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PREPARATION OF DILIPID POLYMYXINS AND USE THEREOF AS
ANTIMICROBIAL ADJUVANTS

PRIOR APPLICATION INFORMATION

The instant application claims the benefit of US Provisional Patent Application
62/683,847, filed June 12, 2018 and entitled “PREPARATION OF DILIPID
POLYMYXINS AND USE THEREOF AS ANTIMICROBIAL ADJUVANTS?”, the entire
contents of which are incorporated herein by reference.
BACKGROUND OF THE INVENTION

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
have 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. 1A) are currently used
in the clinic as monotherapy or as part of combination therapy with other antibiotics
when standard treatment options fail [3].

The structure of polymyxins consist of a cyclic heptapeptide core attached to a
linear tripeptide with an acylated N-terminus to a fatty acid (Fig. 1A). 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 to 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 periplasmic space [5], but also is responsible for
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disrupting the inner membrane stability [6,7]. 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 result to 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 (Dab1) yields polymyxin B nonapeptide
(PMBN) (Fig. 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 have 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 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 showed SPR741 to
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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.

SUMMARY OF THE INVENTION

5 According to an aspect of the invention, there is provided a compound

comprising a chemical structure as set forth in formula (I):
0
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wherein: each R is independently a substituted or unsubstituted aliphatic lipid of C1-8.

10 According to another aspect of the inventioh, there is provided use of a

compound comprising a chemical structure as set forth in formula (1)
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wherein: each R is independently a substituted or unsubstituted aliphatic lipid of C1-8,
15 as an anti-microbial adjuvant.
According to a further aspect of the invention, there is provided a method of

treating a microbial infection comprising: administering to an individual in need of such
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treatment an effective amount of an antimicrobial agent and an effective amount of a

compound comprising a chemical structure as set forth in Formula (1):
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5 wherein: each R is independently a substituted or unsubstituted aliphatic lipid of C1-8.
According to another aspect of the invention, there is provided a method of
increasing activity of an anti-microbial agent against a target micro-organism
comprising co-administering to the micro-organism a compound comprising a

chemical structure as set forth in Formula (1)

S
" SOH (" 07 NH |
O NH, 0 O AN
- 1 i
NP N,\TNH
oy H | H N
NH, NH;
10
)

wherein: each R is independently a substituted or unsubstituted aliphatic lipid of C1-8,

as an anti-microbial adjuvant, and an effective amount of the anti-microbial agent.

15 BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1. Polymyxin structures: (A) polymyxin B & colistin; (B) polymyxin B
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nonapeptide (PMBN).

Fig. 2. Synthesized dilipid polymyxins.

Fig. 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.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

Unless defined otherwise, all technical and scientific terms used herein have

the same meaning as commonly understood by one of ordinary skill in the art to which
the invention belongs. Although any methods and materials similar or equivalent to
those described herein can be used in the practice or testing of the present invention,
the preferred methods and materials are now described. All publications mentioned
hereunder are incorporated herein by reference.

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 its structure and how it relates to
its 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 to the development
of dilipid polymyxins. The incorporation of an additional lipid was found to confer to
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, thereby resembling the adjuvant

activity of the well-known outer membrane permeabilizer polymyxin B nonapeptide
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(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
important role in resisting active efflux. Our work described herein provides an
understanding to the polymyxin structure that may be used to usher the development
of enhanced polymyxin analogs.

It is evident that hydrophobicity plays a critical role in the antibacterial activity of
polymyxins [4]. A recent study revealed that remodelling of outer membrane through
pagl-induced lipid A deacylation resulted to 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, resulting to a more efficient lipid
packing that prevent polymyxins from inserting into the bilayer and traversing onto 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
Dab1 with different fatty acids. These dilipid polymyxins (Fig. 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 affect the ability of
polymyxin to resist active efflux. To address the concern that an enhanced
hydrophobicity may result to 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
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antibiotics as stand-alone antibiotics but also as antimicrobial adjuvant to potentiate
other classes of antibiotics.

Our efforts herein have elucidated several important key 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 Gram-negative bacteria. 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 component 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.

According to an aspect of the invention, there is provided a compound

comprising a chemical structure as set forth in formula (1):

()
wherein: each R is independently a substituted or unsubstituted aliphatic lipid of C1-8.
In some embodiments of the invention, the substituted or unsubstituted
aliphatic lipid is C1-C7. In other embodiments of the invention, the aliphatic lipid may
be C1-C6, C1-C5, C1-C4, C1-C3, C1-C2, C2-C8, C2-C7, C2-C6, C2-C5, C2-C4, C2-
C3, C3-C8, C3-C7, C3-Cp6, C3-C5, C3-C4, C4-C8, C4-C7, C4-CB, C4-C5, C5-C8, C5-
C7, C5-C6, C6-C8, C6-C7 or C7-C8.
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In some embodiments of the invention, the aliphatic lipids are substituted by
replacing the alkyl chains with isosteric caged or aromatic moieties. As discussed
herein, these substitutions lower hemolysis.

in some embodiments of the invention, the compound is for use as an anti-

5 bacterial adjuvant.

As discussed herein, the compounds of the invention can be co-administered
with a clinically-used antibiotic for inhibiting microbial growth.

As used herein, “administered” may refer to administration of the compound
and a known antimicrobial agent to an individual in need of such treatment, as

10 discussed below. Alternatively, the compound may also be “administered” to a surface
at risk of microbial infection as an “anti-infective”. As will be appreciated by one of skill
in the art, the adjuvant compounds of the invention may be combined with or added to
any suitable “anti-infective” composition for enhancing or increasing the anti-microbial
activity of the other compounds. Examples include but are by no means limited to

15  cleaning products, anti-microbial coatings and the like.

A such, according to another aspect of the invention, there is provided use of a

compound comprising a chemical structure as set forth in formula (1)

(0
20  wherein: each R is independently a substituted or unsubstituted aliphatic lipid of C1-8,
as an anti-microbial adjuvant.
For example, the compound may be used in combination with a known anti-

microbial compound for increasing or enhancing or improving the activity of the known
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anti-microbial agent against the target organism. As will be appreciated by one of skill
in the art, the target organism is the organism that is causing the microbial infection or
that is suspected of causing the microbial infection.

It is of note that the known antimicrobial agent does not necessarily need to
have activity against the target organism because, as discussed herein, the adjuvant
compounds of the invention have been demonstrated to alter the susceptibility of
certain organisms to specific antimicrobials.

As used herein, “co-administered” may refer to the adjuvant compound and the
anti-microbial agent being administered simultaneously to an individual in need of
such treatment, that is, to an individual who has been diagnosed with a microbial
infection or an individual who is suspected of having a microbial infection.
Alternatively, “co-administered” may mean that either the anti-microbial agent or the
adjuvant compound of the invention is administered first and the other is administered
soon thereatfter. As will be appreciated by one of skill in the art, the administration
must be “soon” enough that the antimicrobial agent can take advantage of the
membrane permeabilization effected by the adjuvant compounds of the invention. As
will be appreciated by one of skill in the art, this will depend on several factors,
including but by no means limited to the target organism and the nature of and
severity of the infection.

The adjuvant compounds of the invention may be co-administered with any
suitable antimicrobial agent. Examples include but are by no means limited to 3-
lactams, carbapenems, tetracyclines, aminoglycosides, fluoroquinones, Fosfomycin,
trimethoprim, chloramphenicol, novobiocin, vancomycin, clindamycin, linezolid,
pleuromutilin and rifampicin. It is of note that other suitable anti-microbials will be
readily apparent to one of skill in the art.

Alternatively, as discussed above, the compounds of the invention may be
combined with or added to any suitable “anti-infective” composition for enhancing or
increasing the anti-microbial activity of the other compounds. Examples include but

are by no means limited to cleaning products, anti-microbial coatings and the like.
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According to another aspect of the invention, there is provided a method of
treating a microbial infection comprising: administering to an individual in need of such
treatment an effective amount of an antimicrobial agent and an effective amount of a

compound comprising a chemical structure as set forth in Formula (1):

()
wherein: each R is independently a substituted or unsubstituted aliphatic lipid of C1-8.
As used herein, “a person in need of such treatment” is an individual who is
known to have or who is suspected of having a microbial infection.

10 As used herein, an effective amount of the antimicrobial agent is ’an amount
that is sufficient to have at least one of the following effects: reduction in colony
forming units per ml of the micro-organism; reduction in total number of cells of the
micro-organism within the host or individual; and reducing the severity of one or more
symptoms associated with the microbial infection.

15 It is of note that such an effective amount of a specific anti-microbial agent can
be easily determined through routine experimentation or may already be known.
Furthermore, as discussed herein, it is important to note that such an effective amount
may in fact be lower that what is currently considered to be necessary by virtue of the
effect of the addition of the adjuvant compound of the invention, as discussed herein.

20 Accordingly, an effective amount of the adjuvant compound of the invention is
an amount of the adjuvant compound that is sufficient to increase membrane
permeability of the membrane of the target microorganism so that the anti-microbial

agent can enter the microorganism.
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In another aspect of the invention, there is provided a method of increasing
activity of an anti-microbial agent against a target micro-organism comprising co-
administering to the target micro-organism a compound comprising a chemical

structure as set forth in Formula (I)

R)LNH NH, NH, TR
| L »
B PDRY PRy
R™ N SN Y N
H oo A N EEELL ,L
e 07 "NH [
I I NH
SN N
S HoOLH L
7 ]
NH; NH,

wherein: each R is independently a substituted or unsubstituted aliphatic lipid of C1-8,
as an anti-microbial adjuvant, and an effective amount of the anti-microbial agent.
~In another aspect of the invention, there is provided a method of determining if
10  an adjuvant compound increases activity of an anti-microbial agent against a target
micro-organism comprising co-administering to the target micro-organism the
adjuvant compound and the anti-microbial agent, said adjuvant compound comprising

a chemical structure as set forth in Formula (1)

Jo:ow [ 2 H it /l
~OH g/ 07 "NH /L
OQT,NHO QO?/ ..
. \N ‘\_“ wwwww NJ«\\ NH
by HoLH (§
NH, NH,
15 )

wherein: each R is independently a substituted or unsubstituted aliphatic lipid of C1-8;
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12

determining activity of the anti-microbial agent and the adjuvant compound
against the target micro-organism; and
comparing the activity to activity of an equivalent amount of the anti-microbial

agent alone against the target micro-organism.

The invention will now be further explained and/or elucidated by way of

examples; however, the invention is not necessarily limited to the examples.

EXAMPLE 1 - Design and synthesis of dilipid polymyxins

To study the effect of hydrophobicity on polymyxin’s bioactivity, we prepared five
dilipid polymyxins with varying lipid component (Fig. 2). Aside from an acylated N-
terminus typically observed in polymyxins, we decided to incorporate another lipid to
the amine side-chain of Dab1. Previous alanine scanning of the polymyxin structure
suggested that the side-chain of Dab1 is not crucial for its activity [9]. We selected to
install aliphatic hydrocarbon lipids with length 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.
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Scheme 1. Synthesis of dilipid polymyxins by solid-phase peptide synthesis (SPPS)
and intramolecular cyclization.

Solid-phase peptide synthesis followed by solution-phase intramolecular amide
bond formation were performed to synthesize the dilipid polymyxins (Scheme 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 Na and amine side-
chain was immobilized in amino acid position 1. Fmoc deprotection of this Dab1
resulted to 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 vyielded five

dilipid polymyxins (Fig. 2).

EXAMPLE 2 - Addition of another lipid bestow polymyxin activity against Gram-
positive bacteria

The antibacterial activity of the dilipid polymyxins were evaluated against a
panel of Gram-positive (Table 1) and Gram-negative bacteria (Table 2), some of
which are MDR clinical isolates 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 bestow dilipid
polymyxins superior activity against Gram-positive bacteria relative to colistin (Table
1). For instance, compounds 2 and 5 exhibited 32-fold better MIC than colistin against

methicillin-resistant Staphylococcus aureus and methicillin-susceptible
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Staphylococcus epidermidis. This indicates that imparting another hydrophobic region
within the polymyxin structure makes favorable interactions with lipoteichoic acid in
Gram-positive bacterial membranes possible, presumably through hydrophobic effect,

resulting in enhanced antibacterial activity.

EXAMPLE 3 -. 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 2). Specifically, addition of another lipid component to the
amine side-chain of Dab1 reduced polymyxin’s activity against Escherichia coli, P.
aeruginosa, Stenotrophomonas maltophilia, A. baumannii, Klebsiella pneumoniae and
Enterobacter cloacae. However, the reduction of activity against P. aeruginosa was
not as drastic relative 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 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. We
believe that this selectivity for P. aeruginosa is 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.

EXAMPLE 4 - 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 are mainly due to outer membrane/LPS structural
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modifications (such as conjugation of ethanolamine and 4-aminoarabinose or lipid A
deacylation) that result to reduced binding affinity, and consequently 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 against colistin-resistant Gram-negative
bacteria (Table 3). Therefore, addition of a second lipid component to the polymyxin

structure does not impart activity against colistin-resistant organisms.

EXAMPLE 5 - 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 PAO1 strain (Tables 4 and
7-12). 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 3-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 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.
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PMBN potentiated all antibiotics tested except for those belonging to the
aminoglycoside family (Table 4). Interestingly, dilipid polymyxin 1 that is diacylated
with butyric acid exhibited similar adjuvant potency as PMBN (Table 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 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 polymyxins.

EXAMPLE 6 - Length of lipid component affect the ability of polymyxins to resist efflux

To our curiosity, we explored whether efflux can affect the activity of

- polymyxins. It is widely acoépted that polymyxins disrupt Gram-negative bacterial

membranes that result to 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 overexpress 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 5). The
strain PAO200 lacks the MexAB-OprM efflux system while strain PAO750 lacks five
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clinically-relevant pumps (MexAB-OprM, MexCD-Oprd, 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 4). Surprisingly, both 1 and PMBN
appeared to be greatly affected by the MexAB-OprM efflux system (Table 4) 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 to not
further alter the susceptibility of P. aeruginosa to 1 and PMBN as their MIC against
PAO200 and PAO750 were comparable (Table 4). 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 ug/mL against PAO200) displayed good
antibacterial activity against MexAB-OprM deletion mutants. This suggests that 1 and
PMBN may possess the ability to disrupt the inner membrane and/or have another
periplasmic target but fall short in their ability to resist efflux. Our data implies 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.

EXAMPLE 7 - Length of lipid component affect 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. 3). We quantified each compound’s
hemolytic activity by their MHCs, or the minimum concentration to elicit 5% red blood
cell hemolysis (Table 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
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PMBN which show no hemolytic activity up to the highest concentration tested of 512
pg/mL (Table 6). While substantially non-hemolytic in comparison to 3, dilipid
polymyxin 2 only elicted 6.2% hemolysis at 512 pg/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 ug/mL) and the aromatic bipheny!
dilipid seen in 5 (MHCs of 128 pug/mL) yielded significantly lower hemolysis compared
to 3. Accordingly, the addition of either short-length aliphatic (eight carbons-long or
less), caged or aromatic lipid is preferred for developing polymyxin-based agents that

are non-hemolytic.

Experimental
Synthesis
General information

All reagents and solvents were purchased from common commercial suppliers

and were used without further purifications 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 fractions and was visualized by both ultraviolet light and ninhydrin
staining solution. The purity of all compounds were determined to be 295% 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 pym reverse-phase column with phenyl ether-linked stationary phase. All
purified compounds were characterized via 1-dimensional and 2-dimensional NMR
experiments, to which NMR experiments were performed on a Bruker AMX-500 (500
MHz) instrument (Germany). The molecular weight for all synthesized compounds
were recorded by 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.
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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 viv). 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. 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 (HOBt) (4 mol. equiv.),and N-methymorpholine (10 mol. equiv.)
in anhydrous DMF under very dilute conditions, to which was then vigorously stirred
for 2 h to induce intramolecular cyclization via amide bond formation between the
carboxyl end of L-threonine at 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 to a partially dissolve
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
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acid/water. Palladium on carbon was then added, followed by Hz gas (balloon) to
remove the remaining carboxybenzyl (Cbz) protecting groups. The resulting solution
was then filtered via Nylon filter, to which 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) 8: 7.32 — 7.19 (m, 5H D-Phes aromatic), 4.51
(dd, J = 8.7, 4.4 Hz 1H, Dabsa), 4.49 — 4.24 (m, 7H, Dab1a + Dabsq + Dabag + Dabsq +
Dabsa + D-Phesa + Thrzg), 4.21 (d, J = 3.2 Hz, 1H, Thraa), 4.20 — 4.16 (m, 1H, Thriog),
4.11 (dd, J=11.5, 3.8 Hz, 1H, Leura), 4.06 (d, J = 4.9 Hz, 1H, Thrioa), 3.67 — 3.57 (m,
1H, Dabay1), 3.42 — 3.34 (m, 1H, Dabay2), 3.23 — 2.85 (m, 12H, Dab1y2 + Dabay + Dabsy
+ Dabgy + Dabay2 + D-Phesg + Dabsy), 2.52 — 2.42 (m, 1H, Dabsg1), 2.31 — 1.90 (m,
14H, Dab1p1 + Dabasgz + Dabsg + Dabgp + Dabag + Dabsg + Di-C4 CO-CHz-CH2-CH),
1.84 —1.75 (m, 1H, Dab1gz), 1.69 — 1.59 (m, 4H, Di-C4 CO-CH2-CH2-CHs), 1.54 — 1.46
(m, TH Leuzp1), 1.40 — 1.31 (m, 1H Leurpz), 1.29 — 1.15 (m, 6H, Thrzy + Thrioy), 0.98 —
0.91 (m, 6H, Di-C4 CHs), 0.88 — 0.58 (m, 7H, Leuzy + Leurs)."3C NMR (126 MHz,
Methanol-ds) &: 175.60, 175.09, 173.87, 173.40, 172.60, 172.41, 172.33, 172.14,
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-C4 CO-CH2-CH2-CHs3), 37.21 (Di-C4 CO-CH2-CH2-CHs), 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-CH2-CH2-CHs), 18.88 (Di-C4 CO-CHa-
CH2-CHs), 18.79, 12.67 (Di-C4 CO-CH2-CH2-CHs3), 12.63 (Di-C4 CO-CH2-CHa-
CHs). MALDI-TOF-MS m/z calcd for CssHosN16014 (M + H)* monoisotopic peak:
1203.721; found 1203.717.

Dioctanoic acid (Di-Cs) polymyxin (2)
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'H NMR (500 MHz, Methanol-ds) 6 7.31 = 7.19 (m, 5H, D-Phes aromatic), 4.51
(dd, J = 8.8, 4.4 Hz, 1H, Dabsa), 4.46 — 4.38 (m, 2H, Dab1q + Dabsq), 4.38 — 4.24 (m,
SH, Dab4qa + Dabsa + Dabsa + D-Phesa + Thrag), 4.24 —4.20 (m, 1H, Thrag), 4.20 — 4.14
(m, TH, Thriog), 4.14 —4.09 (m, 1H, Leura), 4.06 (d, J = 3.1 Hz, 1H, Thrioa), 3.67 —
3.53 (m, 1H, Dabay1), 3.42 — 3.34 (m, 1H, Dab1y1), 3.23 — 3.12 (m, 2H, Dabiy2 +
Dabay2), 3.12 —2.87 (m, 10H, Dabsy + Dabsy + Dabgy + D-Phesg + Dabsy), 2.53 — 2.41
(m, TH, Dabsp1), 2.33 — 2.16 (m, 7H, Dab1ps + Dabsg + Di-Cs CO-CHz-), 2.16 — 1.92
(m, 7H, Dabspz + Dabeg + Dabgg + Dabag), 1.82 — 1.73 (m, 1H, Dabigz), 1.67 — 1.56 (m,
4H, Di-Cs CO-CH2-CH2-), 1.54 — 1.46 (m, 1H, Leup1), 1.40 — 1.25 (m, 17H, Leuzg2 +
Di-Cs alkyl), 1.25 — 1.08 (m, 6H, Thrzy + Thrioy), 0.89 (t, J = 6.6 Hz, 6H, Di-Cs CHa),
0.84-0.78 (m, 1H, Leuzy), 0.78 — 0.57 (m, 6H, Leu7s).'3C NMR (126 MHz, Methanol-
d4)  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-Cs CO-CH>-),
35.80(Di-Cs CO-CH2-), 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-CH2-), 25.65(Di-Cs CO-CH2-CH>-), 25.57,
23.56, 23.53, 22.25, 22.16, 20.02, 19.16, 18.78, 13.01(Di-Cs CH3), 12.97(Di-Cs CHa).
MALDI-TOF-MS m/z calcd for CssH111N16014 (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-Phes aromatic), 4.59
—4.50 (m, 1H, Dabsq), 4.50 — 4.26 (m, 7H, Dab1q + Dabszq + Dab4q + Dabsa + D-Phesq +
Thrag + Dabea), 4.23 (d, J = 3.4 Hz, 1H, Thrzd), 4.21 —4.15 (m, 1H, Thriog), 4.15 — 4.09
(m, 1H, Leura), 4.03 (d, J = 3.7 Hz, 1H, Thrioa), 3.73 — 3.58 (m, 1H, Dabay1), 3.41 —
3.34 (m, 1H, Dab1y1), 3.21 — 2.82 (m, 12H, Dab1y2 + Dabay2 + Dabsy + Dabsy + Dabgy +
D-Pheep + Dabsy), 2.76 — 2.67 (m, 1H), 2.51 — 2.36 (m, 1H, Dabsg1), 2.33 — 1.93 (m,
14H. Dab1p1 + Dabsg + Di-C12 CO-CHz- + Dabsgz + Dabsg + Dabgg + Dabag), 1.85 —
1.78 (m, 1H, Dab1p2), 1.64 — 1.56 (m, 4H, Di-C12 CO-CH2-CH2-), 1.54 — 1.47 (m, 1H,
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Leurpt), 1.46 — 1.41 (m, 1H, Leurg2), 1.34 — 1.25 (m, 32H, Di-C12 alkyl), 1.23 - 1.13
(m, 6H, Thrzy + Thrioy), 0.95 — 0.63 (m, 13H, Di-C12 CHs +, Leury + Leu7s)."3C NMR
(126 MHz Methanol-ds) 6. 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-CH2-), 36.36(Di-C12 CO-
CH2-), 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-CH2-), 25.66(Di-C12 CO-CH2-CH2-), 25.57, 23.53, 22.29, 22.17,
20.02, 19.40, 19.16, 18.79, 13.00(Di-C12 CHs3), 12.99(Di-C12 CH3) MALDI-TOF-MS
m/z calcd for C71H127N16O14 (M + H)* monoisotopic peak: 1427.971; found 1428.006

Diadamantane acetic acid (Di-adamantyl) polymyxin (4)

"H NMR (500 MHz, Methanol-ds4) 8: 7.32 — 7.20 (m, 5H, D-Phes aromatic), 4.51
(dd, J=8.7, 4.3 Hz, 1H, Dabsa), 4.47 — 4.32 (m, 5H, Dab1a + Dabsa + Dab4a + Dabsa +
D-Phesq), 4.32 — 4.26 (m, 2H, Dabga + Thrag), 4.25 — 4.22 (m, Thraa 1H), 4.22 — 4.15
(m, 1H, Thriop), 4.12 (dd, J = 11.5, 3.4 Hz, 1H, Leurd), 4.07 (d, J = 4.6 Hz, 1H, Thr1odq),
3.69 — 3.54 (m, 1H, Dabay1), 3.43 — 3.35 (m, 1H, Dab1y1), 3.19 — 2.86 (m, 12H, Dab1y2
+ Dabay2 + Dabsy + Dabsy + Dabsy + Dabgy + D-Phesg), 2.55 — 2.41 (m, 1H, Dabsg1),
2.30 = 2.20 (m, 2H, Dabsg), 2.20 — 2.05 (m, 5H, Dab1p1 + Dabsg1+ Dabapgz + Dabagp),
2.04 — 1.91 (m, 13H, Dabsgz + Dabag + Di-adamantyl CO-CHz- + Di-adamantyl -CH-),
1.82 - 1.76 (m, 1H, Dab1g2), 1.75 — 1.59 (m, 24H, Di-adamantyl -CH2-), 1.54 — 1.47
(m, 1H, Leu7p1), 1.39 — 1.32 (m, 1H, Leuzg2), 1.29 — 1.15 (m, 6H, Thrzy + Thrioy), 1.00
—0.86 (m, 1H, Leury), 0.82 - 0.62 (m, 6H, Leurs).">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-CHz), 50.55(Di-adamantyl CO-CHz), 49.99, 42.40(Di-adamanty! -CHz-
), 42.30(Di-adamantyl -CH2-), 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-),
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28.71(Di-adamantyl -CH-), 23.49, 22.20, 20.03, 19.16, 18.89. MALDI-TOF-MS m/z
caled for C71H11sN16014 (M + H)* monoisotopic peak: 1415.877; found 1415.865

Dibiphenyl-4-carboxylic acid (Di-biphenyl) polymyxin (5)

"H NMR (500 MHz, Methanol-ds) &: 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, Dabsa), 4.52 — 4.39 (m, 3H,
Dab1a + Dabsa + D-Phesa), 4.40 — 4.24 (m, 5H, Dabaa + Dabsa + Dabga + Thrag + Thrza),
4.21 -4.10 (m, 2H, Thriop + Leuzd), 4.05 (d, J = 4.8 Hz, 1H, Thriod), 3.78 — 3.71 (m,
1H, Dabi1y1), 3.69 — 3.60 (m, 1H, Dabay1), 3.57 — 3.51 (m, 1H, Dab1y2), 3.19 — 2.88 (m,
11H, Dabasy2 + Dabsy + Dabsy + Dabsy + Dabgy + D-Pheep), 2.50 — 2.41 (m, 1H, Dabag1),
2.39-2.31 (m, 2H, Dabsg), 2.30 — 2.25 (m, 1H, + Dabsp1), 2.22 — 2.11 (m, 4H, Dab1p1
+ Dabagz + Dabag), 2.04 — 1.92 (m, 3H, Dabsgz + Dabgg), 1.87 — 1.80 (m, 1H, Dab1g2),
1.54 — 1.47 (m, 1H, Leu7p1), 1.38 — 1.32 (m, 1H, Leurpz), 1.26 — 1.11 (m, 6H, Thray +
Thrioy), 0.95 - 0.87 (m, 1H, Leuzy), 0.82 — 0.60 (m, 6H, Leu7s)."*C NMR (126 MHz,
Methanol-ds) 5: 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 C73Ho9N16014
(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
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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).

Antimicrobial susceptibility assay

The in vitro antibacterial activity of the compounds studied 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 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 105 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, to 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 control, respectively.

Checkerboard Assay

The assay was performed on 96-well plates as previously described [20,30].
Briefly, the antibiotic at 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 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
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cells were used as positive or negative control, 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 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. 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 24, 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 at 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. 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.

The scope of the claims should not be limited by the preferred embodiments
set forth in the examples but should be given the broadest interpretation consistent

with the description as a whole.
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Table 1

Antimicrobial activity of dilipid polymyxins against laboratory reference and multidrug-
resistant clinical isolates of Gram-positive bacteria
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MIC, ug/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

® methicillin-resistant Staphylococcus aureus

® methicillin-susceptible Staphylococcus epidermidis

¢ methicillin-resistant S. epidermidis.
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Table 2

Antimicrobial activity of dilipid polymyxins against laboratory reference and multidrug-
resistant clinical isolates of Gram-negative bacteria
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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 2. .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 |
E. cloacae 117029 64 2 16 4 8 0.125
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Table 3

Antimicrobial activity of dilipid polymyxins against colistin-resistant multidrug-resistant

Gram-negative bacterial isolates

PCT/CA2019/050780

MIC, pug/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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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° 0.50 050 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

* 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
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Table 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 PAQ200° 4 2 32 4 4 0.5 2
P. aeruginosa PAO750° 8 2 32 8 4 0.5 4

* wild type

b efflux-deficient strain that lacks the MexAB-OprM pump

¢ efflux-deficient strain that lacks five clinically-relevant pumps (MexAB-OprM, MexCD-
Oprl], MexEF-OprN, MexJK and MexXY) and outer membrane protein OpmH

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

% Hemolysis at 512
Polymyxin MHCs*  pg/mL of polymyxin

1 >512 1.1x1.6
2 512 62£0.7
3 16 497 £ 3.3
4 >512 32204
5 128 13.1£1.4
colistin >512 1.6+05
PMBN >512 1.1+0.1

# minimum concentration (Jg/mL) that resulted in 5% red blood cell hemolysis
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Table 7
Evaluation for synergism of 1 and clinically-used antibiotics against P. aeruginosa PAO1
MICprug
(MICpryg in MIC: (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(D) 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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Evaluation for synergism of 2 and clinically-used antibiotics against P. aeruginosa PAOI

MICDmg
MICprgin ~ 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 24 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

# FIC index 1s 0.500977 therefore not synergistic
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Table 9
Evaluation for synergism of 3 and clinically-used antibiotics against P. aeruginosa PAO1
MICDrug
(MICpr in MIC3 (MIC3 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

* FIC index is 0.500977 therefore not synergistic
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Table 10
Evaluation for synergism of 4 and clinically-used antibiotics against P. aeruginosa PAO1
MICDmg
(MICprug 1n 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 (D) 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 5122) 8(4) 10.50  Additive
Vancomycin 256 (64) 8 (4) 0.75 Additive
Clindamycin 1024 (128) g (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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Table 11
Evaluation for synergism of 5 and clinically-used antibiotics against P. aeruginosa PAOI
MICDmg
(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 24 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 o 512(128) 16# 050  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
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Table 12

Evaluation for synergism of polymyxin B nonapeptide (PMBN) and clinically-used antibiotics

against P. aeruginosa PAO1

41
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4 FIC index is 0.503906 therefore not synergistic

MICprug MICpmBN
(MICpryg in (MICpmpn 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) S 007 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



10

15

WO 2019/237186 PCT/CA2019/050780

42

CLAIMS

1. A compound comprising a chemical structure as set forth in formula (1):

M

wherein: each R is independently a substituted or unsubstituted aliphatic lipid of C1-8.

2. The compound according to claim 1 wherein the substituted or
unsubstituted aliphatic lipid is C1-C7.

3. The compound according to claim 1 wherein the aliphatic lipids are
substituted by replacing the alkyl chains with isosteric caged or aromatic moieties.

4. The compound according to claim 1 where the compound is for use as
an anti-bacterial adjuvant.

5. The compound according to claim 4 wherein the compound is used in
an anti-infective composition.

6. Use of a compound comprising a chemical structure as set forth in formula

(M

0
R/U\NH NH, NH, i’“\\
E o 0 \ \’/j
; H H ] Ho |
RJ\N N\i/U\N WNY’&\N' \YN
H o /:\ H o z H .
~OH ,/ 0% “NH J
o) NH? o On §
NN l\[ NH
on B LA L



10

15

20

WO 2019/237186 PCT/CA2019/050780

43

(1
wherein: each R is independently a substituted or unsubstituted aliphatic lipid of C1-8,

as an anti-microbial adjuvant.

7. The use according to claim 6 wherein the substituted or unsubstituted
aliphatic lipid is C1-C7.
8. The use according to claim 6 wherein the aliphatic lipids are substituted

by replacing the alkyl chains with isosteric caged or aromatic moieties.

9. The use according to claim 6 wherein the compound is used as an anti-
microbial adjuvant in an anti-infective composition.

10. A method of treating a microbial infection comprising: administering to
an individual in need of such treatment an effective amount of an antimicrobial agent
and an effective amount of a compound comprising a chemical structure as set forth

in Formula (l):

0
R)L‘NH NH, NH, ;/\j
Co U L
Llg i S o]
: Y YN
o]
OH 07 NH
OVNH o\\ )\i
E NH

)

wherein: each R is independently a substituted or unsubstituted aliphatic lipid of C1-8.

11.  The method according to claim 10 wherein the person in need of such
treatment is an individual who is known to have or who is suspected of having a
microbial infection.

12.  The method according to claim 10 wherein the substituted or
unsubstituted aliphatic lipid is C1-C7.

13.  The method according to claim 10 wherein the aliphatic lipids are

substituted by replacing the alkyl chains with isosteric caged or aromatic moieties.
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14. A method of increasing activity of an anti-microbial agent against a
target micro-organism comprising co-administering to the micro-organism a

compound comprising a chemical structure as set forth in Formula (1)

)
RJ\NH NH, NH, /ﬁ
o) \ o) i 0 \ LT/
s H HoS H
R/LL\N/L;(N\;)LN E,,N\;)J\NJ\E/N
I O L S
~"OH ( 0% “NH
O, NH, oo\\(K/L\
f z
< . g,l\ [NH
OH
NH, ?\IHQ
S (M

wherein: each R is independently a substituted or unsubstituted aliphatic lipid of C1-8,
as an anti-microbial adjuvant, and an effective amount of the anti-microbial agent.
15.  The method according to claim 14 wherein the substituted or
unsubstituted aliphatic lipid is C1-C7.
10 16.  The method according to claim 14 wherein the aliphatic lipids are

substituted by replacing the alkyl chains with isosteric caged or aromatic moieties.
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