97, 28.87, 28.66,
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28.53, 28.42, 26.73, 26.16, 26.04, 26.01, 25.80, 18.51, 18.35, 18.12, 17.93, -3.39, -3.76, -4.18, -
4.86, -4.92, -5.06, -5.15, -5.20. MS (ESI) m/z calcd for Cr7H15:NsNaO19Sis (M+Na)*: 1629.4,

found: 1630.1.

R

O -
BooHN N3ﬁ )BOCHN?OEKR Tobramycin-Boc-TBDMS-C12-N3 (7€) 'H NMR

12

R e} NHBoc
o (500 MHz, Chloroform-d) & 5.26 — 5.12 (m, 2H),
Bo%MNHBOC )
R: -OTBDMS 4.32 —4.21 (m, 1H), 4.16 (d, J = 9.1 Hz, 1H), 4.11

—4.03 (M, 1H), 3.81 — 3.18 (m, 17H), 2.46 (d, J = 9.4 Hz, 1H), 2.04 — 1.97 (m, 1H), 1.62 — 1.56
(m, 2H), 1.54 (d, J = 2.5 Hz, OH), 1.53 (5, OH), 1.51 (s, OH), 1.52 — 1.49 (m, 1H), 1.54 — 1.47 (m,
1H), 1.45 — 1.34 (m, 45H), 1.31 — 1.20 (m, 18H), 1.08 —0.99 (m, 1H), 0.96 — 0.81 (M, 36H), 0.19
—-0.01 (m, 24H). *C NMR (126 MHz, Chloroform-d) & 155.65, 155.52, 154.74, 154.72, 154.55,
99.98, 96.52, 85.73, 79.88, 79.59, 79.36, 79.20, 79.04, 75.33, 73.37, 72.63, 71.54, 67.98, 66.83,
63.10, 57.30, 51.47, 50.50, 48.93, 48.37, 41.65, 35.95, 35.63, 32.91, 30.62, 30.01, 29.64, 29.54,
29.47, 29.43, 29.41, 29.17, 29.14, 29.10, 28.95, 28.83, 28.81, 28.62, 28.50, 28.39, 26.71, 26.68,
26.16, 26.12, 26.08, 26.00, 25.97, 25.91, 25.77, 25.65, 18.47, 18.32, 18.09, 17.90, -3.43, -3.81, -
4.21, -4.89, -4.96, -5.09, -5.19, -5.25. MALDI-TOF-MS m/z calcd for CroH156NsNaO19Sis

(M+Na)* monoisotopic peak: 1656.046, found: 1656.069.
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IVV-2. Synthesis and characterization of polymyxin B; (PMB3)

Fmoc-Dab(Cbz)-COOH
Fmoc-Dab(Boc)-COOH
Fmoc-Thr(tBu)-COOH
Fmoc-D-Phe-COOH
Fmoc-Leu-COOH

Octanoic Acid

Solid-phase
Peptide
Synthesis

NHCbz

PMB3-Cbz (11)

Dab;, Dab, Thryg
NH, /@ NHCbz
W oYy O H$ 7w 9 woo Yy
\/\/\/WNQLN N\AN N\AN/\[(NQLN NQLN OoH
o K H o K H o K H o W/H ! \ H oo
NHCbz NHCbz NHCbz NHCbz

Uncyclized PMB3-Cbz (10)

PyBOP
HOBt

N-methylmorpholine

NHCbz
anhydrous
I6) very dilute conditions
N W
H HN7//\
10
HN
H
N\/g
Y (@]
o : Pd in carbon NH,
K H; gas ) o NH,
NHCbz H ]
(@)
Thr10 J Y\H%
7, NH HN s <
HO™ ™
T

0”7 NH ¢}
oo OH 4 HN

HoQ H H
\/\/\/WN\;)LN N\:)LN N\;/go
Polymyxin B3 o (: i o (: " o (:
(PMB3) NH, NH, 2% NH,

Appendix Scheme V-1 Synthesis of polymyxin Bz (PMB3) via standard solid-phase peptide
synthesis followed by intramolecular cyclization (under very dilute conditions) and catalytic

hydrogenolysis.

Solid-phase peptide synthesis of Uncyclized PMB3-Cbz (10)

Uncyclized polymyxin Bz was prepared similar to PMB3 intermediate 2. The compound was

synthesized in a solid-phase support (Wang resin) following a standard Fmoc protection strategy.

A published protocol? was utilized with several modifications as follows. Amino acids with
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protected functional groups were purchased and used to yield the uncyclized lipopeptide, having
a carboxylic acid C-terminus of Thrio and free amino side-chain of Daba. Therefore, all the Dab
amino side-chain, with the exception of Dabs which was protected with Boc, were protected with
Cbz protecting group. Fmoc removal was done by subjecting the resin to 4:1 DMF:piperidine
solution. Coupling was achieved by the addition of a pre-activated coupling solution [Fmoc-amino
acid or lipid tail (3 mol. eg.) was pre-mixed with the coupling reagent TBTU (3 mol. eq.) and N-
methylmorpholine (8 mol. eq.) in DMF 5 minutes prior] to the immobilized peptide on solid
support followed by gentle agitation using N2 gas for 45 minutes. Both Fmoc removal and coupling
steps were followed with thorough washing of the beads using DMF (3x), DCM (3x) and DMF
(3x). A small amount of resin after the Fmoc removal and the coupling step were subjected to
Kaiser test (5% chloranil in DMF) to qualitatively ensure that the reaction went to completion.
Cleavage from the solid support was performed by the addition of 95:5 TFA:water solution
followed by gentle stirring for 30 minutes. The solvent was removed in vacuo to obtain a dry crude.

MALDI-TOF-MS was performed to check the presence of 10.

Solution-phase synthesis of cyclized PMB3-Cbz (11)

The crude containing compound 10 was mixed with PyBOP (4 mol. eq.), HOBt (4 mol. eq.) and
N-methymorpholine (10 mol. eq.) in DMF under very dilute and anhydrous conditions, followed
by vigorous stirring for 2 hours, to afford the intramolecular cyclization via amide bond formation
of Thryo carboxyl end and Dabs amino side-chain. The solvent was removed in vacuo followed by
co-distillation using DCM (2x), water and DCM (2x), successively. The product was precipitated

from the crude by addition of cold water. The precipitate was filtered and obtained as a pale brown
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solid. DCM was added to partially dissolve the product and was evaporated in vacuo to dryness.

MALDI-TOF-MS was performed to confirm the product 11.

Deprotection and characterization of PMB3

Catalytic hydrogenolysis using palladium was performed on 11 to remove all the Cbz protecting
groups. The compound was dissolve in methanol (4 volume ratio) followed by the addition of
acetic acid (5 volume ratio) and water (1 volume ratio). Palladium on carbon (Pd/C) was added
and the compound was subjected to Hz gas (balloon) with constant stirring until all the Cbz groups
were removed. It was then filtered via Nylon filter followed by washing of ample amounts of
methanol. The filtrate was evaporated to dryness in vacuo. The crude was then purified using
reverse-phase flash chromatography having an eluent mixture of water and methanol (both spiked
with 0.1% TFA), from 0% to 50% methanol in water ratio (25% step-wise), to afford an opaque

solid PMB3.
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NH Polymyxin Bs (PMB3) 'H

0 _| i NMR (500 MHz, Methanol-da)
Thr10
NH HN < 8 7.33 — 7.18 (m, 5H, D-Phes
HO . 5H,
; oz/\NH
Dab ° i/@ aromatic), 4.53 (dd, J=8.8, 4.5
o OH HN
H H
o F H o : H 3§ 5
( ( Dab, ( 2H, Dab; g,), 4.40 (dd, J = 10.0,
NH; NH, NH,

6.4 Hz, 1H, D-Phes), 4.38 — 4.24 (M, 5H, Dabs 494 + Thrag + Thrag), 4.20 — 4.15 (m, 1H, Thryeg),
4.14 — 4.09 (m, 1H, Leusy), 4.04 (d, J = 5.0 Hz, 1H, Thrioy), 3.66 — 3.56 (M, 1H, Dabay1), 3.17 —
2.87 (m, 13H, Dabs,> + Dabi 3539y + D-Phesp), 2.50 — 2.37 (m, 1H, Dabspi), 2.29 (t, J = 7.6 Hz,
2H, PMB3 Cg’s -CH2CO-), 2.26 — 2.02 (m, 8H, Dabsp, + Dabspi + Daby s.0p), 2.02 — 1.90 (m, 3H,
Dabsg, + Dabag), 1.67 — 1.58 (m, 2H, PMB3 Cg’s -CH,CH2CO-), 1.54 — 1.46 (m, 1H, Leus), 1.38
—1.26 (M, 9H, Leusp + PMB3 Cg’s -CHy-), 1.25 — 1.15 (m, 6H, Thra.10), 0.90 (t, J = 7.1 Hz, 3H,
PMB3Cg’s -CHs), 0.85—0.61 (m, 7H, Leur, + Leurs). 3C NMR (126 MHz, Methanol-ds) § 175.89
(PMB3 Cg’s carbonyl), 173.94, 172.49, 172.39, 172.36, 172.30, 172.22, 171.53, 171.48, 171.40,
170.84, 135.80 (D-Phes aromatic C without H), 128.86, 128.36, 126.73, 66.49 (Thrsp), 65.81
(Thriop), 60.28 (Thrioy), 58.82 (Thray), 56.51 (D-Phes,), 51.93, 51.62, 51.57, 51.46, 51.33, 50.93,
49.92 (Dabs,), 39.31(Leuss), 36.60, 36.44, 36.35, 36.26, 35.94, 35.36 (PMB3 Cs’s -CH2CO-),
35.08 (Dabs,), 31.44, 30.31, 30.25, 29.12, 28.95, 28.82, 28.70, 28.40, 25.52 (PMB3 Cg’s -
CH,CH,CO-), 23.48, 22.24, 22.17, 19.99, 19.18, 18.57, 12.96 (PMB3 Cg’s -CH3). MALDI-TOF-

MS m/z calcd for CssHg7N16013 (M+H)*: 1188.734, found: 1189.760.
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IV-3. Molecular weight of PMB3-tobramycin hybrids, PMB3 and TOB in salt
form

Appendix Table 1V-1 Molecular weight of the purified PMB3-tobramycin hybrids as a
trifluoroacetate (TFA) salt form.

Compound Abbreviation Molecular

weight (g/mol)
Polymyxin Bs-triazole-Cs-tobramycin x 9 TFA la 2775.30
Polymyxin Bs-triazole-Cs-tobramycin x 9 TFA 1b 2803.36
Polymyxin Bs-triazole-Cg-tobramycin x 9 TFA 1c 2831.41
Polymyxin Bs-triazole-Cio-tobramycin x 9 TFA 1d 2859.46
Polymyxin Bs-triazole-Cio-tobramycin x 9 TFA le 2887.52
Polymyxin B3 x 5 TFA PMB3 1759.59
Tobramycin sulfate? TOB 565.59
Tobramycin-C12 x 5 HCI TOB-C12 818.13

@ = data provided by the supplier, AK Scientific (USA)
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IV-4. HPLC analysis of PMB3-tobramycin hybrids

Methodology

Equipment: Waters Breeze HPLC
Detector: 2998 PDA detector (1.2 nm resolution)

Column: Phenomenex Synergi Polar (50 x 2.0 mm) 4 micron reverse-phase column with phenyl

ether-linked stationary phase

Flow rate: 0.5 mL/min

Wavelength: 215.0 nm

Eluent A: water spiked with 0.1% TFA
Eluent B: acetonitrile spiked with 0.1 % TFA

Note: all hybrids were dissolved in methanol spiked with ~1% DMSO

Appendix Table IV-2 HPLC gradient used

Time % Eluent A % Eluent B

0 100 0
4.5 84 16
5 68 32
16 68 32
175 84 16
20 100 0
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HPLC-assessed purity of hybrid compounds

Appendix Table 1V-3 Purity of hybrids

Compound la 1b 1c 1d le
Purity (%) 98.6 99.8 99.8 98.8 98.8
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IV-5. HPLC chromatogram and NMR spectra of PMB3-tobramycin hybrids

PMB3-triazole-Cs-tobramycin (1a)

200]
=
o
< 4
1.00H
1 w
8
4 | T
0.50H
11\ 5|
] k___' <9
O_wj_J ——

000 200 460 600 800 1000 1200 1400 1600 1800 2000 NHz
Minutes 0] NH2
o —
N
J/ NH 7 OHN 4<
Processed Channel: PDA 215.0 nm HO i \
- NH
Pmcessa!Ctﬂnel‘T?:;e?'::) Area ‘%Arm‘Heigm 0% “NH Oom
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(see Supporting information Figure 26) HAN HZ“@OH
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Appendix Figure 1V-1 HPLC analysis chromatogram for hybrid 1a.
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Appendix Figure 1V-2 H (above) and C (below) NMR spectra of hybrid 1a.
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Appendix Figure 1V-3 HSQC spectrum of hybrid 1a.
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Appendix Figure 1V-4 COSY spectrum of hybrid 1a.
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PMB3-triazole-Ces-tobramycin (1b)
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Appendix Figure 1V-6 HPLC analysis chromatogram for hybrid 1b.
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PMB3-triazole-Cs-tobramycin (1c)
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Appendix Figure 1V-12 H (above) and *C (below) NMR spectra of hybrid 1c.
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PMB3-triazole-Cio-tobramycin (1d)
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Appendix Figure 1V-17 H (above) and *C (below) NMR spectra of hybrid 1d.
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PMB3-triazole-Ci2-tobramycin (1e)
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IV-6. Evaluation of PMB3-triazole-C;o-tobramycin hybrid 1d in combination with
clinically-used antibiotics

Checkerboard assay with hybrid 1d, PMB3, or TOB and antibiotics against wild-type
Pseudomonas aeruginosa PAO1

Appendix Table V-4 Assessment of potential synergism between hybrid 1d and various
clinically-used antibiotics in wild-type P. aeruginosa PAO1.

MIC antibiotic

MICudin

e - MIC antibiotic, MICuq, FIC i
Antibiotic ug/mL in (;jg;);r;]aﬂon, ug/mL COJ;J}r;?:|En, index Interpretation

Erythromycin 256 64 2 1 0.75  Additive
Streptomycin 16 8 4 2 1.00  Additive
Amikacin 1 2 4 0.0625 2.01  Additive
Gentamicin 1 0.015625 4 2 0.51  Additive
Tobramycin 0.5 0.5 4 0.125 1.03  Additive
Minocycline 8 2 4 0.5 0.37  Synergistic
Doxycycline 16 1 2 0.25 0.19  Synergistic
Tigecycline 8 2 4 0.5 0.37  Synergistic
Moxifloxacin 1 1 2 0.0625 1.03  Additive
Ciprofloxacin 0.125 0.25 4 0.0625 2.01  Additive
Levofloxacin 0.25 0.125 4 2 1.00 Additive
Rifampicin 16 1 4 0.5 0.19  Synergistic
Vancomycin 1024 128 4 1 0.37  Synergistic
Meropenem 1 0.25 4 2 0.75  Additive
Doripenem 0.5 0.125 4 2 0.75  Additive
Novobiocin 512 16 4 1 0.28  Synergistic
Trimethoprim 128 8 4 1 0.31  Synergistic
Polymyxin B3 1 0.5 4 2 1.00 Additive
Chloramphenicol 64 8 4 0.25 0.19  Synergistic
Ceftazidime 2 0.5 4 2 0.75  Additive
Cefotaxime 8 0.015625 2 2 1.00 Additive
Aztreonam 4 2 2 1 1.00  Additive
Clindamycin 1024 16 4 0.5 0.14  Synergistic
Linezolid 1024 32 4 1 0.28  Synergistic
Fosfomycin 16 2 4 2 0.62  Additive
Nitrofurantoin 512 128 4 4 1.25  Additive
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Appendix Table V-5 Assessment of potential synergism between PMB3 and various clinically-
used antibiotics in wild-type P. aeruginosa PAO1.

WllCrnrare, O e o FIC
Antibiotic ug?’r‘;']bl'_"m’ incombination, combiI:ation, indoy INterpretation
pg/mL
pg/mL

Tobramycin 0.5 0.001953 05 0.5 1.00 Additive
Minocycline 8 1 1 0.25 0.37  Synergistic
Doxycycline 8 0.25 0.5 0.125 0.28  Synergistic
Tigecycline 4 2 1 0.25 0.75 Additive
Rifampicin 16 0.0625 0.5 0.125 0.25  Synergistic
Vancomycin 1024 128 1 0.25 0.37  Synergistic
Novobiocin 256 1 1 0.5 0.50* Additive
Trimethoprim 128 0.5 1 0.5 0.50% Additive
Chloramphenicol 64 8 0.5 0.25 0.62  Additive
Clindamycin 2048 128 0.5 0.125 0.31  Synergistic
Linezolid 1024 32 1 0.25 0.28  Synergistic

2 = exact FIC index value is 0.503906 and therefore not synergistic

Appendix Table 1V-6 Assessment of potential synergism between TOB and various clinically-
used antibiotics in wild-type P. aeruginosa PAO1.

MIC antibioti MIC antiviotic MICroB MI(':TOB FIC
Antibiotic ug/rr‘];f'c’ in combination, ug/ml_’ combil:ation, indey  Nerpretation
pg/mL
pg/mL

Minocycline 8 4 1 0.5 1.00 Additive
Doxycycline 8 4 1 0.5 1.00 Additive
Tigecycline 4 0.03125 1 1 1.01 Additive
Rifampicin 16 8 0.5 0.25 1.00 Additive
Vancomycin 1024 128 1 0.25 0.37  Synergistic
Novobiocin 512 64 0.5 0.25 0.62  Additive
Trimethoprim 256 64 0.5 0.125 0.50  Synergistic
Chloramphenicol 128 0.25 0.5 0.5 1.00 Additive
Clindamycin 1024 1024 0.5 0.25 150 Additive
Linezolid 1024 0.25 1 1 1.00 Additive
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Checkerboard assay with hybrid 1d, PMB3, or TOB and antibiotics against multidrug-resistant
(MDR) P. aeruginosa PA259-96918

Appendix Table V-7 Assessment of potential synergism between 1d and various clinically-used
antibiotics in MDR P. aeruginosa PA259-96918

MICantibiotic MIC1a  MICudin

Antibiotic MICA}n“bII_OtIC’ in combination, : combination FIC index Interpretatio
Hg/m pg/mL pug/mL , pg/mL n

Minocycline 32 0.125 8 1 0.13 Synergistic
Doxycycline 32 0.5 8 1 0.14 Synergistic
Tigecycline 8 1 4 0.5 0.25 Synergistic
Rifampicin 16 0.0625 8 1 0.13 Synergistic
Vancomycin 1024 8 4 0.5 0.13 Synergistic
Novobiocin 256 1 8 2 0.25 Synergistic
Trimethoprim 512 32 8 1 0.19 Synergistic
Chloramphenic 1024 32 8 1 0.16 Synergistic
ol

Clindamycin >2048 16 4 1 0.25<x<0.2  Synergistic

6

Linezolid 1024 128 4 0.5 0.25 Synergistic

Appendix Table V-8 Assessment of potential synergism between PMB3 and various clinically-
used antibiotics in MDR P. aeruginosa PA259-96918.

MIC antibioti MICpwms
Antibiotic MIC antibiotic, cin MICpma3 3in EIC index Interpretatio
IJg/mL combination, ; Hg/ml— combination n
pg/mL , pg/mL
Tobramycin 256 1 0.5 0.5 1.00 Additive
Minocycline 32 8 0.5 0.125 0.50 Synergistic
Doxycycline 32 8 0.5 0.125 0.50 Synergistic
Tigecycline 8 2 0.5 0.125 0.50 Synergistic
Rifampicin 16 8 0.25 0.125 1.00 Additive
Vancomycin 1024 128 0.25 0.0625 0.38 Synergistic
Novobiocin 256 1 0.5 0.25 0.50% Additive
Trimethoprim 512 64 0.5 0.25 0.63 Additive
Chloramphenic 1024 256 0.5 0.25 0.75 Additive
ol
Clindamycin >2048 256 0.5 0.0625 0.13<x<0.2 Synergistic
5

Linezolid 1024 16 0.25 0.125 0.52 Additive

@ = exact FIC index value is 0.503906 and therefore not synergistic
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Appendix Table V-9 Assessment of potential synergism between TOB and various clinically-
used antibiotics in MDR P. aeruginosa PA259-96918.

MIC antibioti MICtoB
Antibiotic MIC antibiotic cin MICroB in FIC index Interpretatio
) Hg/ml— combination, ; I-lg/mL combination n
pg/mL , pg/mL
Minocycline 64 0.0625 256 128 0.502 Additive
Doxycycline 64 32 128 64 1.00 Additive
Tigecycline 8 4 256 32 0.63 Additive
Rifampicin 32 8 256 16 0.31 Synergistic
Vancomycin 1024 64 256 32 0.19 Synergistic
Novobiocin 256 128 128 64 1.00 Additive
Trimethoprim 1024 256 128 64 0.75 Additive
Chloramphenic 1024 512 256 64 0.75 Additive
ol
Clindamycin >4096 1024 256 128 0.50<x<0.7  Additive
5

Linezolid 1024 256 256 128 0.75 Additive

@ = exact FIC index value is 0.500977 and therefore not synergistic

6.3. Checkerboard assay with PMB3 or TOB and either minocycline, rifampicin, or vancomycin
against MDR/extensively drug-resistant (XDR) P. aeruginosa clinical isolates

Appendix Table 1V-10 Adjuvant potency of PMB3 in combination with minocycline against
wild-type and MDR/XDR P. aeruginosa.

P. aeruginosa  MICwinocycine ~ MICpwmgs, FIC Mlébs,olute_z a ey D
strain , pg/mL ng/mL index Minocycline, FOLCILEI
pg/mL
PAO1 8 1 0.38 1 8-fold
259-96918 32 0.5 0.50 8 4-fold
260-97103 16 0.25 0.50 4 4-fold
262-101856 64 4 0.08 1 64-fold
264-104354 16 1 0.28 0.5 32-fold
100036 16 2 0.16 0.5 32-fold
101243° 2 128 0.25 0.5 4-fold
101885 16 0.5 0.38 2 8-fold

= MIC of minocycline in the presence of <V4 x MICpwmss (< 4 pg/mL) of PMB3. ° = degree of antibiotic potentiation
in the presence of <% x MICpmss (< 4 pg/mL) of PMBS3. © = colistin- and tobramycin-resistant.
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Appendix Table 1V-11 Adjuvant potency of PMB3 in combination with rifampicin against wild-
type and MDR/XDR P. aeruginosa.

P. aeruginosa  MICrifampicin, MICpwmags, FIC M,Ibc\:bs.olut.e_ a iation®
strain ng/mL Hg/mL index Rifampicin, Potentiation
pg/mL

PAO1 16 0.5 0.25 <0.0625 >256-fold

259-96918 16 0.25 1.00 16 none

260-97103 8 0.25 0.37 1 8-fold

262-101856 512 8 0.05 0.5 1024-fold

264-104354 8 0.5 0.31 0.5 16-fold
0.125<x

100036 16 2 <0.126 <0.015625 >1024-fold

101243° 4 128 0.01 <0.007813 >512-fold
0.125<x

101885 16 1 <0.127 <0.03125 >512-fold

a = MIC of rifampicin in the presence of <V x MICpwmg3 (< 4 pg/mL) of PMB3. = degree of antibiotic potentiation

in the presence of <% x MICpmes (< 4 pg/mL) of PMB3. © = colistin- and tobramycin-resistant.

Appendix Table 1V-12 Adjuvant potency of PMB3 in combination with vancomycin against

wild-type and MDR/XDR P. aeruginosa.

P. aeruginosa MICvancomycin ~ MICpmB3, FIC M |é5)/irilc:1tyiin,a Potentt)iation
strain , Hg/mL pg/mL index ug/mL

PAO1 1024 1 0.38 128 8-fold
259-96918 1024 0.25 0.38 128 8-fold
260-97103 512 0.25 0.63 256 2-fold
262-101856 1024 4 0.16 2 512-fold
264-104354 512 1 0.31 32 16-fold
100036 512 2 0.19 2 256-fold
101243° 128 128 0.50¢ 64 2-fold
101885 512 0.5 0.28 16 32-fold

2= MIC of vancomycin in the presence of <" x MICpwmss (< 4 ng/mL) of PMB3. ° = degree of antibiotic potentiation

in the presence of <% x MICpwmgs (< 4 pg/mL) of PMB3. ¢ = colistin- and tobramycin-resistant. ¢ = exact FIC index
value is 0.500488 and therefore not synergistic
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Appendix Table 1VV-13 Adjuvant potency of TOB in combination with minocycline against wild-

type and MDR/XDR P. aeruginosa.

P. aeruginosa  MICwinocycline MICros, FIC Absplutg a iatiand
strain , ug/mL ng/mL index MIChminocycline Potentiation
pg/mL
PAO1 8 1 1.00 8 none
259-96918 64 256 0.50¢ 64 none
260-97103 16 64 1.03 16 none
262-101856 128 1024 0.52 128 none
264-104354 32 256 1.03 32 none
100036 32 128 1.00 32 none
101243° 2 256 0.51 2 none
101885 16 0.5 1.00 16 none

2 = MIC of minocycline in the presence of <V x MICrog (< 4 pg/mL) of TOB. = degree of antibiotic potentiation in
the presence of <% x MICros (< 4 ng/mL) of TOB. ¢ = colistin- and tobramycin-resistant. ¢ = exact FIC index value

is 0.500977 and therefore not synergistic

Appendix Table 1V-14 Adjuvant potency of TOB in combination with rifampicin against wild-

type and MDR/XDR P. aeruginosa.

P. aeruginosa  MICrifampicin, MICrog, FIC M]A(\:bs_'omt_? a L)
strain ug/mL Hg/mL index Rifampicin, Potentiation
pg/mL
PAO1 16 0.5 1.00 16 none
259-96918 32 256 0.31 32 none
260-97103 16 64 0.37 8 2-fold
262-101856 512 512 0.75 512 none
264-104354 8 256 0.50 8 none
100036 16 128 0.28 4 4-fold
101243° 8 256 0.56 4 2-fold
101885 16 0.5 0.75 8 2-fold

@ = MIC of rifampicin in the presence of <V x MICtog (< 4 ng/mL) of TOB. ® = degree of antibiotic potentiation in
the presence of <V4 x MICros (<4 png/mL) of TOB. ¢ = colistin- and tobramycin-resistant.
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Appendix Table 1V-15 Adjuvant potency of TOB in combination with vancomycin against wild-

type and MDR/XDR P. aeruginosa.

P. aeruginosa MICvancomycin ~ MICros, FIC M Iégii!:im,a Potengiation
strain , Hg/mL pg/mL index ug/mL
PAO1 1024 1 0.38 128 8-fold
259-96918 1024 256 0.19 1024 none
260-97103 512 64 0.53 512 none
262-101856 1024 512 0.50¢ 1024 none
264-104354 512 256 0.625 512 none
100036 512 64 0.50 512 none
101243° 128 128 1.06 128 none
101885 512 0.5 0.75 512 none

2= MIC of vancomycin in the presence of <¥4 x MICros (< 4 ug/mL) of TOB. ? = degree of antibiotic potentiation in
the presence of <% x MICros (< 4 ng/mL) of TOB. ° = colistin- and tobramycin-resistant. ¢ = exact FIC index value

is 0.500244 and therefore not synergistic
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