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“Cruciaal is dat je jezelf overhaalt om van de wereld te houden. Als je de schoonheid ziet
van de breekbare menselijke soort, van bouwkunst, sport, staatsrecht, gastronomie en al
die andere manieren die we verzonnen hebben om ons biologische repertoire te
verfijnen, dan pas kun je je eigen bijdrage, hoe klein ook, naar waarde schatten. Dat is een
grote troost als je weet dat alles doorgaat als jij er niet meer bent.”

- René Gude
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Chapter 1

Introduction. Synergy by perturbing the Gram-
negative outer membrane: opening the door for
Gram-positive specific antibiotics

Charlotte M.J. Wesseling and Nathaniel I. Martin

Parts of this chapter have been submitted for publication

Abstract

New approaches to target antibacterial agents towards Gram-negative bacteria are key
given the rise of antibiotic resistance. Since the discovery of polymyxin B nonapeptide as
a potent Gram-negative outer membrane (OM) permeabilizing synergist in the early
1980s, a vast amount of literature on such synergists has been published. This review
addresses a range of peptide-based and small organic compounds that disrupt the OM
to elicit a synergistic effect with antibiotics that are otherwise inactive towards Gram-
negative bacteria, with synergy defined as a fractional inhibitory concentration index of
<0.5. Another requirement for the inclusion of the synergists here covered is their
potentiation of a specific set of clinically used antibiotics: erythromycin, rifampicin,
novobiocin, or vancomycin. In addition, we have focused on those synergists with
reported activity against Gram-negative members of the ESKAPE family of pathogens
namely, Escherichia coli, Pseudomonas aeruginosa, Klebsiella pneumoniae, and/or
Acinetobacter baumannii. In cases where the FICI values were not directly reported in the
primary literature but could be calculated from the published data we have done so,
allowing for more direct comparison of potency with other synergists. We also address
the hemolytic activity of the various OM disrupting synergists reported in the literature,
an effect that is often downplayed but of key importance in assessing the selectivity of
such compounds for Gram-negative bacteria.



1. Introduction

The increasing occurrence of antibiotic resistance among Gram-negative pathogens
highlights the need for novel antibacterial agents and therapeutic strategies. It is well
established that Gram-negative bacteria are inherently harder to kill with antibiotics than
Gram-positives given the presence of the Gram-negative outer membrane (OM) as well
as efflux pumps.'* Among the limited number of clinically effective anti-Gram-negative
agents, several are labeled as last resort further underscoring the urgent need for new
treatments against Gram-negative pathogens.®>” This troubling reality is further
exacerbated by increasing accounts of emerging resistance mechanisms against Gram-
negative antibiotics including: extended spectrum beta-lactamases (ESBLs) that can
render even fifth generation cephalosporins and carbapenems innactive,®" enzymes that
structurally modify and deactivate aminoglycosides,’> and mcr-mediated polymyxin
resistance.’"? In this context, the World Health Organization (WHO) recently listed
Acinetobacter ~ baumannii  (carbapenem-resistant),  Pseudomonas  aeruginosa
(carbapenem-resistant), and the Enterobacteriaceae (carbapenem-resistant and ESBL-
producing strains) as the bacterial pathogens of highest priority for the development of
new antibiotics.?

The Gram-negative OM functions as a barrier that prevents many antibiotics,
that are otherwise active against Gram-positive species, from reaching their targets.>*°
The OM itself consists of an asymmetrical lipid bilayer (See Figure 1A).2° The inner leaflet
consist mostly of phospholipids and is similar to the cytoplasmic membrane.* The outer
leaflet is made up of an organized and fortified structure of densely packed
lipopolysaccharides (LPS) and Mg?'/Ca* cations that bridge the negatively charged
phosphate groups of the lipid A component of LPS (See Figure 1B).33 Furthermore, the
tightly packed saturated acyl chains result in a low level of membrane fluidity that limits
the diffusion of hydrophobic compounds across the OM.?? The OM also contains porins
which function as size exclusion channels across the OM that mediate the diffusion of
small hydrophilic molecules between the periplasm and the extracellular environment
while keeping large, hydrophobic molecules, including many antibiotics, out.'??
Additionally, when lipophilic or amphiphilic antibiotics do manage to cross the OM,
multidrug efflux pumps can transport these molecules back out.!">* In many cases, the
over-expression of efflux pumps provides an effective means for a Gram-negative
pathogen to decrease its susceptibility to antibiotics.?>3 Taken together, their diverse
resistance mechanisms and unique cellular features provide Gram-negative bacteria with
a formidable range of defenses against antibacterial agents.

To address the specific challenges posed by Gram-negative bacteria a number
of new and innovative approaches are currently under investigation. Such strategies
include interfering with LPS biosynthesis,?**" targeting OM proteins such as the BAM
complex, 3% developing siderophore-antibiotic conjugates as Trojan horse agents,*0-#
co-administering different antibiotics to restrict or reverse antibiotic resistance,*# and
blocking efflux pumps.*>~* In addition to these promising strategies, the development of
agents that can selectively disrupt the OM offers the possibility of sensitizing Gram-
negative bacteria to antibiotics that otherwise function only against Gram-positive
bacteria.?”* The pursuit of such synergists continues to be a very active field of research
and is the basis for this review.
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Figure 1. A) Schematic depiction of the OM disruption required for potentiation of Gram-
positive specific antibiotics (created with BioRender.com); B) Lipid A (from Escherichia
coli K-12), the hydrophobic anchor of LPS.

The best studied example of an OM disrupting synergist is polymyxin B
nonapeptide (PMBN) which is obtained by enzymatic degradation of the clinically used
lipopeptide polymyxin B (PMB).”3? The potentiating effects of PMBN were first reported
in the 1980s, and in the decades since a growing number of OM disrupting synergists
have been discovered.”?#? To date, a number of reviews have been published on the
general topic of antibiotic synergy,®> including compounds that potentiate Gram-
positive antibiotics through interactions with the OM and OM disrupting synergists.35%-
5 However, a comprehensive overview of OM disrupting synergists that also provides the
reader with a direct comparison of both the potency and selectively of these compounds
has, to date, been lacking. In this regard, the most widely accepted benchmark for
synergistic activity is the so called fractional inhibitory concentration index (FICI, Box 1).
In this review we discuss only those synergists for which FICI values are reported or could
be calculated from published data. The other criterion we have also chosen to emphasize
is the selectivity of OM disruption associated with these synergists. In this regard, we pay
special attention to the hemolytic activity reported for the various OM disruptors as a
means of assessing their membrane specificity.

Among the Gram-negative bacteria for which OM disrupting synergists have
been reported, we have selected those pathogens noted on the WHO’s priority list: A.
baumannii, Escherichia coli, Klebsiella pneumoniae, or P. aeruginosa.® As for Gram-
positive specific antibiotics whose activity is potentiated by OM disrupting synergists, we
have chosen to focus on clinically used agents that are most commonly evaluated for
synergy with OM disruptors: erythromycin, rifampicin, vancomycin, and novobiocin.”5#
This criterion has, for example, led to the exclusion of OM disrupting agents for which
synergy was reported with macrolide antibiotics other than erythromycin.®%” Also, to
further streamline the review, synergists for which an OM disrupting mechanism was not
clearly demonstrated are not here discussed in detail.%8® In addition, synergists that
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specifically engage with Gram-negative targets and subsequently cause OM disruption
as a secondary effect are not discussed in this review.”%

Box 1. An important formalism in the field of synergy is the fractional inhibitory
concentration index (FICI). The FICI is calculated from experimental minimum
inhibitory concentration (MIC) data as shown in Equation 1. A synergistic
combination is generally defined as an FICI <0.5. Additionally, it allows for a
straightforward comparion of the potency of the synergistic combinations: the
lower the FICI, the more potent the combination. Apart from the FICI, the
minimum synergistic concentration (MSC) values are also relevant parameters.
The MSCs represent the concentrations of each component required for synergy
and are therefore also of clinical relevance.

MSCane  MSCeyn 0

FICI =
MICope  MICgyp

Equation 1. Calculation of FICI. MSCant = MIC of antibiotic in combination with synergist;
MICant = MIC of antibiotic alone; MSCsyn = MIC of synergist in combination with antibiotic;
MICsyn = MIC of synergist alone.

The scope of the synergists included in this review ranges from peptides to
synthetic small-molecules and small polymers of <1500 Da. In this regard, protein-based
OM disruptors such as the membrane attack complex (MAC)®, lactoferrin,®” and the
bactericidal /permeability-increasing protein (BPI)® or larger polymers or polymer-like
agents?9292-% will not be discussed. This review is further organized based on the
chemical families of the synergists covered. We begin with cyclic peptides based on
PMBN, followed by linear peptides, cationic steroids, peptide-steroids hybrids, and small
molecules. For each subgroup of synergists a summary table has been assembled to
provide a convenient comparative overview of FICI values. These tables also include the
identity of the Gram-negative species and companion antibiotics employed in generating
the FICIs. In addition, where possible, we have included the reported hemolytic activity
of each synergist to provide an indication of their selectivity for Gram-negative cells.
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2. Peptide-based potentiators

2.1. Polymyxin derived synergists

Polymyxin derived synergists have been extensively reviewed in the past and therefore
only a concise summary of these analogues is here included.”*263 PMBN is a derivative of
the parent lipopeptide PMB (see Figure 2A). Unlike its parent compound, PMBN has no
inherent antimicrobial activity nor is it nephrotoxic.”¥’ In their landmark 1983 paper,
Martti and Timo Vaara demonstrated that the combination of PMBN with hydrophobic,
generally Gram-positive specific, antibiotics results in a potent synergistic effect (See
Table 1).2>4° In this regard, PMBN is often used as a benchmark for synergistic activity.’
Apart from PMBN, other truncated derivatives of PMB, like deacylpolymyxin B (DAPB),
polymyxin B octapeptide (PMBO) and polymyxin B heptapeptide (PMBH) also display
synergistic activity (Figure 1A and Table 1).3? The peptide macrocycle is of key importance
for these synergists as linear PMBN variants lose their synergistic activity.

i \(\ H
| | | (o]
Polymyxin B - . . . SPR741

R,=CH, R,=D-Ser NH,
(PMB) DAPB PMBN PMBO PMBH NABTI R -Cily R.-D-Ser
NAB7061 R =C;H; R,=L-Abu
Figure 2. Molecular structures of A) polymyxin B (PMB), deacylpolymyxin B (DAPB), polymyxin B
nonapeptide (PMBN), polymyxin B octapeptide (PMBO), and polymyxin B heptapeptide (PMBH); B)
PMBN analogues SPR741, NAB739, and NAB7061.

A new generation of PMBN analogues containing only three positive charges was
developed more recently.®1% SPR741, previously named NAB741, has passed the Phase I
clinical trials (See Figure 2B).” Like PMBN, SPR741 has no lipophilic tail resulting in
improved renal clearance compared to PMB and other analogues including a lipophilic
tail such as NAB739 and NAB7061.1°° NAB7061 has little inherent antimicrobial activity, but
is a very potent synergist, while NAB739 has very potent antimicrobial activity (Table 1).1°!
Remarkably, this difference in activity between NAB739 and NAB7061 is attributed to the
absence of one hydroxyl group in NAB7061 (See Figure 2B).%° NAB739 has been reported
to be exhibit generally moderate synergistic activity against wild-type strains with the
exception of the A. baumannii strain indicated in Table 1.991° Interestingly, against mcr-
positive strains, the loss of antimicrobial activity for NAB739 is accompanied by a
significant increase in its synergistic activity, an effect also noted for colistin.!02103
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Table 1. Synergistic activity of polymyxin analogues.

Name Ref. FICI Pathogen Antibiotic
PMBN 104 0.013* E. coli rifampicin
PMBO 104 0.013* E. coli rifampicin
PMBH 104 0.020* E. coli rifampicin
DAPB 104 0.043* E. coli rifampicin
SPR741 105 0.06 E. coli rifampicin
NAB739 9 0.126 A. baumannii rifampicin
NAB7061 9 0.055 E. coli rifampicin

*FICI calculated from MSC and MIC values reported in the cited reference.

2.2. Dilipidated polymyxins

Polymyxin analogues bearing an additional lipid tail have also been explored to test the
hypothesis that additional hydrophobicity might enhance membrane interactions.'6 To
generate these variants a variety of acyl tails were added to both amino groups of the N-
terminal 2,4-diaminobutyric acid (Dab) residue of PMB (Figure 3).19197 The introduction
of simple propyl lipids as in analogue 1 led to a complete loss of inherent activity (<128
pug/mL), while the analogues 2 and 5, bearing larger, more hydrophobic groups,
maintained moderate activity with MICs of 4-64 pg/mL against most Gram-negative
bacteria.'®® Notably, the reduced inherent activity was accompanied by a higher
synergistic potential (Table 2), indicating that these dilipidated analogues have an
increased capacity to disrupt the OM.1% Also, of note is the reported activity of analogues
2 and 5 against Gram-positive bacteria (MICs of 8-32 ug/mL) compared to colistin, which
has no such activity (MICs of <128 pg/mL).1%

HaN 0] 4 : Dilipid polymyxin1 R= ;’,\/\
O
N
e " OHH o Oy NH HN o Dilipid polymyxin 2 R= W
RTN\)LN/" N\)LN\\.
5 : H & £ H HN
- - NH /(\,NHZ
N
o o]

Dilipid polymyxin 5 R=
R ¥ NH NH, NoH O
o HO" h O

NH,
Figure 3. Molecular structures of the dilipidated polymyxin analogues.

Table 2. Synergistic activities of dilipidated polymyxin analogues.

Name Ref. FICI Pathogen Antibiotic Hemolytic activity®
Dilipid polymyxin1 10 0.02 P. aeruginosa  rifampicin <10% (1h)
Dilipid polymyxin2 10 0.26 P. aeruginosa  novobiocin <10% (th)
Dilipid polymyxin 5 ' 0.31 P. aeruginosa  rifampicin <10% (1h)

2Non-hemolytic is defined as <10% hemolysis compared to positive control with incubation times
denoted in parentheses
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2.3. Linear peptide-based synergists

In most reviews published on the topic of OM-targeting synergists, relatively little
attention has been paid to linear peptides. Peptides have several drawbacks including
poor metabolic stability, low bioavailability, potential immunogenicity, and high
production costs.l19 To improve their metabolic stability, the structures of peptides
can be adapted by a number of approaches including: peptidomimetics, lipidation, head-
to-tail cyclization, N- and C-terminus modifications, backbone stereochemistry changes,
and incorporation of unnatural amino acids.198199-15 Improvements to the bioavailability
of peptides have also been explored by applying formulation techniques, adjusting the
properties of peptides, or linking them to a moiety to improve passage over the blood-
brain barrier.18-° These advances, combined with the development of more economical
methods for peptide synthesis support a future role for peptide-based therapeutics with
a number of antimicrobial peptides already in (pre)clinical development."6-120

In the literature an increasing number of peptides synergists that function
through OM disruption have been reported (see Table 3). In some studies, panels of
structurally similar peptides are screened, resulting in the identification of multiple hits
with FICIs lower than 0.5. In such cases we have opted to select up to four of the most
potent synergists to limit the number of peptides. Given that most peptide-based
synergists are derived from specific lead proteins or antimicrobial peptides (AMPs), we
have divided the linear peptide synergists accordingly, both in the discussion below and
in the overview Table 3.

2.3.1. Cathelicidin antimicrobial peptides

The cathelicidins are AMPs that play an important role in the innate immune defense
system of mammals and function by binding to bacterial membranes resulting in their
destabilization and lysis.”* [n addition to their direct antibacterial activity,
cathelicidins have also been found to play a role in recruiting immune cells to the site of
infection as well as in LPS neutralization.*$"?1?5 The sole human cathelicidin-AMP gene
encodes for hCAP-18 which cleaved by proteases into the active LL-37.2224 The mature
LL-37 peptide forms an amphipathic a-helix that upon interaction with bacterial cell
surfaces is associated with a detergent-like antimicrobial activity.?6-?8 Recently, a
truncated version of LL-37, termed FK16, was reported to potentiate the activity of
vancomycin against P. aeruginosa (Table 3).12° Similarly, the Kuipers group showed that
another LL-37 derived sequence termed KR-12-2, is able to synergize with azithromycin
(and erythromycin, Table 3).1° Further optimization of the peptide sequence resulted in
peptide L11 which was also synthetized as the b-amino acid variant (D11) as a means of
improving serum stability (Table 3).12%1! These peptides were screened in combination
with multiple antibiotics against different Gram-negative strains and OM disruption
assays verified their mode of action.!30-132

In addition to the human cathelicidins, derivatives of cathelicidins from other
mammals have also been screened for synergistic activity including novicidin (sheep),
bactenectin (bovine), and indolicidine (bovine).?'33534 Among these, only novicidin was
reported to display potent synergy (Table 3).13% In the case of bactenectin, which normally
contains a disulfide bridge, a number of linear analogues have been prepared, including
peptides G2, R2, amd DP7 which were found to exhibit OM disruption and exhibit
moderate synergy (Table 3).134136137 Ipn the case of indolicidin, structure-activity
relationship (SAR) studies have led to the discovery of the synergists Indopt 10 and
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CLS001 (Table 3). CLS001 is particularly effective and displays synergy with both
vancomycin and azithromycin against multiple Gram-negative pathogens.*37 Marketed
under the name Omiganan, CLS001 is also much less hemolytic than indolicidin and is
currently in clinical trials for the treatment of skin-related infections.!o138139

2.3.2. Lactoferrin-derived peptides

Lactoferrin is a multifunctional protein found in mammals and plays key roles in the
human immune system. Lactoferrin has inherent activity against a range of bacterial,
fungal, and viral pathogens and in the case of Gram-negative bacteria, it can disrupt the
OM.¥ Based on the LPS binding region of lactoferrin known as LF11, the Martinez-de-
Tejada group synthesized a series of LF11 homologues (Table 3) which were screened in
combination with novobiocin for synergistic activity.® Based these findings a new
generation of peptide synergists was designed using PEptide DEscriptors from Sequence
(PEDES) software to predict OM permeabilizing sequences.™! The peptides thus obtained
(i.e. peptide P2-16, Table 3) generally showed synergistic activity on par with the original
series."! Given the abundance of lactoferrins in other mammals, Svendsen and coworkers
also investigated a series of peptides derived from bovine lactoferrin, both for
antimicrobial activity and synergistic activity."?™> This led to the identification of a 12-
mer peptide termed P12, along with P15, a 15-mer containing biphenylalanine (Bip), and
a longer 18-mer termed P18 all of which were found to exhibit moderate synergy with
erythromycin when tested against E. coli (Table 3).

2.3.3. Thrombin-derived peptides

Thrombin is an enzyme that plays a critical role in coagulation and recent studies have
also shown that certain thrombin-derived C-terminal peptides are capable of binding to
LPS and neutralizing its toxic and inflammatory effects.6 Given the capacity of PMB to
also bind and neutralize LPS, our group was interested in assessing whether these
thrombin-derived peptides might also exhibit the synergistic behavior of PMB. To this
end we prepared a series of 12-mer thrombin-derived peptides and showed that a
number of them are indeed potent synergists.¥’ The most active synergist thus identified
(Peptide 6, Table 3) was further investigated by means of an alanine scan, leading to the
discovery of more potent variants (Peptides 14 and 19, Table 3). Notably, these peptides
were found to be non-hemolytic and their synergistic activity was shown to extend to
rifampicin, erythromycin, and novobiocin against multiple Gram-negative strains
including those with mer-mediated resistance.'¥’

2.3.4. Histatins

The histatins are a unique group of histidine-rich peptides found in human saliva that
play roles in both defending against infection as well as in aiding wound-healing."®
Among the most common histatins, the 24 amino acid Histatin 5 has been shown to bind
Lipid A and has endotoxin neutralizing properties.*® SAR studies with Histatin 5 led to
the identification of a 12-mer sub region termed P-113 that exhibits antimicrobial activity
against Gram-positive and Gram-negative bacteria. 815012  Further structural
optimization to enhance the stability of P-113 led to analogues incorporating (-
naphthylalanine (Nal) and Bip residues to yield Nal-P-113 and Bip-P-113 and wherein the
4th, 5th, and 12th histidine resides were replaced by Nal or Bip respectively (Table 3).1%2
Bip-P-113 and Nal-P-113 exhibit antimicrobial activity, improved serum proteolytic
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stability, and were also found to permeabilize LPS containing large unilamellar vesicles
used to model the Gram-negative OM.215 These findings prompted investigation of
vancomycin potentiation by Bip-P-113 and Nal-P-113 revealing both to exhibit moderate
synergy.’** However, a notable drawback of Bip-P-113 and Nal-P-113 is their significantly
increased hemolytic activity relative to P-113.15

2.3.5. Other Natural AMPs, their hybrids, and derivatives

A number of other naturally occurring AMPs have been reported to potentiate antibiotics
that are otherwise excluded by the OM. These AMPs are all polycationic and include:
buforrin II, esculentin 1b, sphistin, HE2a, HE282, anoplin, magainin II, and cecropin A
(Table 3).15>1 The sources of these AMPs are diverse and include toads, wasp venom, or
even the human male reproductive tract.’5°8160 The AMPs here discussed have all been
reported to disrupt the OM, 6581617163 hind to LPS, and/or show endotoxin neutralizing
activity.5>19164 In general, these AMPs exhibit modest FICIs (0.2-0.36) which has also led
to interest in hybrids and derivatives with enhanced synergistic activity. For example,
Park and coworkers developed a series of hybrid peptide synergists, termed CAME,
CAMA, and HPMA containing sequences derived from crecopin A, magainin II, and
melittin (Table 3).164%65 Other approaches include truncation as in the case of the
lipopeptide AMP Tridecaptin A: (TriAi), which exhibits potent inherent anti-Gram-
negative activity, were found to be effective synergists. Notably, removal of the TriA: N-
terminal lipid yielded H-TriA; which was found to be much less active as an antibiotic but
exhibited very potent synergism when combined with rifampicin resulting in an FICI of
0.002 against E. coli (Table 3).66167 [jke the tridecaptins, the recently discovered
paenipeptins contain a number of Dab residues and have been subject to SAR studies.'®®
These efforts led to the discovery of a potent paenipeptin inspired synergist termed
SLAP-S25 which effectively potentiates the activity of rifampicin and vancomycin against
E. coli (Table 3).1° In addition to OM disruption, the binding of SLAP-S25 to LPS and
phosphatidylglycerol (PG) was established, suggesting that SLAP-S25 is also an inner
membrane disruptor.’® This was confirmed by dose-dependent uptake of propidium
iodide and release of cellular contents in cells treated with SLAP-S25.1%° Notably, SLAP-
S25 was also demonstrated to effectively enhance the in vivo activity of colistin against a
colistin-resistant strain of E. coli in both G. mellonella and mouse infection models.!®®

Originally isolated from wasp venom, anoplin is one of the smallest known
amphipathic, a-helical AMPs.58160 Multiple SAR investigations have been performed to
improve its antimicrobial activity and stability.”>"" A recent study with anoplin reported
the systematic introduction of tryptophan and lysine residues to determine the optimal
hydrophobicity, amphipathicity, and number of positive charges required for
antibacterial activity and minimal cytotoxicity.'®® A number of these analogues were also
found to be synergistic when combined with rifampicin (see peptides A13, A17, and A21in
Table 3) via a mechanism involving OM disruption.’®® A similar study with Mastoparan-C,
a peptide found in the venom of the European hornet, led to the identification of an
analogue termed L7A (Table 3) which also displays synergy via OM perturbation.’*®
Another example of a synergist derived from a toxic peptide is myotoxin II which is
isolated from certain snake venoms. Studies with peptide sequences based on the C-
terminus of myotoxin II resulted in the generation of peptide S1 (Table 3) which showed
a good balance of synergy with vancomycin and low hemolytic activity.">'" Attempts at
further improving the S1 peptide involved the introduction of Nal residues at the C-
terminus to generate S1-Nal which exhibited enhanced synergistic activity and S1-Nal-
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Nal which also exhibited enhanced synergistic activity but at the expense of increased
hemolytic activity (Table 3).17-180

2.3.6. Peptide synergists discovered via library screening

Guardabassi and coworkers recently reported the development and validation of an assay
meant to enable high throughput screens for identifying OM disruption agents.’® To this
end they applied a whole-cell screening platform that allows for detection of OM
permeabilization in E. coli based on the signal generated by a chromogenic substrate
reporter for a cytoplasmic B-galactosidase. To validate the assay, a library of peptides
and peptidomimetics was screened which generated a notable hit termed peptide 79 that
showed potentiation of various antibiotics at therapeutically relevant levels (Table 3)."!
In a follow-up study the same group went on to develop two improved synergists termed
Peptides 1 and 2 along with the all p-amino acid variants which were also found to
effectively potentiate rifampicin against K. pneumoniae (Table 3).708!

2.3.7. Peptide synergists from phage display

Phage display techniques have also been applied to identify novel peptides capable of
interaction with the OM. In one such investigation, a phage library displaying random 12-
mer peptides was screened for the ability to bind to the cell surface of Gram-negative
bacteria.’®? Specificity for the Gram-negative OM was ensured by removal of peptides
binding to Gram-positive bacteria by pre-incubation of the library with Staphylococcus
aureus.! This approach led to the identification of a peptide termed EC5, that exhibits
moderate antibacterial activity against E. coli and P. aeruginosa, with MICs in the range
of 8-16 ug/mL against both.®2 The EC5 peptide was shown to cause OM disruption and
cytoplasmic membrane depolarization while exhibiting very little hemolytic activity.!®?
Subsequent synergy studies showed that the peptide was also capable of potentiating
the activity of erythromycin, clarithromycin, and telithromycin against P. aeruginosa.'*

2.3.8. Rationally designed peptide synergists

Inspired by the structure of DAPB (see Figure 2), Vaara and coworkers designed a series
of linear and cyclic peptides for evaluation as synergists.”® The sequences of these
peptides were based on an ABB, motif in which A is a basic amino acid and B a
hydrophobic residue (see Peptides 4 and 5 in Table 3).183 Cyclic peptides were also
prepared bearing a similar AB, motif (see Peptide 7, Table 3).!83 All peptides were screened
for synergistic activity with erythromyecin, rifampicin, novobiocin, and fusidic acid with
the rifampicin combinations being the most potent (Table 3).1® While the synergistic
activity of these peptides could be correlated to their OM disrupting activity, the effect
was not specific given their high hemolytic activity.!s®

De novo-designed peptides have also been explored as a means of generating
novel synergists. To this end the Sahal group developed a number of peptides
incorporating key elements found in AMPs and synergists including amphipathicity,
positive charge, and helical conformation.’®!85 Of note was the introduction of «,B-
didehydrophenylalanine (AF) into the peptides as a means of constraining the helical
conformation of the peptides.!®¢-88 Using this approach two peptides termed AFm and
AFmscr were identified as effective synergists with low toxicity towards mammalian cells
(Table 3).187
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In another recent approach to identifying novel peptide synergists, Yu and
colleagues reported the construction of a small library wherein amphipathic peptides
where subjected to a proline-scanning strategy to generate novel hinged peptides.!®
Such proline hinged peptides are reported to have lower toxicity towards mammalian
cells given that their membrane binding is reduced compared to conventional AMPs with
a high a-helical conformation.®® Proline scanning of two model peptides, LK
(LKKLLKLLKKLLKL) and KL (KLLKLLKKLLKLLK), provided a set of peptides that were
screened for synergistic activity with the four most potent peptides displayed in Table 3.
The peptides were also screened for hemolysis which led to identification of peptide KL-
LIP as the most promising hit. This peptide was subsequently shown to permeabilize the
OM, as evidenced by uptake of N-phenylnaphthalen-1-amine (NPN), and was also found
to bind LPS without disturbing the inner membrane.’®® Mouse sepsis studies were also
performed to evaluate the in vivo synergistic effect of KL-L9P, which displayed a
significant potentiation of a number of clinically used antibiotics and resulted in
improved overall survival.!®

In another recently reported study, Zeng et al. described the application of
rational design approaches to generate novel helix-forming AMPs based on cytolytic
peptide toxins produced by highly virulent strains of S. aureus.®™®? The peptides thus
obtained were shown to have improved physicochemical properties and antibacterial
activity, while maintaining low hemolytic activity and cytotoxicity. Among the 16-mers
thus generated, two peptides, termed zpl12 and zp16, were also found to exhibit potent
synergy (Table 3). Notable in this regard is the finding that peptide zpl6 specifically
potentiates the effect of the glycopeptide antibiotics vancomycin and teicoplanin against
highly pathogenic K. pneumonia.’®? The vancomycin-zp16 combination exhibits negligible
toxicity in vitro and in vivo and mechanistic studies indicate that zpl6 enhances
vancomycin’s cell permeability, leading to markedly reduced biofilm formation and rapid
bactericidal effect.'®?

In 2022 the group of Ni reported the potentiation of multiple antibiotics,
including rifampicin, by two rationally designed peptides named K4 and K5 (Table 3).1%3
These peptides were selected from a library of variants all containing a repeating motif
(WRX). wherein X represents I, K, L, F, and W.** Hemolysis and cytotoxicity assays led to
the selection of peptides K4 and K5 as leads.®™ The finding that these peptides
permeabilize the OM resulted in follow-up studies on the potentiation of antibiotics
against Gram-negative bacteria.® Apart from synergy, a 15-day resistance assay was also
performed for the K4 and K5 peptides, with or without antibiotics, showing no significant
resistance development.'®31 Also of note, while the inherent activity of K4 was found to
be comparable to PMB, K4 was reported to display significantly less toxicity.!%

2.4. Lipopeptide synergists

In addition to the exclusively peptide-based synergists described above, lipopeptides
have also been explored as synergists. We here cover examples of lipopeptides that do
not possess potent inherent antibacterial activity but rather have the capacity to
effectively potentiate the activity of other antibiotics. A recent example are the synthetic
paenipeptins developed by Huang and coworkers.'> The design of these lipopeptides is
based on peptides produced by Paenibacillus sp. strain OSY-N that contain a number of
unnatural and p-amino acids. Using low hemolytic activity as a selection criterion, a
subset of these lipopeptides were selected and screened for synergistic activity. This led
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to the identification of paenipeptins 1, 9, 15, and 16 which exhibit potent synergy (Table
3).9516 These lipopeptides were further shown to have OM disrupting activity as
indicated by the NPN assay. Furthermore, in an murine thigh infection model,
paenipeptin 1 was shown to effectively potentiate the in vivo activity of both
clarithromycin and rifampin against polymyxin-resistant E. coli.!%

Small cationic lipopeptides have also been explored as synergists with the aim of

identifying smaller, less hemolytic agents. To this end Schweizer and coworkers recently
reported a series of “dilipid ultrashort cationic lipopeptides” (dUSCLs) capable of
enhancing the activity of clinically used antibiotics against Gram-negative bacteria. The
design of these dUSCLs consists of lysine rich tetrapeptides bearing various lipids at the
N-terminal residue as illustrated in Figure 4A. It was found that dUSCLs bearing lipids of
>11 carbon atoms caused significant hemolysis. However, analogues with slightly shorter
lipid were found to achieve an acceptable balance of low hemolytic activity and
synergistic activity. This led to the identification of dUSCLs 2 and 6 as the most promising
synergists (Table 3) capable of sensitizing a range of Gram-negative strains to various
antibiotics. The authors also noted that in addition to permeabilizing the OM, the dUSCLs
may also function by indirectly disrupting antibiotic efflux.!’
The Schweizer group also recently reported a series of ultrashort tetrabasic lipopeptides
(UTBLPs) synergists.!® These compounds were specifically prepared to assess the effect
of lysine N-{-methylation on the potentiation of antibiotics and was inspired by reports
suggesting N-methylation can lead to reduced hemolysis, increased proteolytic stability,
and improved antibacterial activity.*?"! Compared to the dUSCLs, UTBLP 5 and 6
contain an extra lysine while an octanoyl group was employed as the lipophilic moiety
(Figure 4B).197198 Methylation of the lysine side-chain resulted in a reduction of
potentiation for rifampicin and novobiocin in both wild-type and resistant Gram-
negative strains.’® A correlation between the number of methyl groups and loss of
activity was seen, while the increase in NPN fluorescence of the tri-methylated UTBLP
were on par their un- or mono-methylated analogues.!®®

2.5. Lipopeptidomimetic synergists

The Schweizer group also expanded the scope of their dUSCLs by exploring a series of
dilipid ultrashort tetrabasic peptidomimetics (dUSTBPs) as a proteolytically stable
alternative.?*? In a focused SAR study they prepared dUSTBPs consisting of three basic
amino acids separated by a molecular scaffold, bis(3-aminopropyl)glycine, along with
ligation to simple fatty acids (see Figure 4C).2°2 This led to identification of a number of
dUSTBPs capable of potentiating the activity of several antibiotics against pathogenic
Gram-negative bacteria while exhibiting low hemolytic activity (Table 3). In particular,
dUSTBP 8, consisting of three L-arginine units and a dilipid of 8 carbons long, was found
to potentiate novobiocin and rifampicin against multidrug-resistant (MDR) clinical
isolates of P. aeruginosa, A, baumannii, and Enterobacteriaceae species.???

In 2007 Mor and coworkers introduced the oligo-acyl-lysyls (OAKs) as
peptidomimetics of the antimalarial peptide dermseptin S3 (Figure 4D) that were initially
evaluated primarily for antimicrobial activity.2°>-20> Among the first series of analogues
prepared, OAK Cixw7) was found to adhere to the OM with minimal insertion and its
antibacterial activity against Gram-negative bacteria improved in combination with
ethylenediaminetetraacetate (EDTA).2°2%7 The introduction of a double bond in OAK
Cixw) resulted in significant reduction of hemolytic activity compared to OAK Ciz while
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the slightly less hydrophobic OAK Ci and OAK Cs analogues also showed no hemolytic
activity.205298 In 2013 these four OAKs, as well as the more recently described OAK
Ciyw3O0ci0O containing ornithine instead of lysine (Figure 4D), were reported to
potentiate rifampicin against Gram-negative bacteria (Table 3).2°2% Interestingly, the
synergistic activity of the OAKs was maintained in human plasma but was suppressed by
addition of anti-complement antibodies, suggesting that these compounds sensitize
Gram-negative bacteria to the action of antibacterial innate immune mechanisms.?
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Table 3. Overview of linear peptide-based synergists (compound names provided as given in the
cited literature references).

Name Ref Peptide sequence®*  FICI Pathogen Antibiotic Hemolytic
activity®
Cathelicidin derived peptides
FK16 29 FKRIVQRIKDFLRNLV (.25 P. aeruginosa vancomycin  <10% (lh)
KR-12-a2 130210 KRIVORIKKWLR-NH2 0.156  P.aeruginosa erythromycin <10% (1h)
L-11 Bl RIVQRIKKWLR-NH2  0.070 A baumannii vancomycin NR
D-11 BLS2 rivqrikkwlr-NH2 — 0.032 A baumannii rifampicin  <10% (1h)
Novicidin 133 I;NLRRI IRKGIHIIEEY (618 E. coli rifampicin <10% (1h)
G2 134 RGARIVVIRVAR-NH2 (.38 P. aeruginosa erythromycin NR
R2 134 RRARIVVIRVAR-NH2 (.27 P. aeruginosa erythromycin NR
DP7 1371211 yVOWRIRVAVIRK 0.25 P. aeruginosa vancomycin  <10% (1h)
Indopt 10 34 TLKWKIFKWKWFR-NH2 (.38 P. aeruginosa erythromycin NR
CLS001 137139 TTRWPWWPWRRK-NH2 (.28 P. aeruginosa vancomycin  10% (30 min)
Lactoferrin derived peptides
P10 40 FWQRNIRKVKKK-NH2 0.113 P. aeruginosa novobiocin  <10% (1h)
P14 40 FWQRNIRKVKKKI-NH2 0.113 P. aeruginosa novobiocin  <10% (lh)
P22 40 RFWQRNIRKYRR-NH2 0431  P.aeruginosa novobiocin  <10% (1h)
P2-16 M FWRNIRIWRR-NH2 0.116 P. aeruginosa novobiocin  NR
P12 144212 RRWQWRMKKLGA 0.43 E. coli erythromycin <10% (2h)
P15 14 Ei&g;EQKKL oac 0.38 E. coli erythromycin NR
P18 144 iAWFKARRWAWRMLKKA 0.38 E. coli erythromycin NR
Thrombin derived peptides
Peptide 6 W7 VFRLKKWIQKVI-NH2 0.094 E.coli rifampicin <10% (20h)
Peptide14 "7 VFRLKKAIQKVI-NH2 0.078  E.coli erythromycin <10% (20h)
Peptide19 ¥  VFRLKKWIQKVA-NH2 0.078  E.coli rifampicin <10% (20h)
Histatin derived peptides
Nal-p-113 s DO RRATIEITNETT 038 E.coli vancomycin  >10% (1h)
Bip-P-113 ' é‘;ﬁi?:gig:ﬁg; 038  Ecoli vancomycin  >10% (lh)
Other Natural AMPs, their hybrids, and derivatives
Buforin Il 52 [NOSRAGERFEVERVER 319 A paumannii rifampicin  <10% (th)
Esculentin 1b 5624 SEEEELAGKKLKNLLIS 0.36 E. coli erythromycin >10% (1h)
HE2« sl E. coli rifampicin  <10% (1h)
GDVPPGIRNTICRMQOG
HE232 157161 TCRLFFCHSGTGQQHRQ 0.2 E. coli rifampicin <10% (1h)
RCG
Anoplin 58 GLLKRIKTLL 0.3125  P. aeruginosa rifampicin <10% (1h)
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GIGKFLHAAKKFAKAFV

P 159,213 ; : i
Magainin II ARTMNS-NH2 0.312 P. aeruginosa rifampicin >10% (1h)
KWKLFKKIEKVGONIRD
Cecropin A %1% GITKAGPAVAVVGQATQ 0.312  P.aeruginosa rifampicin <10% (th)
IAK-NH2
KWKLFKKIGIGAVLKVL y .
CAME 215216 TTG_NH2 0.375 A baumannii erythromycin <10% (lh)
5016 KWKLFKKIGIGKFLHSA y .
CAMA A K F—NH2 0.25 A. baumannii erythromycin <10% (1h)
AKKVFKRLGIGKFLHSA y .
HPMA T NHD 0.313 A baumannii erythromcyin <10% (th)*
H-TriA 166,167 ;;gf?é?f‘;i?z}fge,f 0.002  E.coli rifampicin <10% (30 min)*
Ac-Dab-I-Dab-I-
SLAP-S25 169 Dab-fL-Dab-vILA-  0.031 E.coli rifampicin <10% (1h)
NH2
A13 B8 GWWKRIKTWW 0.375 K. pneumoniae rifampicin <10% (1h)
A17 B8 KWWKRWKKWW 0.3125  P. aeruginosa rifampicin >10% (1h)
A21 B8 KWWKKWKKWW 0.3125 K. pneumoniae rifampicin <10% (1h)
L7A e ORRLARVAREILT 031 Eocoli rifampicin  <10% (1h)
S1 17180 Ac-KKWRKWLAKK-NH2 (.38 A. baumannii vancomycin  <10% (lh)*
S1-Nal 177,180 ﬁ;i;giKWLAKK_ 0.27 A. baumannii vancomycin  <10% (lh)*
Nl 80 AC-KKWRKWLAKK- y .
S1-Nal-Nal Nal-Nal-NH2 0.27 A. baumannii vancomycin  >10% (1h)
Peptide synergists via library screening
Peptide 79 68! KKWRKWLKWLAKK-NH2 0.14 E. coli rifampicin <10% (1h)
Peptide 1 70218 KLWKKWKKWLK-NH2 ~ 0.02 K. pneumoniae rifampicin <10% (1h)
Peptide 2 70184 GKWKKILGKLIR-NH2 0.04 K. pneumoniae rifampicin <10% (1h)
Peptide D1 ™  klwkkwkkwlk-NH2  <0.03 K. pneumoniae rifampicin NR
Peptide D2 7  gkwkkilgklir-NH2 <0.04 K. pneumoniae rifampicin NR
Peptide synergists from phage display
EC5 130182 RLLFRKIRRLKR 0.266  P.aeruginosa erythromycin <10% (24h)
Designed peptides
Peptide 4 183 KFFKFFKFF 0.03 E. coli rifampicin >10% (30 min)
Peptide 5 183 IKFLKFLKFL 0.06 E. coli rifampicin NR
Peptide 7 183 CKFKFKFKFC 0.20 E. coli rifampicin NR
AFm e SRFRROFREATIAT 03 E. coli rifampicin  <10% (ih)
AFmscr w7 RCCSAFRKAFKAMTNET 014 E.coli rifampicin  <10% (1h)
Ac-
LK-L8P 29 LKKLLKLPKKLLKL-  0.18 E. coli erythromycin <10% (4h)
NH2
Ac-
LK-L11P 29 TKKLLKLLKKPLKL- 047 E. coli erythromycin <10% (4h)
NH2
Ac-
KL-L6P 29 LKKLLPLLKKLLKL-  0.33 E. coli erythromycin >10% (4h)
NH2
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Ac-

KL-L9P 29 LKKLLKLLPKLLKL-  0.12 E. coli erythromycin <10% (4h)
NH2
zp12 192 SII{I;RGI IKIIERIKRI= g 95 K. pneumoniae vancomycin ~ NR
zp16 w2 GTERGLIKIIRRIKRIZ g g K. pneumoniae vancomycin ~ <10% (lh
P NH2 P y
K4 193194 WRKWRKWRKWRK-NH2 0.2 K. pneumoniae rifampicin <10% (1h)
3104 WRKWRKWRKWRKWRK- : . .
K5 19 H2 0.2 E. coli rifampicin <10% (1h)
Lipopeptide Synergists
Paenipeptin 1 19519 g;;lj_ii_s{&iz}i_ﬂ'_ 0.125%  E. coli rifampicin ~ <10% (30 min)
Paenipeptin 9 g;;iia:%;i‘i%;;%_ <0.03* K. pneumoniae rifampicin <10% (30 min)
Paenipeptin 15'% gg;:s;g:ﬁ? P7IL" 0.03¢ K. pneumoniae rifampicin  <10% (30 min)
Paenipeptin 16'% 322:532:1;23 P=EL" 006* K. pneumoniae rifampicin  <10% (30 min)
- — 1
dUSCL 2 o ;J(E;O) sy 2007 Paeruginosa rifampicin  <10% (th)
C10-K (C10) KGK-NH2! . . .
dUSCL 6 197 (?i gur; 42) 0.25 P. aeruginosa rifampicin <10% (1h)
UtBLP5 8 CoK(CORKKKTNHZT 6616 P.aeruginosa novobiocin  NR
(Figure 4B)
Cs—
s K(Ce)K(Me)K(Me)K (M L .
UTBLP 6 ) K (Me) -NH2 0.047 A. baumannii rifampicin NR
(Figure 4B)
Lipopeptidomimetic Synergists
dUSTBP 2 202 Pigure 4C 20.250 P. aeruginosa rifampicin <10% (1h)
dUSTBP 5 202 Pigure 4C 20125 P.aeruginosa rifampicin <10% (1h)
dUSTBP 8 202 Pigure 4C 20.002 A. baumannii novobiocin  <10% (1h)
OAK Cio(w7) 2% Figure 4D <0.073* E.coli rifampicin >10% (3h)
OAK Ci2 208 Figure 4D <0.211* E. coli rifampicin >10% (3h)
OAK Cio 208 Figure 4D <0.036* E. coli rifampicin <10% (3h)#
OAK Cs 208 Figure 4D <0.078* E. coli rifampicin <10% (3h)#
8::(5) 00¢10 209 Figure 4D 0.20* K. pneumoniae rifampicin <10% (3h)#

aLower case letters indicate D-amino acids; "Non-hemolytic is defined as <10% hemolysis compared
to positive control with incubation times denoted in parentheses, NR denotes no data reported; “Bip,
biphenylalanine; ‘Nal, B-naphthylalanine; °Dab, 2,4-diaminobutyric acid; falle, D-allo-isoleucine; #AF,
o,B-didehydrophenylalanine; "Cs, hexanoyl; iCs, octanoyl; iCbz, benzyloxycarbonyl; *Cha,
cyclohexylalanyl; 'Ci, decanoyl; #denotes that the concentration tested was lower than 100 pg/mL;
*FICI calculated from MSC and MIC values reported in the cited literature reference.
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3. Cationic steroids

In 1993 the isolation of squalamine from tissues of the dogfish shark Squalus acanthias
was reported.??® Squalamine consists of a steroid core linked to a spermidine moiety
(Figure 5A) and was found to exhibit broad antimicrobial activity.?®® Later, it was
established that squalamine disrupts membranes and is also hemolytic. Notably,
investigations into its synergistic activity showed that it was unable to potentiate
erythromycin against wild-type strains, showing an effect only against a P. aeruginosa
strain overproducing MexAB-OprM efflux pumps (See Table 4).221222 A few years after its
discovery, novel squalamine mimics (SMs) were synthesized in an attempt to enhance
antibacterial activities (Figure 5B).?2> These synthetic analogues consist of cholic and
deoxycholic acid as the steroid backbone to which a spermidine chain is appended. This
approach resulted in the identification of analogue SM-7, which was found to potentiate
rifampicin against multiple Gram-negative bacteria (Table 4).222 However, like
squalamine, SM-7 also possesses significant hemolytic activity limiting its potential for
systemic use.??

In another approach, the Savage group also employed the cholic acid backbone
but with the aim of mimicking polymyxins through the amphiphilic positioning of positive
charges (Figure 5C and 5D).??422> In doing so, a variety of cationic steroids were developed
and screened both for inherent antimicrobial activity as well as the capacity to potentiate
antibiotics against Gram-negative bacteria.??>2 The orientation of the hydroxyl groups
of cholic acid backbone provide convenient functionalities for the incorporation of
positively charged moieties via formation of ether (Figure 5C) or ester (Figure 5D)
linkages. Among the ether-linked series, an analogue bearing three carbon atom spacers
between the steroid and the primary amine groups, along with an N-benzylated tertiary
amino group at the C24 position (analogue I, Figure 5C), was found to exhibit both
inherent antimicrobial and synergistic activity.?® Interestingly, replacement of the
lipophilic N-benzyl moiety with a hydroxyl group led to analogue II which showed a
significant reduction of inherent activity while maintaining a strong ability to potentiate
the activity of erythromycin against E. coli.?*??> The decreased lipophilicity of analogue
I also reduced the hemolytic activity seen with analogue I (Table 4). Follow-up studies
revealed that conversion of the free hydroxyl group at the C24 position to the propyl
ether as in analogue III significantly increased hemolytic activity.??6??’ Notably, addition
of a terminal amino group to the propyl ether moiety provided analogue IV which
exhibited significantly reduced hemolysis relative to analogue III while maintaining
effective synergistic activity (Table 4).?® A series of ester linked analogues were also
prepared by the Savage group (Figure 5D), wherein compounds V,VI, and VII exhibited
synergistic activity comparable to the corresponding ether variants (Table 4).22%%° Amide
analogues were also explored, however, they exhibited a significant lower potentiation
of erythromycin, presumably due to conformational constraints relative to the more
active esters.??®

In addition to the polycationic steroids described above, steroid-peptide hybrids
have also been explored as synergists.?**-2* In a one case, Bavikar et. al reported a series
of hybrids wherein simple tetrapeptides were coupled to cholic acid in an attempt to
mimic the squalamine tail (Figure 5E).2* As indicated in Table 4, these steroid-peptide
hybrids exhibit potent synergy with erythromycin against E. coli. While the hemolytic
activity of these compounds was not reported, they were described as having low
cytotoxicity towards HEK293 and MCF-7 cells.?®
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Table 4. Overview of synergists based on cationic steroids.

Name Ref. FICI Pathogen Antibiotic Hemolytic activity®

Squalamine 220222 0.35% P. aeruginosa  erythromycin  >10% (10 min)

SM-7 23 0.063 K. pneumoniae rifampicin <10% (24h)
Polycationic cholic acid analogues

Ether linked

I 225,226 0.035 K. pneumoniae rifampicin >10% (24h)

II 226 0.029 K. pneumoniae  novobiocin <10% (24h)

111 226 0.022 K. pneumoniae  novobiocin >10% (24h)

v 228 0.13 K. pneumoniae rifampicin <10% (24h)

Ester linked

A 229 0.057* E. coli erythromycin NR

VI 229 0.064* E. coli erythromycin NR

VII 230 0.176* E. coli erythromycin <10% (24h)

Steroid-peptide hybrids

VIII 235 0.099 E .coli erythromycin NR

IX 235 0.093 E .coli erythromycin NR

X 235 0.078 E .coli erythromycin NR

2Non-hemolytic is defined as <10% hemolysis compared to positive control with incubation times
denoted in parentheses, NR denotes no data reported; *FICI calculated from MSC and MIC values
reported in the cited literature reference.
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4. Non-steroid small molecule synergists

4.1. Synergists based on approved drugs

Recently, Brown and coworkers reported an innovative screening platform for the
identification of non-lethal, OM-active compounds with potential as adjuvants for
conventional antibiotics.?¢ They applied their screen to a library of 1,440 previously
approved drugs which resulted in the identification of three hits. Among the three hits
identified, the antiprotozoal agent pentamidine (Figure 6A), was subsequently found to
display the highest synergistic potency (Table 5).2*¢ Notably, while pentamidine’s OM
targeting mechanism was found to be driven by interaction with LPS, mcr-resistance did
not affect its synergistic potential.?*® The potentiation of novobiocin by pentamidine was
also established in vivo against wild-type and resistant A. baumannii.?*¢ Subsequently, a
focused SAR study using commercially available bis-amidines similar in structure to
pentamidine led to the identification of compound 9 as an even more potent synergist
(Figure 6A and Table 5).26

Inspired by these findings, our group recently undertook a broad SAR
investigation wherein a number of structurally unique bis-amidines were synthesized
and evaluated as synergists.?’ Specifically we focused our attention on the length and
rigidity of the linker motif as well as the geometry of the amidine groups on the aromatic
rings. In addition to assessing the synergistic activity of the new bis-amidines prepared,
we also performed hemolysis assays with each compound to ascertain OM selectivity.
Given the potent synergy previously reported for bis-amidine 92 we also synthesized it
to use as a benchmark. Among the compounds prepared in our study, bis-amidine 21,
containing an ortho-substituted benzene linker, was found to be significantly more
synergistic than pentamidine and displayed no hemolytic activity (Figure 6A and Table
5).25” We also found that the introduction of additional aromatic groups to the linker, such
as in compound 38, led to further enhancement of synergy, however, this came at the
costs of increased hemolytic activity (Table 5). Interesting, our studies also revealed
benchmark bis-amidine 9 to be hemolytic. These findings further highlight the
importance of assessing OM selectivity when pursuing synergists.?*

The Brown group also recently reported a follow-up SAR study aimed at further
enhancing the therapeutic potential of bis-amidines synergists.?® Similar to our own SAR
study, the rigidity, conformation flexibility, and lipophilicity were further explored. In
addition, the role of chirality and charge were also investigated.® A key focus of this
study was to identify bis-amidine synergists with improved off-target effects relative to
pentamidine, especially the QT prolongation resulting from its effect on the hERG ion
channel.?38-240 This led to compound P35 which was shown to have the same synergistic
mode of action as pentamidine, displayed a strong potentiation of novobiocin, and no
hemolytic activity (Table 5). Furthermore, compound P35 outperformed pentamidine on
multiple levels: an improvement in cytoxicity, a higher efficacy in a mouse infection
model, and reduced hERG inhibition.?38

Wang and coworkers also recently reported a study wherein the Prestwick
Chemical Library, comprising 158 FDA-approved drugs, was assessed for compounds
exhibiting synergy with doxycycline.?®® This led to the finding that metformin, a
commonly prescribed anti-diabetic agent (Figure 6B), effectively potentiates vancomycin
as well as tetracycline antibiotics, particularly doxycycline and minocycline, against MDR
S. aureus, Enterococcus faecalis, E. coli, and Salmonella enteritidis.?*® The capacity for
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metformin to disturb the OM was assessed using the NPN assay, revealing an increase in
E. coli OM permeability in a dose-dependent manner. Of particular note was the finding
that metformin was also able to fully restore the activity of doxycycline in animal
infection models.?*!
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Figure 6. Representative structures of reported A) bis-amidine synergists; and B) metformin.

4.2. Small molecule synergists via high throughput screening

Following the success in applying their OM perturbation reporter assay to identify
pentamidine as a potent synergist, the Brown group applied the same approach in a much
larger high throughput screening (HTS) campaign with a library of ca. 140 000 synthetic
compounds.?%2# This in turn led to the identification of 39 hits that were subsequently
screened for synergistic activity with rifampicin.?*> Among these hits MAC-0568743 and
liproxstatin-1 and (Figure 7A) were found to be particularly active synergists (Table 5).24?
Both compounds were found to potentiate the activity of the Gram-positive-targeting
antibiotics rifampicin, novobiocin, erythromycin, and linezolid. This potentiation was
further shown to be due to selective disruption of the OM, driven by interactions with
LPS, and neither compound impacted the inner membrane.?*?

In another recently reported campaign, Datta and coworkers screened a focused
library of 3000 drug-like compounds for antibiotic synergy using a whole-cell-based
phenotypic assay.?*® This led to the identification of a series of azaindoles that potentiate
the MICs of macrolides, novobiocin, and rifampicin, by 100-1000-fold vs. Gram-negative
bacteria. Optimization studies led to compounds BWC-Azal and BWC-Aza2 (See Figure
7B) both of which were screened for synergistic activity with an extensive panel of
antibiotics against E. coli (Table 5). The OM permeabilizing activity of the azaindoles was
also probed using the NPN assay revealing dose-dependent disruption. 243
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4.3. Small molecule polyamine synergists

In recent years the polyamines norspermine and norspermidine have been explored as
starting points for the development of antibacterial and antibiofilm agents.?*24 Building
on this work, the Haldar group recently reported the development of D-LANA-14
comprised of a norspermidine core linked to two D-lysine along with conjugation to a
tetradecanoyl chain at the central secondary amine (Figure 7C).>*¢ D-LANA-14 showed
potent synergy with tetracycline or rifampicin against meropenem-resistant
A. baumannii and P. aeruginosa clinical isolates (Table 5) and importantly was also found
to disrupt established biofilms formed by these pathogens.?*s D-LANA-14 was shown to
perturb the OM by means of the NPN assay and importantly also found to exhibit potent
in vivo activity when combined with rifampicin resulting in a significant reduction of
bacterial burden in a mouse model of burn-wound infection.?¢

In another study involving small molecule polyamines, Katsu and coworkers
investigated synthetic analogues of the joro spider toxin as OM disrupting agents leading
to the identification of napthylacetylspermine (Figure 7D) which was found to potentiate
the activity of novobiocin against E. coli (Table 5).? Mechanistic studies revealed that
administration of napthylacetylspermine causes OM disruption, which was attributed to
displacement of LPS-associated Ca*. In addition, napthylacetylspermine was found to
promote cellular uptake of the tetraphenylphosphonium (TPP"), indicating membrane
permeabilization, a finding similar to that obtained with PMBN.?728 Interestingly,
spermidine and spermine were also found to induce loss of Ca? but did not cause uptake
of TPP*, pointing to the importance of the napthyl moiety for membrane
permeabilization.?®  Given that no hemolysis data was reported for
napthylacetylspermine, it is not possible to assess the selectively of its OM activity.

The David group also reported the development of acylated polyamines as LPS
neutralizing agents capable of functioning as OM disrupting synergists.?*-%! A series of
monoacyl- and bisacyl-homospermines were prepared and evaluated as potentiators of
rifampicin resulting in the identification of two potent synergists, compounds 8a and 8b
(see Figure 7E and Table 5).2%° A clear correlation between length of the lipophilic tails
and hemolytic activity was seen with compound 8a appearing to strike an optimal
balance.?® Using a similar approach, Copp and coworkers introduced the indole-3-
acrylamido-spermine conjugates inspired by a class of indole spermidine alkaloid natural
products.?2258 A SAR study led to the development of spermidine analogues like 14 and 17
which exhibited effective synergy with various antibiotics (Figure 7F and Table 5).222%
These compounds affect bacterial membrane integrity, show low cytotoxicity and
hemolytic activity. Interestingly, compound 14 was also found to inhibit bacterial efflux
pumps suggesting that the potentiation of antibiotics by these compounds may be
attributed to a dual mechanism of action.??2>

Given the inclusion criteria noted in the introduction, only small molecules
synergists (MW under 1500 kDa) are included in this review and as such we do not discuss
larger polycationic polymers even though some have been shown to exhibit synergistic
activity.89-9525256 [t is noteworthy, however, that branched polyethylenimine (BPEI) with
a MW of 600 Da shows synergistic activity (Figure 7G, Table 5) and can also eradicate
biofilms when co-administered with a variety of antibiotics.?®” Mechanistic studies using
isothermal titration calorimetry and fluorescence spectroscopy indicate that at the
concentration required for antibiotic potentiation, 600 Da BPEI reduces diffusion
barriers from LPS without disrupting the OM itself.>
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4.4. Plant derived synergists

A number of plant-derived compounds have also been reported to potentiate the activity
of antibiotics against Gram-negative bacteria (Table 5). These include natural products
like eugenol, a major component of cloves oil, linalool which can be isolated from
coriander, thymol which is extracted from thyme, and cinnamaldehyde and cinnamic acid
which are found in the bark and leaves of the cinnamon tree (Figure 8).28-26¢ Important
to note is that only pure compounds derived from plants are included in our assessment.
We refer the reader to other reviews on the synergistic activity of essential oils or crude
extracts.26>2% Notably, most plant-derived compounds reported to potentiate antibiotics
against Gram-negative bacteria are not cationic, setting them apart from most other
synergists. Despite their lack of positive charge, a number of investigations have shown
that the synergy associated with these compounds is a function of their ability induce
OM permeabilization (Table 6).2°8259267-269 The broad range of biological activities
associated with cinnamic acid and its derivatives, including ferulic acid, 3,4-
dimethoxycinnamic acid, and 2,4,5-trimethoxy cinnamic acid (Figure 9), have been
recently reviewed including synergistic effects associated with OM disruption.?”
Interestingly, despite its clear structural similarities with cinnamic acid, studies with
cinnamaldehyde suggest it may operate via a different synergist mechanism. Unlike
cinnamic acid, cinnamaldehyde does not increase OM permeabilization based on the

NPN assay, but does exhibit synergistic effects with erythromycin and novobiocin (Table
5).267,269

Eugenol Linalool Thymol Cinnamaldehyde
0] o] 0] (o}
(o) (o) (o)
SIS & R G Ot SO0h:
HO o o o~
trans-Cinnamic acid Ferulic acid 3,4-dimethoxycinnamic acid 2,4,5-trimethoxycinnamic acid

Figure 8. Plant-derived natural products reported to potential the activity of antibiotics against
Gram-negative bacteria.

Table 5. Overview of non-steroid small molecule synergists (compound names provided as given in
the cited literature references).

Name Ref FICI Pathogen  Antibiotic = Hemolytic activity®
Synergists based on approved drugs
Pentamidine 236,287 0.25 E. coli rifampicin <10% (20h)
Compound 9 236231 <0.047 E. coli rifampicin >10% (20h)
Compound 21 231 <0.094 E. coli rifampicin <10% (20h)
Compound 38 231 <0.039 E. coli rifampicin >10% (20h)
Compound P35 238 0.094 A baumannii novobiocin <10% (45 min)#
Metformin 2 0.375 E coli vancomycin <10% (1h)

32



High throughput screening (HTS)-hits

MAC-0568743 242 <0.16 E. coli rifampicin NR
Liproxstatin-1 242 0.25* E. coli rifampicin NR
BWC-Azal 243 0.258 E. coli rifampicin <10% (45 min)
BWC-Aza2 243 0.06 A baumannii rifampicin <10% (45 min)
Peptidomimetics
OAK Ciz(w7) 208 <0.073* E. coli rifampicin >10% (3h)
OAK Cr2 208 <0.211* E. coli rifampicin >10% (3h)
OAK Cio 208 <0.036* E. coli rifampicin <10% (3h)#
OAK Cs 208 <0.078* E. coli rifampicin <10% (3h)#
Ci4(w5)00¢100 209 0.20* K. pneumoniae rifampicin <10% (3h)#
dUSTBP 2 202 20.250  P.aeruginosa rifampicin <10% (1h)
dUSTBP 5 202 20.125  P.aeruginosa rifampicin <10% (1h)
dUSTBP 8 202 20.002 A baumannii novobiocin <10% (1h)
Synergists with a polyamine motif
D-LANA-14 245246 0.09 P aeruginosa rifampicin <10% (1h)
Naphthylacetylspermine 247 0.125* E. coli novobiocin NR
Bisacyl-homospermine 8a 2% 0.304* E. coli rifampicin <10% (30min)
Bisacyl-homospermine 8b 2% 0.297* E. coli rifampicin >10% (30min)
Spermidine analogue 14 254 0.255% E. coli erythromycin <10% (th)#
Spermidine analogue 17 24 0.255*  P. aeruginosa erythromycin <10% (th)#
600-Da BPEI 251,21 0.26 P. aeruginosa erythromycin <10% (1h)
Plant derived synergists
Eugenol 2822 <0.2*  P.aeruginosa rifampicin <10% (24h)
Linalool 259,273 0.37 E. coli erythromycin <10% (4h)
Thymol 267,274 0.25 E. coli erythromycin <10% (1h)
Cinnamaldehyde 267,275 0.24 E. coli erythromycin <10% (48h)
trans-Cinnamic acid 268,276 0.36 E. coli erythromycin <50% (1h)
Ferulic acid 268,276 0.48 E. coli erythromycin <50% (1h)
zgadimethoxycinnamic 268,276 0.42 E. coli erythromycin <50% (1h)
245-trimethoxycinnamic 5,57 0.22 E. coli erythromycin <50% (1h)

acid

2Non-hemolytic is defined as <10% hemolysis compared to positive control with incubation times
denoted in parentheses, NR denotes no data reported; #denotes that the concentration tested was
lower than 100 ug/mL; *FICI calculated from MSC and MIC values reported in the cited literature

reference.
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5. Antibiotic-derived synergists

In general, the antibiotic potentiators discussed above show little-to-no inherent
antibacterial activity. There are, however, a number of reports describing antibacterial
compounds that also exhibit OM disrupting effects and in doing so synergize with
antibiotics that are otherwise inactive towards Gram-negative bacteria. The synergists
described in this section are specifically included based upon their OM disrupting activity
rather than a contribution of their inherent activity to synergy. We therefore do not
include the combination of rifampicin with imipenem or trimethoprim which is solely
based on functional synergy.?*”® In addition, we also do not cover reports describing
systems where an OM perturbing motif like PMBN is covalently linked to another
antibiotic as a means of enhancing anti-Gram-negative activity.3%79-281

5.1. Tobramycin-derived synergists

Tobramycin (Figure 9A) belongs to the aminoglycoside class of antibiotics that function
by inhibiting ribosomal protein synthesis in bacteria. Recent studies have also revealed
that aminoglycosides like tobramycin also interact with bacterial membranes by
specifically binding to LPS and in doing so cause membrane depolarization.?#-28 Building
on these insights Schweizer and coworkers have prepared and assessed a number of
conjugates wherein one tobramycin molecule is linked to a second antibiotic providing
hybrid systems that possess both inherent antibacterial activity as well as potent synergy
with other antibiotics (Figure 9A).287-290.219.291-297 Among the first hybrids prepared was a
series tobramycin-fluoroquinolone conjugates.?®"?88 Both the optimal sites of conjugation
and linker lengths between the two antibiotics were investigated revealing TOB-MOX, a
tobramycin-moxifloxacin hybrid, and tobramycin-ciprofloxacin conjugate le to be
potent synergists (Table 6).288 Notably, the conjugates generally showed lower inherent
antibacterial activity than the parent antibiotics indicating that their synergistic activity
comes at the price of inherent activity.?®”28 OM disruption was confirmed for both
hybrids using the NPN assay and both were found to potentiate multiple antibiotics
including rifampicin, erythromycin, novobiocin, and vancomycin.?8"?8 Also of note was
the finding that these hybrids exhibited a significantly reduced capacity to inhibit of
protein translation compared to that of tobramycin.?¥"?% Conversely, the hybrids were
found to maintain, and some cases exceed, the gyrase inhibiting activity of the parent
fluoroquinolones.?728 Another series of hybrids were prepared by coupling tobramycin
with rifampicin, which targets the bacterial RNA polymerase.?®® As for the
fluoroquinolone conjugates, the inherent activity of the tobramycin-rifampicin
conjugates was significantly reduced compared to the parent antibiotics. Again, however,
some hybrids were found to exhibit synergy via an OM-disrupting mechanism (see
tobramycin-rifampicin 1, 2, 3, Figure 9A).288-200.298

A number of other hybrids have also been reported by the Schweizer group
wherein tobramycin was coupled to various other small molecules known to engage with
different bacterial targets. In one case, tobramycin was coupled to a lysine-based
amphiphile known to function as membrane permeabilizer (see tobramycin-lysine 3,
Figure 9A).2%02% This conjugate was found to effectively potentiate the activity of
novobiocin, erythromycin, and vancomycin (Table 6).29°2°0 The same group also explored
hybrids wherein tobramycin was coupled to small molecule efflux pumps inhibitors such
as 1-(1-naphthylmethyl)-piperazine (NMP) and paroxetine (PAR) (Figure 9A).45291301-303
Along with potent synergy against P. aeruginosa (Table 6), these hybrids were also found
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to cause OM disruption and inner membrane depolarization.?>%¢ Two additional
generations of tobramycin conjugates were also reported: tobramycin homodimers and
tobramycin coupled to chelating cyclams (Figure 9A).?%32% The dimerization of
tobramycin was conveniently achieved by means of copper catalyzed azide-alkyne click
chemistry, resulting in potent synergists that also exhibit enhanced OM disruption
relative to tobramycin itself (Table 6).2% A combination of novobiocin and tobramycin
homodimer 1 (both administered at 50 ug/mL) was further shown to have in vivo efficacy
against A. baumannii in a wax worm larvae model.?®® Studies with the corresponding
monomeric tobramycin azide and alkyne precursors revealed neither to be synergistic,
underscoring the need for dimerization to achieve synergy.?®® In the case of the
tobramycin-cyclam conjugates, the introduction of the cyclam chelating group was
hypothesized to aid in the OM permeabilization by sequestration of divalent cations
bridging the Lipid A phosphate groups.?%4304-306 While tobramycin-cyclam hybrids 1, 2,
and 3 effectively potentiated novobiocin, rifampicin, vancomycin and erythromycin
(Table 6), it is also particularly noteworthy that they also enhanced the activity of
meropenem against both carbapenem-resistant and -sensitive strains.?** This effect was
abrogated by the addition of excess MgCl. further supporting a mode of action driven by
OM disruption.?*

5.2. Nebramine-derived synergists

Following on their work with tobramycin hybrids, the Schweizer group also prepared a
number of analogous nebramine conjugates (Figure 9B). Nebramine (NEB) is a
disaccharide subunit of tobramycin that interestingly displays activity against
tobramycin resistant strains and also interacts with the OM.?8330738 The NEB hybrids
synthesized included conjugates with moxifloxacin (MOX), ciprofloxacin (CIP), NMP, and
cyclam (Figure 9B).2%52% These hybrids were all found to effectively potentiate the activity
of multiple classes of antibiotics against a range of Gram-negative bacteria (Table 6).
Furthermore, NEB-MOX 1a, NEB-CIP 1b, and NEB-NMP 2 were also reported to dissipate
proton motive force and proposed to cause OM disruption as for the corresponding
tobramycin conjugates.287290291295296

5.3. Levofloxacin derived synergists

Schweizer and coworkers also recently reported another class of antibiotic based
synergists based on polybasic peptide-levofloxacin conjugates (Figure 9C).2” While these
levofloxacin-peptide hybrids were found to be non-hemolytic, they were also shown to
be essentially devoid of inherent antimicrobial activity (MICs typically > 128 ug/mL). They
did however, exhibit strong potentiation of numerous antibiotics against MDR clinical
isolates of P. aeruginosa, E. coli, K. pneumoniae and to a lesser extent, A. baumannii (Table
6).27 Preliminary mechanistic studies indicate that these conjugates potentiate other
antibiotics by both blocking active efflux and by permeabilization of the OM.2%
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Figure 9. Synergists based on clinically used antibiotics. A) Tobramycin (TOB) conjugates; B)
Nebramine (NEB) analogues; and C) polybasic conjugated levofloxacin hybrids.
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Table 6. Overview of synergists based on clinically used antibiotics (compound names provided as
given in the cited literature references).

Name Ref  FICI Pathogen Antibiotic Hemolytic activity®
Tobramycin derivatives
TOB-MOX 1 287 0.125 P. aeruginosa  novobiocin <10% (30 min)
Tobramycin-Ciprofloxacin le %  <0.04 P. aeruginosa  rifampicin <10% (30 min)
Tobramycin-Rifampicin 1 289 0.28 P. aeruginosa  rifampicin <10% (1h)
Tobramycin-Rifampicin 2 289 0.15 P. aeruginosa erythromycin <10% (1h)
Tobramycin-Rifampicin 3 289 0.06 P. aeruginosa erythromycin <10% (1h)
Tobramycin-Lysine 3 290 0.008  P.aeruginosa  novobiocin <10% (1 h)
TOB-NMP 1 22 >0.008  P.aeruginosa  rifampicin <10% (30 min)
TOB-PAR 2 22 >0.008  P.aeruginosa  rifampicin <10% (30 min)
Tobramycin homodimer 1 298 0.07 P. aeruginosa  novobiocin <10% (1h)
Tobramycin homodimer 2 293 0.08 P. aeruginosa  novobiocin <10% (1h)
Tobramycin homodimer 3 293 0.05 P. aeruginosa  novobiocin <10% (1h)
Tobramycin-Cyclam 1 294 013 P. aeruginosa  novobiocin <10% (30 min)
Tobramycin-Cyclam 2 294 0.13 P. aeruginoa  novobiocin <10% (30 min)
Tobramycin-Cyclam 3 294 0.08 P. aeruginosa  novobiocin <10% (30 min)
Nebramine derivatives
NEB-MOX 1a 2% >0.002 K. pneumoniae rifampicin NR
NEB-CIP 1b 2% >0.008 P.aeruginosa  rifampicin <10% (1h)
NEB-NMP 2 2% >0.004 P.aeruginosa  rifampicin NR
Nebramine-cyclam 296 0.25 P. aeruginosa  rifampicin <10% (1h)
Levofloxacin derivatives
Levofloxacin conjugate 10 297 0.10 P. aeruginosa  rifampicin <10% (1h)
Levofloxacin conjugate 11 297 0.10 P. aeruginosa  novobiocin <10% (1h)
Levofloxacin conjugate 12 297 0.08 P. aeruginosa  novobiocin <10% (1h)

aNon-hemolytic is defined as <10% hemolysis compared to positive control with incubation times
denoted in parentheses, NR denotes no data reported.
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6. Chelating agents as OM disrupting synergists

The activity of antibiotics can also be potentiated by chelating agents that disturb the
integrity of the OM by sequestering the divalent cations Mg?" or Ca** coordinated by the
phosphate groups of the lipid A core of LPS (Figure 1B).3> The preeminent chelating agent,
EDTA (Figure 10) is a well described synergist and its reported ability to potentiate
antibiotics actually predates the reported synergistic activity of PMBN.#9314-317 Exposure
of Gram-negative bacteria to EDTA is accompanied by the significant release of LPS and,
as for treatment with PMBN, also results in the increased uptake of NPN.318-320 While the
potentiating effects of EDTA on antibiotics such as novobiocin and rifampicin are well
documented, FICI values have not been reported in literature and cannot be readily
calculated from published data.?'631"319321 Simijlarly, for the other chelating here discussed,
no FICI values could be found in the literature and as such we do not provide a summary
table as done for the other synergists discussed in this review.

In additional to his seminal work with PMBN, Vaara also reported the potentiation of
hydrophobic antibiotics by sodium hexametaphosphate (HMP, Figure 10) against Gram-
negative bacteria as well as the increase in NPN uptake in cells treated with this potent
Ca?" binding agent.3? In a similar study, Ayres and Russell also described sodium
polyphosphates as potent synergist with several antibiotics (structures not shown).3? In
the same study, citric acid (Figure 10) was also demonstrated to exhibit synergistic
activity with erythromycin, novobiocin, rifampicin, methicillin, and gentamicin.’® In
addition, 2,3-dimercaptosuccinic acid (Figure 10), clinically used in the treatment of lead
intoxication, was also found to potentiate the activity of hydrophobic antibiotics.?"® The
synergistic activity of 2,3-dimercaptosuccinic acid was attributed to an OM
permeabilizing mechanism as evidenced by increased NPN uptake in bacterial cells
treated with the compound.®®
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Figure 10. Chelating agents with demonstrated synergistic activity.
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7. Concluding remarks

New strategies are required to address the growing threat posed by MDR Gram-negative
pathogens. To this end, a large and growing number of synergists capable of potentiating
Gram-positive specific antibiotics against Gram-negative bacteria have been described
in literature to date. Within this review we provide the reader with a comprehensive and
up-to-date overview of those synergists reported to have a demonstrated OM targeting
mechanism. We also draw attention to the importance of selective OM disruption, a
factor that has often been overlooked by researchers when characterizing their
synergists. In this regard, and based on our assessment of the literature, the majority of
hemolysis studies reported for such synergists use relatively short incubation times
compared to the incubation times actually used in assessing synergy (i.e. in checkerboard
assays). Based on our own experience, not only is the concentration at which hemolysis
is assessed relevant, but incubation time can also make a significant difference in
describing a compound as hemolytic or not. For example, in cases where 5% hemolysis
is reported after one hour, it is our experience that such compounds are often much
more hemolytic after overnight incubation. For this reason we have included both the
concentrations and incubation times of the synergists described in this review. Doing so
provides for a more honest and accurate assessment of the OM specificity of these
synergists.

To provide a means of comparing the relative activity of the synergists here summarized,
we have emphasized their FICI values, a descriptor broadly applied as a scale to quantify
synergistic potency. However, another important consideration that is not directly
revealed by the FICI is of course the concentration at which a synergist actually
potentiates the companion antibiotic. Related to this is the importance of the
pharmacokinetic /pharmacodynamic profile of the synergist and how well it matches
that of the antibiotic it potentiates. Given that the vast majority of synergists covered in
this review have only been characterized using cell-based in vitro and biochemical
assays, we have not touched on this. It is clear, however, that establishing and optimizing
such parameters will be essential to the (pre)clinical development of any such synergist.
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8. Thesis outline
This thesis describes the development of novel synergists designed to selectively disrupt
the outer membrane of Gram-negative bacteria.

Chapter 2 reports the optimization of bis-amidines as outer membrane disrupting agents
that can potentiate Gram-positive specific antibiotics. The synthesis of a number of
unique bis-amidines was followed by an initial screening with checkerboard assays
revealing the most potent synergists. The compounds were also evaluated for hemolytic
activity to provide a rough measure of their selectivity. The most potent, non-hemolytic
compounds were then evaluated in combination with rifampicin against multiple strains
of Gram-negative bacteria. Lastly, their outer membrane disrupting activity was
compared to the well-known synergist PMBN.

Chapter 3 describes the development of peptide-based synergists with the capacity to
enhance the activity of antibiotics against Gram-negative bacteria. The approach taken
was inspired by recent reports of LPS-binding activity by thrombin-derived peptides.
This prompted us to further evaluate these peptides as outer membrane disrupting
synergists. The structures of the peptides were optimized by adjusting the C- and N-
termini as well as by applying an alanine scan. In addition, hemolysis and outer membrane
disrupting assays were performed to establish the selectivity of the peptides for the outer
membrane of Gram-negative bacteria. The synergistic potential of the lead peptides was
evaluated with several Gram-positive antibiotics and for multiple Gram-negative
bacterial strains.

In Chapter 4 the focus was shifted from outer membrane disrupting synergists based on
synthetic small molecules and peptides, to the synergistic activity of the complement
system found in with human serum. A broad range of Gram-positive specific antibiotics
was evaluated with serum in two assays: an inner membrane permeability assay serving
as a screen, followed by a bacterial viability assay allowing for a validation of the hits. In
addition, four antibiotics of the glycopeptide class were also evaluated to allow for an in-
class comparison of synergy with the complement system.

Chapter 5 diverges from the synergy theme of this thesis: in this chapter the inherent
anti-Gram-positive activity of the bis-amidines described in Chapter 2 is described. In
addition to the previously synthesized bis-amidines, four new bis-amidines were
prepared and evaluated for hemolytic and antimicrobial activity. In addition to the
screening of several Gram-positive bacteria, the effects of different media were also
evaluated.
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Abstract

Pentamidine, an FDA approved antiparasitic drug, was recently identified as an outer
membrane disrupting synergist that potentiates erythromycin, rifampicin, and
novobiocin against Gram-negative bacteria. The same study also described a preliminary
structure-activity relationship study wusing commercially available pentamidine
analogues. We here report the design, synthesis, and evaluation of a broader panel of bis-
amidines inspired by pentamidine. The present study both validates the previously
observed synergistic activity reported for pentamidine, while further assessing the
capacity for structurally similar bis-amidines to also potentiate Gram-positive specific
antibiotics against Gram-negative pathogens. Among the bis-amidines prepared, a
number were found to exhibit synergistic activity greater than pentamidine. These
synergists were shown to effectively potentiate the activity of Gram-positive specific
antibiotics against multiple Gram-negative pathogens such as A. baumannii,
K. pneumoniae, P. aeruginosa and E. coli, including polymyxin- and carbapenem-resistant
strains.
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1. Introduction

The growing threat of antimicrobial resistance (AMR) has led to projections that by 2050
the world may be confronted with as many as 10 million annual AMR-associated deaths.!
Society is already dealing with the rising tide posed by this global health challenge: each
year, 700,000 people die due to infections with drug-resistant pathogens.? At present,
the most critical threats are presented by Gram-negative pathogens, including
Acinetobacter ~ baumannii  (carbapenem-resistant),  Pseudomonas  aeruginosa
(carbapenem-resistant), and the Enterobacteriaceae (carbapenem-resistant and ESBL-
producing strains), such as Escherichia coli and Klebsiella pneumoniae, according to the
World Health Organization (WHO).3

In treating infections due to Gram-negative bacteria there is an increased
interest in strategies aimed at disrupting the outer membrane (OM) so as to potentiate a
number of clinically used antibiotics that on their own are only effective against Gram-
positive bacteria.*8 In an elegant approach recently reported by Brown and coworkers,
a panel of 1440 previously approved drugs was screened to identify compounds capable
of disrupting the OM of Gram-negative bacteria.” The assay used in the screen was based
on findings that at low temperatures, OM synthesis is altered in E. coli making it more
susceptible to vancomycin.®® This led to the hypothesis that compounds that antagonize
vancomycin in E. coli grown at 15°C would likely also impact the OM integrity.”'® Among
the hits identified using this innovative screen, the small molecule bis-amidine
pentamidine (1) (Figure 1) exhibited the most effective capacity to antagonize the activity
of vancomycin.’

Pentamidine is used clinically to treat Pneumocystis jiroveci pneumonia,
trypanosomiasis, and leishmaniasis."™ Apart from its antiprotozoal activity, pentamidine
is also known to have moderate antibacterial activity against Gram-positive species.®
Furthermore, pentamidine has also been shown to have anti-cancer activity by restoring
the tumor-suppressing activity of p53, is capable to bind A/T-rich regions of double-
stranded DNA, and can non-specifically bind and disrupt tRNA secondary structures.'6-1°
Unsurprisingly, this broadly active compound has a high incidence of side effects such as
nephrotoxicity, hypotension, hypoglycaemia, or local reactions to the injection.""® The
Brown group’s discovery that pentamidine potentiates the anti-Gram-negative activity
of rifampicin, erythromycin, and novobiocin further highlights the multifaceted nature of
the compound.’

It is well established that the disruption of the Gram-negative OM, for example,
with the well-studied polymyxin B nonapeptide (PMBN), can potentiate the activity of
hydrophobic, Gram-positive specific antibiotics.”* In keeping with these findings, it is
also known that polymyxin-resistance also reduces the synergistic potential of PMBN."2°
In this regard, it is notable that the synergistic activity of pentamidine in combination
with novobiocin, when evaluated against wild-type and polymyxin-resistant strains of
A. baumannii, was observed both in vitro and in vivo.”

In addition to pentamidine, Brown and coworkers also examined the synergistic
activity of other commercially available bis-amidines by performing checkerboard assays,
from which the fractional inhibitory concentration index (FICI) was derived, serving as a
measure of synergistic activity.” These studies highlighted the necessity of two amidine
groups for effective potentiation of Gram-positive antibiotics against an E. coli indicator
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strain.” In addition, the linker used to connect the benzamidine moieties was also found
to play a key role in determining the activity of the compounds evaluated.” Based on these
studies, two analogues were identified as having enhanced synergistic activities relative
to pentamidine (compounds 2 and 3, Figure 1). The conclusions drawn from these studies
suggest that increased linker length and hydrophobicity, along with decreased linker
flexibility, contributes to an increase in synergistic activity for these bis-amidines.’

SN Y
HNYg \©YNH
NH, 1 NH,
OO

NH, 2 NH,
o o
NH; NH,
3

Figure 1. Structures of pentamidine (1) and analogues 2 and 3 previously found to exhibit synergy
with Gram-positive antibiotics against Gram-negative species.’

Inspired by these findings, we here describe structure-activity relationship (SAR)
studies designed to provide a broad understanding of the structural features required for
potent and selective synergy by bis-amidines. While the previous study of Brown and
coworkers evaluated the synergistic potential of commercially available bis-amidines, we
here report the design, synthesis, and evaluation of a number of novel bis-amidines. In
addition to screening for synergistic activity, the new compounds here studied were also
assessed for their capacity to selectively target the Gram-negative OM membrane rather
than act as non-specific membrane disruptors. Our findings serve to both validate
published accounts, while also revealing new, more potent, and selective bis-amidine
based synergists.
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2. Results and Discussion

2.1. Synthesis and initial screening

Linear linkers. To further explore the correlation between linker length and synergistic
activity, a set of linear pentamidine analogues was selected. In addition to the previously
reported nonamidine (2) and propamidine (9), we also synthesized heptamidine (10),
octamidine (11), and undecamidine (12) analogues (Scheme 1A). Pentamidine (1) was also
synthesized by the same route to allow for comparison with the commercial material
(Supporting information, Scheme S1), which subsequently revealed no difference in the
synergistic activity of the in-house prepared and commercial materials (data not shown).

e D, 0L

n=l, 4 n=1,
n=5, 5 n= 5, 10
n=6, 6 n=6, 11
n=7, 7 n=7, 2
n=9, 8 n=9, 12

OH

c NC d NC CN
car = T L~ L Lr
O/\/Br O/\/S\/\o
13 14

CN

NH NH
e
LN )k©\ /©)L LI NJK@L /©)LNH2
\\//
o/\/s\/\o O/\/ \/\O

Scheme 1. Synthesis of pentamldme analogues containing different linear spacers between the
benzamidine groups. Reagents and conditions: (a) 4-Cyanophenol, NaH, DMF, 80°C, 1h (59%-quant.);
(b) i) LHMDS, THF, 48h, rt, ii) HCI (dioxane), 0°C to rt, overnight (49%-quant.); (c) K2COs, DMF, 100°C,
5h (43%); (d) Na2S-9H20, DMSO, 115°C, 1h (93%); (e) i) LHMDS, THF, rt, 48h; ii) HCI (dioxane), rt,
overnight (64%); (f) m-CPBA, DCM, 0°C, 2h (32%).

As shown in Scheme 1A, the dibenzonitrile intermediates were prepared from
the commercially available o,w-dibromo-alkanes via a Williamson ether synthesis
according to literature protocols.? Crystallization from ethanol resulted in the pure
intermediates 4-8 in good to excellent yields. The transformation of the nitrile groups
into the corresponding amidine is classically performed via the Pinner reaction followed
by treatment with ammonia.>*> However, recent publications have described the same
transformation by the more convenient use of a lithium bis(trimethylsilyl)amide (LHMDS)
solution followed by an acidic quench.?-* In the synthesis of pentamidine we therefore
evaluated the treatment of the corresponding bis-nitrile precursor with LHMDS (1 M in
tetrahydrofuran (THF)) followed by a quench with saturated ethanolic HCl, 4 M HCI in
dioxane, or 1 M HCI (aq) (See Supporting information, Scheme S1 and S2). These trial
experiments revealed that quenching with 4 M HCI in dioxane resulted in the highest
yield, and these conditions were therefore also applied in the preparation of the bis-
amidines 2, 9-12, which were subsequently isolated in good yields after high-
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performance liquid chromatography (HPLC) purification. In addition to probing linker
length, we also explored the impact of heteroatom substitution in the linker. Notably,
thioether analogue 15 has been previously prepared and tested for antimicrobial
activity.’>3 Thioether 15 was therefore synthesized as indicated in Scheme 1B, also
providing ready access to the more hydrophilic sulfone analogue 16 obtained by m-CPBA
treatment of 15.

The inherent antibacterial activities of pentamidine (1) and the bis-amidines 2, 3,
9-12, 15, and 16 were first assessed against an indicator strain E. coli BW25113. This
revealed a trend wherein compounds containing linkers of eight or more carbons
exhibited moderate antibacterial activity with minimum inhibitory concentration (MIC)
values of 50 pg/mL (See Table 1). Neither the thioether linked species 15 or sulfone linked
16 showed any inherent activity up to the maximum concentration tested (200 ug/mL).
Next, the synergistic activity of the compounds was assessed in combination with both
erythromycin and rifampicin using the same indicator E. coli strain. Checkerboard assays
were performed in which a dilution series of the synergist was evaluated in combination
with the antibiotic of interest, also serially diluted. The resulting “checkerboard” or 2-
dimensional MIC readout, makes it possible to identify the lowest concentration of both
components that results in the most potent synergistic effect. The highest
concentrations tested among the synergists correspond to their inherent MIC values (or
up to 200 ug/mL in case where no antibacterial activity was observed). For erythromycin
the highest concentration tested was 200 pg/mL and for rifampicin it was 12 ug/mL.

In general, a trend was observed wherein bis-amidines with longer linker lengths
showed a great capacity to potentiate the activity of erythromycin (Table 1). Compared
with pentamidine (FICI 0.500), nonamidine (2), and heptamidine (10) were found to be the
most effective synergists with FICI values of 0.094 and 0.125, respectively, while the
shorter propamidine (9) exhibited activity on par with pentamidine (Figure 2). The
synergistic activities observed when the same panel of bis-amidines was evaluated with
rifampicin corroborates the findings with erythromycin (Table 1 and Supporting
information Figure S2). These findings highlight the importance of linker length and
hydrophobicity for synergistic activity. All analogues containing linkers greater than five
carbon atoms demonstrated more potent synergy than the observed for pentamidine. By
comparison, propamidine (9), containing a three carbon spacer and thioether 15 (isosteric
to pentamidine) exhibited synergistic activities comparable to pentamidine. It is also
interesting to note that the introduction of the more polar sulfone-linker as in 16 led a
complete loss of synergistic activity (Table 1, Supporting information, Figure S1, S2, and
Table S1, S2).

Examination of the effect of these bis-amidines on red blood cells revealed
another feature that correlates with linker length. Specifically, the enhanced
antimicrobial activity and synergistic potential in combination with erythromycin
observed for analogues containing longer linkers is accompanied by an increase in
hemolytic activity (Table 1 and Supporting information Figures S17 and S18 and Table S17).
While propamidine (9) and pentamidine (1) have little inherent antibacterial activity (MIC
of 200 pg/mL or higher) and are moderate synergists with erythromycin (FICI of 0.500),
they are also non-hemolytic (erythrocytes treated with compounds at 200 pg/mL for
20 h. at 37°C, non-hemolytic defined as <10%3). By comparison, the slightly longer
heptamidine (10) has an inherent antimicrobial activity (MIC 200 ug/mL) along with
enhanced synergistic activity with erythromycin (FICI <0.125) but also a slight increase in
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Erythromycin (pg/ml)
Erythromycin (ug/ml)

0 31 63 13 25 50 100 200 0 31 63 13 25 50 100 200
Pentamidine (ug/ml) 9 (ug/ml)

Erythromycin (pg/ml)

Erythromycin (ug/ml)

0 04 08 16 31 63 13 25 0 16 31 63 13 25 50 100
2 (ugfml) 10 (ug/ml)

Figure 2. Representative checkerboard assays for pentamidine (1), propamidine (9), nonamidine (2)
and heptamidine (10) in combination with erythromycin versus E. coli BW25113. In each case, the
bounded box in the checkerboard assays indicates the combination of compound and antibiotic
resulting in the lowest FICI (See Table 1). ODeoo values were measured using a plate reader and
transformed to a gradient: purple represents growth, white represents no growth. An overview of
all checkerboard assays with erythromycin can be found in the Supporting information, Figure SI.

hemolytic activity to 9.2%. However, the longer octamidine (11), nonamidine (2), and
undecamidine (12) exhibit very significant levels of hemolysis (16-87%), suggesting that
both the inherent antimicrobial activity (MIC 50 ug/mL) and potent synergistic activity
in combination with erythromycin (FICI <0.094-0.156) of these analogues are driven by a
general membrane disruption mechanism and not a selective disruption of the Gram-
negative OM. Based on these findings, it appears that the “tipping point” associated with
the desirable synergistic effects versus the unwanted hemolytic activity appears to be for
C- spaced bis-amidine analogue heptamidine (10). These findings served to inform the
design of the next series of analogues.

2.2. Linkers with reduced flexibility

Building on our initial findings with the linear bis-amidines, we next examined the effect
of reducing the rotational flexibility of the linker. In the Brown group’s earlier study, it
was noted that phenyl substituted bis-amidine 3 (Figure 1) was an extremely effective
synergist, an effect that was attributed in part to its decreased molecular flexibility.” To
this end, we prepared a series of bis-amidines (Scheme 2, compounds 21-24) that
incorporate linkers comprising different planar, aromatic motifs as a means of even
further restricting flexibility. For purposes of comparison, we also prepared compound 3
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(Supporting information Scheme S3) and confirmed its synergistic activity (Table 1,
Supporting information Figure S1 and S2). Notable, however, was the finding that
compound 3 also exhibits significant hemolytic activity (above 10%%) (See Table 1 and
Supporting information, Figure S18 and Table S17) suggesting that impressive synergistic
activity associated with the compound is not selective for the Gram-negative OM and is
due instead to general membrane disruption. The synthetic route used to access bis-
amidines 21-24 is shown in Scheme 2 and was based largely on the published preparation
of these and similar compounds previously evaluated as anti-parasitic agents.?>**-3° The
meta-oriented linker in compound 22 most closely mimics the 5-carbon spacer found in
pentamidine, while analogues 21 and 23 differ slightly due to the ortho- and para-
orientations of the benzene core. In the case of compound 24, a 2,7-disubstituted
naphthalene motif was envisioned to mimic of the 7-carbon spacer found in heptamidine
(10). The synthesis of compounds 21-24 started from the corresponding commercially
available dibromo-xylenes or 2,7-bis(bromomethyl)naphthalene, which were
transformed into the corresponding bis-nitriles 17-20 by treatment with 4-cyanophenol
and NaH in dimethylformamide (DMF) at 80°C. In this case, recrystallization of the
intermediates 17, 19, and 20 from ethanol was not successful. However, based on an
acceptable purity (as assessed by NMR), the crude bis-nitriles 19 and 20 could be used
directly without a need for further purification, while bis-nitrile 17 was purified using
column chromatography. Transformation into the corresponding bis-amidines was in
turn performed by treatment with LHMDS?** followed by acidic quench with 4 M HCl in
dioxane to provide compounds 21-24 in acceptable yields after HPLC purification.

B > x gr — 22— b,
/\ /\ /\ /\
X = ortho, 17 X = ortho,
/U\ X = meta, 18 X = meta, 22
X = para, 19 X = para, 23

h
/\5\/ meta X = naphthyl, 20 X = naphthyl, 24
para naphthyl

Scheme 2. Synthesis of bis-amidines containing rigid aromatic spacers. Reagents and conditions: (a)
4-Cyanophenol, NaH, DMF, 80°C, 1h (79%-quant.); (b) i) LHMDS, THF, 48h; ii) HCI (dioxane, 0°C to rt,
overnight (19-83%).

Evaluation of the inherent antimicrobial activity of compounds 21-24 as well as
their ability to synergize with erythromycin revealed 22 and 24 to be the most effective
of these four of compounds (FICI of <0.094 with erythromycin) (Figure 3 and Table 1). o-
Xylene analogue 21 also exhibited enhanced synergistic activity relative to pentamidine
(0.125 vs. 0.500) while p-xylene analogue 23 showed less activity (FICI <0.313).
Interestingly, while none of compounds 21-24 showed any inherent antibacterial activity
up to 200 pg/mL, the 2,7-naphthalene linked analogue 24 was found to exhibit significant
hemolytic activity (75%) (See Table 1). These findings are in line with previous studies in
which compound 24 was evaluated as an anti-protozoal where it was also found to exhibit
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significant toxicity against a rat L6 muscle cell line.?® By comparison, compounds 21 and
22 were found to be non-hemolytic and demonstrate potent synergy when combined
with erythromycin with FICI values of <0.125 and <0.094, respectively (Table 1). Similarly,
21 and 22 were also found to significantly potentiate the activity of rifampicin against the
same E. coli indicator strain with FICI values of <0.094 and <0.188, respectively (Table 1).
These findings support the hypothesis that reduced linker flexibility is beneficial for
synergistic activity and also reveal the importance of the orientation of the benzamidines
on the aromatic nucleus. This is most clearly demonstrated by the potent synergy
exhibited by the ortho- and meta-xylene analogues 21 and 22 (FICI <0.094-0.188) in
contrast to the much less active para-xylene linked 23 (FICI <0.313-0.375).

Erythromycin (ug/ml)
Erythromycin (ug/ml)

0 31 63 13 25 50 100 200 0 31 63 13 25 50 100 200
21 (ugfml) 22 (ugfml)

Erythromycin (ug/ml)
Erythromycin (ug/ml)

0 31 63 13 25 50 100 200 0 31 63 13 25 50 100 200
23 (ugfml) 24 (ugfmi)

Figure 3. Checkerboard assays for compounds 21-24 in combination with erythromycin versus E. coli
BW25113. In each case, the bounded box in the checkerboard assays indicates the combination of
compound and antibiotic resulting in the lowest FICI (see Table 1). ODeoo values were measured using
a plate reader and transformed to a gradient: purple represents growth, white represents no growth.
An overview of all checkerboard assays with erythromycin can be found in the Supporting
information, Figure S1.

2.3. Altering the position of the amidine moiety

The rigidity of the xylene-based linkers described above not only affects the spacing but
also the positioning of the amidine groups. In the case of pentamidine (1) and compounds
21-23, the amidine moieties are positioned para relative to the linker. We, therefore, next
prepared a series of analogues wherein the positioning of the amidine groups was shifted
to either the meta- or ortho-positions (Scheme 3). While the meta-amidine analogues 1b,
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21b-23b are known in the literature,?+3>38-4 ortho-amidine analogues 1c, 21c-23c have not
been previously described. The synthesis of the meta-amidine analogues was performed
following the same protocol employed for the preparation of the corresponding para-
amidines but using 3-cyanophenol in place of 4-cyanophenol (Scheme 3). For the
preparation of the ortho-amidine analogues, the intermediate bis-nitriles were prepared
in an analogous fashion, however, conversion to the product bis-amidines required a
different set of conditions. Unlike the route used in the preparation of the para- and
meta-bis-amidines, treatment of the ortho-bis-nitrile intermediates 29-32 with LHMDS
failed to yield the expected amidine product. For this reason, an alternative, previously
reported three-step procedure for the conversion of nitriles to amidines, was instead
employed.* In doing so, the nitrile is first converted to the corresponding N-
hydroxyamidine by treatment with hydroxylamine hydrochloride. The N-hydroxy group
is then acetylated with Ac.O followed by reduction to the amidine product using zinc
powder (Scheme 3). After HPLC purification, the ortho-bis-amidines (1c, 21c-23c) were
obtained in yields suitable for subsequent evaluation.

Br._R._Br — NC\©/O\/R\/O\©/CN E— HN I : o._R_O : I NH
2 2
R = propyl, 25 R =propyl, 1b
R =ortho, 26 R =ortho, 21b
R=meta, 27 R =meta, 22b
R=para, 28 R=para, 23b

R- CN CN HoN__NH HN_NH,
w @i; ©/O\/Rvo\© L, 5/0\/};\/0\5
propy! oreho R = propyl, 29 R = propyl, 1c
A©)\ R =ortho, 30 R =ortho, 21c
R=meta, 31 R =meta, 22c
meta pard R=para, 32 R=para, 23c

Scheme 3. Synthesis of bis-amidine analogues 1b, 21b-23b and 1c, 21c-23c. Reagents and conditions:
(a) 3-Cyanophenol, NaH, DMF, 80°C, 1h (63%-quant); (b) i) LHMDS, THF, 48h, ii) HCI (dioxane), 0°C
to rt, overnight (72%-quant); (c) 2-Cyanophenol, NaH, DMF, 80°C, 1h (83-99%); (d) (i) NH.OH-HClI,
DIPEA, EtOH, 85°C, 6h; (ii) Ac20, AcOH, rt, 4h; (iii) Zn powder, AcOH, 35°C, 6h (12-48%).

As for pentamidine (1) and the other para-bis-amidines 21-23, no inherent
antimicrobial activity or hemolysis was observed for the meta-substituted analogues 1b,
21b-23b or the ortho-substitute analogues 1c, 21c-23c (Table 1). Assessment of synergy
with erythromycin showed that the meta-bis-amidines maintain a reasonable degree of
synergistic activity (Figure 4) while the ortho-bis-amidines show no such ability (Table 1).
In general, the meta-orientated bis-amidines are less effective synergists than the
corresponding para-oriented compounds, a trend also observed in synergy studies with
rifampicin (Table 1). An exception to this was observed for compounds 23 and 23b both
containing the p-xylene linker. In this case, the placement of the amidine groups at the
meta-position relative to the linker results in a slight decrease in FICI from 0.313 for
compound 23 to 0.250 for 23b when tested in combination with erythromycin. An even
more pronounced potentiation effect was seen when these compounds where evaluated
with rifampicin. In this case, compound 23 was found to have an FICI value of 0.375 while
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for 23b, the FICI value calculated was 0.156, making it one of the most potent, non-
hemolytic, rifampicin synergists identified (Table 1). Collectively, these findings indicate
that both the geometry of the linker and the positioning of the amidines in the
benzamidine moieties are interrelated structural features that play a key role in dictating
optimal synergistic activity.

Erythromycin (ug/ml)
Erythromycin (ug/ml)

0 31 63 13 25 50 100 200 0 31 63 13 25 50 100 200
1b (ug/ml) 21b (ug/ml)

[]

Erythromycin (ug/ml)
Erythromycin (pg/ml)

0 31 63 13 25 50 100 200
22b (ug/ml) 23b (ug/ml)

0 31 63 13 25 50 100 200

Figure 4. Checkerboard assays for compounds 1b, 21b-23b in combination with erythromycin versus
E. coli BW25113. In each case, the bounded box in the checkerboard assays indicates the combination
of compound and antibiotic resulting in the lowest FICI (see Table 1). ODsoo values were measured
using a plate reader and transformed to a gradient: purple represents growth, white represents no
growth. An overview of all checkerboard assays with erythromycin can be found in the Supporting
information, Figure S1.

2.4. Increasing linker hydrophobicity

As described above, bis-amidines with more hydrophobic linkers typically show
enhanced synergistic activity but often at the cost of increased hemolysis. In this light,
compounds 21 and 22 were deemed to be particularly interesting given that they exhibit
potent synergistic activity with both erythromycin and rifampicin while displaying no
appreciable hemolytic activity. To examine the possibility of further enhancing these
compounds we next prepared analogues wherein an additional phenyl group, as for
compound 3, was added as a substituent to the aromatic linkers in both 21 and 22 to give
analogues 38 and 44 (Scheme 4). The synthetic route used also provided ready access to
brominated intermediates 35 and 41. Given the hydrophobic character of halogen
atoms,* we opted to also convert these intermediates to the corresponding bis-amidines
37 and 43. The synthesis of meta-linked analogues 37 and 38 started with the reduction
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of dimethyl 5-bromoisophthalate to give diol 33.* An Appel reaction was then applied to
transform the diol into tribromide 34,* followed by reaction with 4-cyanophenol to yield
bis-nitrile 35.22 A portion of 35 was subsequently used in a Suzuki coupling employing
phenylboronic acid resulting in intermediate 36.%-*8 Both 35 and 36 were then converted
to the corresponding bis-amidines by treatment with LHMDS followed by HCl quench
and HPLC purification to give 37 and 38. The preparation of 43 and 44 followed a similar
synthetic strategy but started with the reduction of 4-bromophthalic anhydride using
lithium aluminum hydride and ZnCl..*° The resulting diol 39 was cleanly converted to
tribromide 40, which was subsequently transformed into the brominated bis-nitrile
intermediate 41. A portion of 41 was then transformed into intermediate 42 using the
same Suzuki conditions applied in the previous preparation of 36.46-48 Notably, while bis-
nitrile 42 was readily transformed into the desired bis-amidine 44 using the LHMDS
protocol, when the same conditions were applied to 41 an unexpected dehalogenation
occurred. As an alternative, the same three-step process, described above for the
preparation of 21b-23b, was successfully applied to convert the bis-nitrile to the desired
bis-amidine 43.%

Compounds 37, 38, 43, and 44 were found to show no significant inherent
antimicrobial activity when tested against E. coli BW25113 (Table 1). As expected, the
introduction of the hydrophobic side-chains improved the synergistic activity with FICI
values ranging from 0.047 to 0.094 (Figure 5 and Table 1). Unfortunately, however, and
not entirely unexpectedly, the increased hydrophobicity of these analogues was also
found to result in a severe increase in hemolytic activity (Table 1) indicating that the
enhanced synergistic activity observed is likely due to non-specific membrane
disruption.
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Scheme 4. Synthesis of A) meta-linked or B) ortho-linked bis-amidines containing bromo (37, 43) or
phenyl substitution (38, 44) on the central aromatic core. Reagents and conditions: a) i) DIBALH,
DCM, 0°C, 1h; ii) Rochelle salt (quench), rt, overnight (96%); (b) PPhs, CBrs, DCM, rt, 2h (55-74%); (c)
4-Cyanophenol, NaH, DMF, 80°C, 1h (87-99%); (d) Phenylboronic acid, Pd(dppf)Cl>DCM,
THF /Na2COs (aq) (1:1), 65°C, 8-18h (8-80%); (e) i) LHMDS, THF, rt, 48h; ii) HCI (dioxane), 0°C - rt,
overnight (17-75%); f) i) LAH, ZnCl,, THF, rt, 6h; ii) Rochelle salt (quench), rt, overnight (95%); (g) i)
NH:OH-HCI, DIPEA, EtOH, 85°C, 6h; ii) Ac2O, AcOH, rt, 4h; iii) Zn powder, AcOH, 35°C, 6h (7%).
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Erythromycin (ug/ml)
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Figure 5. Checkerboard assays for compounds 37, 38, 43, and 44 in combination with erythromycin
versus E. coli BW25113. In each case, the bounded box in the checkerboard assays indicates the
combination of compound and antibiotic resulting in the lowest FICI (see Table 1). ODsoo values were
measured using a plate reader and transformed to a gradient: purple represents growth, white
represents no growth. An overview of all checkerboard assays with erythromycin can be found in
the Supporting information, Figure S1.
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Table 1. Overview of synergy with erythromycin against E. coli BW25113 and hemolysis data.

erythromycin rifampicin
Structures MIC MIC FICT?* MIC FICI HA
(ug/mL) (ug/mL) (ug/mL) (%)°

OO
1 HNY©/ \©YNH 200 100 0.500 12 0.375 04
NH, NH,
OO
2 HNY(j QYN“ 50 >100 <0.094 6 <0.094 82
NH, NH,
o o
3 Y© vg@ >200 >100  <0.063 6 <0.063 13
NH, NH,
0_~_O
9 HNy©/ \©\fNH =200 100 0.500 12 <0.500 0.6
NH, NH,

OO
10 HNY©/ \©\FNH >100 100 <0.125 12 0.078 9.2

NH, NH,

NH,
1n ﬁ/@/c’\/\/\/\ﬂo/C)L 50 >100 <0.156 12 <0.125 16
HN

S 2
12 HNy@ \QYNH 50 >100 <0.133 12 <0.078 87
O g0
15 Y©/ \©\f >200 100 <0.375 6 <0.500 0.0
o\/\s/\/o
16 ﬁ \©\f >200 50 >0.5 6 >0.5 0.1

21 p Q: >200 100 <0.125 12 <0.094 0.5

22 ”NY©

HN NH
23 @@J@% >200 >100 <0313 6 0375 04

24 . Y@(
1b *@M@* >200 >100 <0.375 12 <0375 01

2b f e >200 >100 <0.313 6 <0313 04

@YNH >200 >100 <0.094 12 <0188 11

QYN” >200 >100 <0.094 12 0.031 75
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22b

Chg
23b J%}
G

v©v ﬁ >200 >100 <0.250 6 <0.250 1.6

>200 >100 <0.250 >12 <0.156 3.7
1c

>200 >100 >0.5 12 >0.5 0.4

é >200 >100 >0.5 12 >0.5 0.7

21c JZ Q
HyN NH HN NH,
22¢ é/ v@v & >200 >100 >0.5 12 >0.5 0.0

23c >200 >100 >0.5 12 >0.5 0.0

37 )KQ /\@ﬂ d 2 >100 >100 <0.063 >12 <0.125 57

38 =100 >100 <0.047 >12 <0.039 58

d =100 >100 <0.094 12 0.094 57

g

44 f =200 >100 <0.078 12 <0.047 82
W

PMBN >200 200 <0.125 3 <0.039 -

k@m
O
s 8
Rsa
"Q

aSynergy defined as FICI 0.5.2' See Supporting Information Tables S1 and S2 for full data used in
calculating the FICIs with erythromycin and rifampicin respectively; "Hemolytic activity of all
compounds after 20 hours of incubation at 200 pug/mL. Values <10% were defined as non-
hemolytic.®
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2.5. Exploring the synergistic range

Erythromycin, rifampicin, novobiocin, and vancomycin are typically used to treat Gram-
positive infections.®*->* However, when combined with OM disrupting agents, these
antibiotics can also display efficacy against Gram-negative bacteria.5?° The Brown
group’s recent study with pentamidine showed that erythromycin, rifampicin, and
novobiocin were most effectively potentiated by this bis-amidine.” With this in mind, we
next investigated the broader synergy of the most promising compounds identified in
our present study, namely, compounds 21, 22, and 23b. As noted above, these three
compounds were all found to be more active than pentamidine in potentiating the
activity of erythromycin and rifampicin against an indictor E. coli stain while showing no
hemolytic activity. To this end, compounds 21, 22, and 23b were evaluated against an
expanded panel of organisms, including several E. coli strains (including carbapenem-
and polymyxin-resistant strains) and ATCC strains of A. baumannii, K. pneumoniae, and
P. aeruginosa. In addition, the well-studied OM disruptor PMBN and pentamidine itself
were taken along as benchmarks in the expanded assessment of compounds 21, 22, and
23b.

2.5.1. Synergy with novobiocin and vancomycin

Building from the synergy studies with erythromycin and rifampicin described above,
compounds 21, 22, and 23b were next tested for the ability to potentiate novobiocin and
vancomycin, along with pentamidine (1) and PMBN (Figure 6, Supporting information
Figures S3 and S4). In agreement with previous studies, novobiocin and vancomycin
showed no antimicrobial activity against the indicator E. coli BW25113 strain at the
highest concentration tested of 200 ug/mL."* Checkerboard assays with compounds 21,
22, and 23b in combination with novobiocin revealed the compounds to be superior
synergists compared to pentamidine (Table 2, Figure 6), a finding in line with the results
obtained when the same bis-amidines were evaluated with erythromycin and rifampicin.
In general, PMBN was found to be a more potent synergist than the bis-amidines with
the exception of compound 22 in combination with erythromycin which resulted in very
effective growth prevention of the E. coli indicator strain. When tested in combination
with vancomycin, none of the bis-amidines showed any synergistic activity, while PMBN
maintained a potent effect (Table 2). These findings are in line with previously reported
observations in which pentamidine was found not to synergize with vancomycin.’

Table 2. FICI values of pentamidine (1), 21, 22, 23b, and PMBN against E. coli BW25113 in combination
with Gram-positive-specific antibiotics rifampicin, novobiocin, and vancomycin.*

Erythromycin Rifampicin Novobiocin Vancomycin
Pentamidine (1) 0.500 0.375 <0.281 >0.5P
21 <0.125 <0.094 <0.125 >0.5P
22 <0.094 <0.188 <0.078 >0.5P
23b <0.250 <0.156 <0.188 >0.5P
PMBN <0.125 <0.039 <0.047 <0.156

®MIC and minimal synergistic concentrations (MSC) data can be found in the Supporting
information, Table S1-S4.°Synergy defined as an FICI <0.5.2!
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Figure 6. Checkerboard assays of compounds pentamidine (1), 21, 22, and 23b in combination with
A) rifampicin and B) novobiocin against E. coli BW25113. In each case, the bounded box in the
checkerboard assays indicates the combination of compound and antibiotic resulting in the lowest
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FICI (see Table 2). ODgoo values were measured using a plate reader and transformed to a gradient:
purple represents growth, white represents no growth. The poor aqueous solubility of novobiocin
results in the background signal observed in the ODeoo read-out at when tested at concentrations
>100 pug/mL. An overview of all checkerboard assays with rifampicin, novobiocin and vancomycin
can be found in the Supporting information, Figure S2-S4.

2.5.2. Synergy against other E. coli strains.

The next phase of our investigation involved assessing the synergistic activity of the most
promising compounds identified against an expanded panel of E. coli strains. For these
screens, we opted to focus on rifampicin as the companion antibiotic given that it is
bactericidal while erythromycin is considered to be bacteriostatic."*’ In our initial
screens, a more clear-cut distinction of growth versus no growth was indeed observed
for rifampicin, possibly due to its bactericidal nature (see Figures 3 and 6A). Furthermore,
given that the MIC of rifampicin is significantly lower against the Gram-negative strains
used versus the MICs of erythromycin or novobiocin, potential solubility issues at the
highest antibiotic concentrations tested were not a problem.

In selecting an expanded panel of E. coli strains, we sought to examine a variety
of features ranging from the OM composition to resistance profile. In the case of E. coli,
the structure of the lipopolysaccharide (LPS) layer is known to affect their susceptibility
to antibiotics®® and we therefore reasoned that it could also play a role in the synergistic
activity of compounds targeting the OM. This was seen as particularly relevant for the
pentamidine analogues investigated here, given that previous studies have suggested
that pentamidine interacts with lipid A.” With this in mind, E. coli ATCC25922 (smooth
LPS) and E. coli W3110 (rough LPS) were selected, along with the indicator lab strain E. coli
BW25113 also known to possess a rough LPS layer.>-¢! Additionally, a clinical isolate E. coli
552060.1 was included, which, like most clinical isolates, has a smooth LPS layer.>¢ The
inherent antimicrobial activity of rifampicin, pentamidine (1), compounds 21, 22, 23b, and
PMBN was first established against these E. coli strains (Supporting information Figures
S5-S7 and Tables S5-S7). In keeping with our initial checkerboard assays with rifampicin
and the E. coli BW25113 strain (Table 1), compound 21 in nearly all cases showed the lowest
FICI values among the bis-amidines evaluated against the expanded E. coli panel (Figure
7A and Table 3). In general, the bis-amidines tested all showed effective synergy with little
difference observed for the rough or smooth LPS strains.

The expanded screening was continued with E. coli bearing mer-1, mer-2, and
mer-3 genotypes known to confer polymyxin resistance. For this purpose, a lab strain
E. coli BW25113 mcr-1, transformed with the pGDP2 plasmid, was also included to directly
assess the effect of the phosphoethanolamine transferase responsible for lipid A
modification.5-% The bis-amidines displayed synergy with rifampicin against all mcr-
positive strains evaluated (Figure 7B, Table 3, Supporting information Figures S8-S12, and
Tables S8-S12). Again, in nearly all cases, compound 21 gave the lowest FICI values among
the bis-amidines evaluated, with synergy comparable to that of PMBN, which was found
to be generally less effective against mcr-positive strains than non-mer strains (Table 3).

In addition, carbapenem-resistant E. coli RC0089, a clinical isolate producing
New Delhi B-lactamase 1 (NDM-1), was also evaluated to assess whether this resistance
mechanism affected the synergistic activity of the bis-amidines here studied. Notably,
the MIC of rifampicin was significantly elevated against this strain (MIC of >192 pg/mL,
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see Supporting information Figure S13 and Table S13). While the bis-amidines were again
found to synergize with rifampicin, the FICI values calculated were elevated, with the
exception of compound 22 (Figure 7C and Table 3). Interestingly, this strain also resulted
in an increased FICI for PMBN.

Table 3. FICI values of pentamidine (1), 21, 22, 23b, and PMBN in combination with rifampicin against
different E. coli strains including polymyxin- and carbapenem-resistant strains.?

Strain Pentamidine (1) 21 22 23b PMBN
Wild-type

BW25113 0.375 <0.094 <0.188 <0.156 <0.039
ATCC25922 0.313 <0.125 0.094 0.156 <0.047
W3110 <0.188 <0.188 0.313 <0.188 <0.031
552060.1 0.375 <0.094 0.250 <0.188 <0.047
Polymyxin-resistant

BW25113 mcr-1 <0.250 <0.094 <0.156 <0.188 <0.156
mer-1 <0.188 <0.188 <0.188 <0.188 <0.094
EQASmcr-1 <0.250 <0.125 0.188 <0.188 <0.125
EQASmcr-2 0.375 <0.125 0.313 <0.125 <0.156
EQASmcr-3 <0.188 <0.125 <0.188 <0.188 <0.094

Carbapenem-resistant
RC0089 <0.375 <0.250 <0.156 <0.375 <0.188

aMIC and minimal synergistic concentrations (MSC) data can be found in the Supporting
information, Table S2, S5-S13.
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Figure 7. Checkerboard assays of compounds pentamidine (1), 21, 22, and 23b in combination with
rifampicin versus A) E. coli ATCC25922; B) E. coli EQASmcr-1; C) E. coli RC0089. In each case, the
bounded box in the checkerboard assays indicates the combination of compound and antibiotic
resulting in the lowest FICI (see Table 3). ODeoo values were measured using a plate reader and
transformed to a gradient: purple represents growth, white represents no growth. An overview of
all checkerboard assays with rifampicin with the E. coli strains can be found in the Supporting
information, Figure S5-S13.

2.5.3. Synergy against A. baumannii, K. pneumoniae, and P. aeruginosa

In addition to studying the synergistic activity of the selected bis-amidines against the
E. coli strains described above, we also investigated their capacity to potentiate the
activity of rifampicin against the selected strains of A. baumannii, K. pneumoniae, and
P. aeruginosa (Figure 8, Table 4). As for the E. coli strains, the inherent antimicrobial
activities of rifampicin, pentamidine (1), compounds 21, 22, 23b, and PMBN were first
established against each strain (Supporting information Table S14-S16). Full checkerboard
assays with the A. baumannii and K. pneumoniae strains tested showed the bis-amidines
and PMBN to be effective synergists. In general, compounds 21, 22, and 23b were found
to be more potent than pentamidine (1), while PMBN was found to be an even more
effective synergist. Among the bis-amidines tested, compound 22 displayed the most
effective potentiation of rifampicin. Interestingly, when tested against P. aeruginosa, the
FICIs determined for pentamidine and compounds 21, 22, and 23b were significantly
elevated while PMBN maintained potent synergistic activity.
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Table 4. FICI values of pentamidine (1), 21, 22, 23b, and PMBN in combination with rifampicin against
different Gram-negative pathogens.?

Strain Pentamidine (1) 21 22 23b PMBN
A. baumannii ATCC17978 <0.125 <0.094 <0.094 <0.094 <0.023
K. pneumoniae ATCC13883 <0.125 <0.094 <0.078 <0.125 <0.070
P. aeruginosa ATCC27853 <0.500 <0.313 <0.250 <0.375 0.031

aMIC and minimal synergistic concentrations (MSC) data can be found in the Supporting
information, Tables S14-S16.
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Figure 8. Checkerboard assays of pentamidine (1), 21, 22, and 23b in combination with rifampicin and
versus A) A. baumannii ATCC17978 and B) K. pneumoniae ATCC13883. In each case, the bounded box
in the checkerboard assays indicates the combination of compound and antibiotic resulting in the
lowest FICI (see Table 4). ODsoo values were measured using a plate reader and transformed to a
gradient: purple represents growth, white represents no growth. An overview of all checkerboard
assays with rifampicin with the E. coli strains can be found in the Supporting information, Figures
S14-S16.

2.6. Mechanistic studies

To characterize the mechanism of action of the bis-amidines here studied, we next
investigated the capacity of the most active compounds to disrupt the Gram-negative
OM. This line of investigation was based in part on the previously noted interaction of
pentamidine with lipid A and also on the knowledge that the potentiation of antibiotics
like erythromycin, rifampicin, and novobiocin generally relies on OM disruption.”2°¢ To
this end, we employed an established assay relying on the fluorescent properties of N-
phenyl-napthalen-1-amine (NPN) allowing for the real time monitoring and
quantification of OM disruption.®’ In the presence of intact bacterial cells, NPN exhibits
relatively low levels of fluorescence. However, in the event that the OM is disrupted, NPN
can gain entry to the phospholipid layer resulting in a detectable increase in fluorescence
that can, in turn, be measured.®’ For this assay, we selected compounds 21 and 22 based
on their consistently potent activity in the various synergy assays described above. The
bacterial strain used was E. coli BW25113 and pentamidine (1) and PMBN were taken along
as benchmarks. As illustrated in Figure 9, a clear, dose-dependent increase in the
fluorescent signal is observed for both 21 and 22, indicating effective OM disruption. In
general, both compounds appear to outperform pentamidine in their ability to disrupt
the OM with compound 22 also exhibiting a stronger effect than PMBN (see Supporting
information, Figure S19 for NPN fluorescence at higher concentrations of bis-amidines
and PMBN).
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Figure 9. Outer membrane permeabilization assay of pentamidine (1), compounds 21, 22, and PMBN
with E. coli BW25113 using N-phenyl-1-naphthylamine (NPN) as fluorescent probe. The read-out
was performed after 60 minutes of incubation using a plate reader with Aex 355 nm and Aem 420 nm.
The NPN uptake values shown are relative to the uptake signal obtained upon treating the cells with
100 pg/mL colistin as previously reported.®® All values corrected for background signal of the
negative control. Error bars represent the standard deviation based on n=3 technical replicates.
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3. Conclusion

We here describe structure-activity relationship studies aimed at delivering new insights
into the capacity for small-molecule bis-amidines to potentiate the activity of Gram-
positive specific antibiotics against Gram-negative bacteria. Inspired by the finding that
the anti-parasitic drug pentamidine disrupts the Gram-negative OM to synergize with
antibiotics like erythromycin, rifampicin, and novobiocin, we prepared a number of
structurally similar bis-amidines and characterized their synergistic potential with the
same antibiotics. Our studies confirm that the length, rigidity, and hydrophobicity of the
linker unit present in these bis-amidines play an important role in determining their
ability to potentiate Gram-positive specific antibiotics.” Also of note, however, is the
finding that the potent synergy exhibited by bis-amidines containing long, hydrophobic
linkers is likely driven by nonspecific membrane disruption as indicated by the strong
hemolytic activity associated with these analogues. Further assessment of the linker
motif also revealed that, in general, a single aromatic ring provides a desirable balance of
enhanced synergistic activity relative to pentamidine, without introducing hemolytic
activity. Further examination of the relative positioning of the benzamidine groups on
the aromatic linker and as well as the ortho-, meta-, and para-, geometry of the amidine
moieties themselves, identified compounds 21, 22, and 23b as most promising. These
compounds were found to consistently outperform pentamidine in their ability to
potentiate the activity of erythromycin, rifampicin, and novobiocin against a number of
E. coli strains including polymyxin-resistant and carbapenem-resistant variants.
Additional screening showed that among the bis-amidines here studied, compounds 21,
22, and 23b maintain their superior synergistic activity against other Gram-negative
pathogens including A. baumannii, K. pneumoniae, and P. aeruginosa. Mechanistic studies
also confirm that these bis-amidines effectively induce Gram-negative OM disruption.
Taken together, the findings here reported provide a broader understanding of the
potential for bis-amidines to be used as synergists in expanding the activity of Gram-
positive specific antibiotics against Gram-negative bacteria.
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4. Materials and methods

General procedures. All reagents employed were of American Chemical Society (ACS) grade or finer
and were used without further purification unless otherwise stated. For compound characterization,
1H NMR spectra were recorded at 400 MHz with chemical shifts reported in parts per million (ppm)
downfield relative to CHCls (7.26) or DMSO (6§ 2.50). 'H NMR data are reported in the following order:
multiplicity (s, singlet; d, doublet; t, triplet; q, quartet and m, multiplet), coupling constant (J) in hertz
(Hz) and the number of protons. Where appropriate, the multiplicity is preceded by br, indicating
that the signal was broad. ®C NMR spectra were recorded at 101 MHz with chemical shifts reported
relative to CDCls (8 77.16) or DMSO (8 39.52). HRMS analysis was performed on a Shimadzu Nexera
X2 UHPLC system with a Waters Acquity HSS C18 column (2.1 x 100 mm, 1.8 pm) at 30 °C and
equipped with a diode array detector. The following solvent system, at a flow rate of 0.5 mL/min,
was used: solvent A, 0.1 % formic acid in water; solvent B, 0.1 % formic acid in acetonitrile. Gradient
elution was as follows: 95:5 (A/B) for 1 min, 95:5 to 15:85 (A/B) over 6 min, 15:85 to 0:100 (A/B) over
1min, 0:100 (A/B) for 3 min, then reversion back to 95:5 (A/B) for 3 min. This system was connected
to a Shimadzu 9030 QTOF mass spectrometer (ESI ionisation) calibrated internally with Agilent’s
API-TOF reference mass solution kit (5.0 mM purine, 100.0 mM ammonium trifluoroacetate and 2.5
mM hexakis(1H,1H,3H-tetrafluoropropoxy)phosphazine) diluted to achieve a mass count of 10000.
Compounds 13, 14, 33, and 34 were synthesized as previously described and had NMR spectra and
mass spectra consistent with the assigned structures.*% Compounds 1, 2, 4-6, 8-11, 15, 18, 19, 21-23,
1b, 21b-23b, 39, 40, 45, 47, and 48 were synthesized using optimized protocols as described below
and gave NMR spectra and mass spectra consistent for the same compounds previously described
in literature 2229234383970 pyrity of the final compounds 1-3, 9-12, 15, 16, 21-24, 1b, 21b-23b, 1c, 21c-
23c, 37, 38, 43, and 44 was confirmed to be = 95% by analytical RP-HPLC using a Shimadzu
Prominence-i LC-2030 system with a Dr. Maisch ReproSil Gold 120 C18 column (4.6 x 250 mm, 5 pum)
at 30 °C and equipped with a UV detector monitoring at 214 nm. The following solvent system, at a
flow rate of 1 mL /min, was used: solvent A, 0.1 % TFA in water /acetonitrile, 95/5; solvent B, 0.1 %
TFA in water /acetonitrile, 5/95. Gradient elution was as follows: 95:5 (A /B) for 2 min, 95:5 to 0:100
(A/B) over 30 min, 0:100 (A/B) for 1 min, then reversion back to 95:5 (A/B) over 1 min, 95:5 (A/B) for
3 min. The compounds were purified via preparative HPLC using a BESTA-Technik system with a
Dr. Maisch Reprosil Gold 120 C18 column (25 x 250 mm, 10 um) and equipped with a ECOM Flash UV
detector monitoring at 214 nm. The following solvent system, at a flow rate of 12 mL /min, was used:
solvent A, 0.1 % TFA in water/acetonitrile 95/5; solvent B, 0.1 % TFA in water /acetonitrile 5/95.
Unless stated otherwise in the protocol, the gradient elution was as follows: 100:0 (A/B) to 0:100
(A/B) over 25 min, 0:100 (A/B) for 3 min, then reversion back to 100:0 (A/B) over 1 min, 100:0 (A/B)
for 1 min.

4.1. Synthesis
4,4'-(pentane-1,5-diylbis(oxy))dibenzimidamide /pentamidine (1) This protocol was based on the
O ~~O synthesis of structurally similar amidine containing
HN Y©/ \©YNH compounds previously described in literature.®3" 44'-
(pentane-1,5-diylbis(oxy))dibenzonitrile (94 mg, 0.3 mmol) was
dissolved in dry THF (2 mL) under argon atmosphere and
LHMDS (1.2 mL, 1 M THF solution, 4.0 eq.) was added. The reaction was stirred at room temperature
for 48 hours or longer until complete conversion to the bis-amidine (monitored by LCMS). The
solution was cooled to 0 °C and quenched with HCI (4.5 mL, 4 M dioxane solution, 60 eq.). The
mixture was stirred at room temperature overnight, then diluted with diethyl ether and filtered. The
precipitate was purified by preparative HPLC with the gradient 0-100% in 30 minutes to give
pentamidine (1) (120 mg, quant.). 'H NMR (400 MHz, DMSO-d6) § 9.14 (s, 4H), 9.06 (s, 4H), 7.81 (d, ] =
8.9 Hz, 4H), 7.15 (d, J = 8.9 Hz, 4H), 4.12 (t, ] = 6.4 Hz, 4H), 1.88 - 1.75 (m, 4H), 1.65 - 1.52 (m, 2H). 3C
NMR (101 MHz, DMSO) § 164.70, 163.06, 130.19, 119.50, 114.79, 68.05, 28.21, 22.09. HRMS (ESI):
calculated for CiyH24N4O2 [M+H]+ 3411977, found 341.1977.

NH, NH;
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4,4'-(nonane-1,9-diylbis(oxy))dibenzimidamide /nonamidine (2) Following the procedure as
OO described for compound 1, using compound 7 (100 mg, 0.28
HNY©/ @YNH mmol), LHMDS (1.5 mL, 1 M THF solution, 5.4 eq.) and HCI
NH, ni, (5 mL, 4 M dioxane solution, 71 eq.), afforded the crude
product. Purification by preparative HPLC with the
gradient 20-100% in 30 minutes afforded compound 2 (86 mg, 84%). 'H NMR (400 MHz, DMSO-ds) §
9.14 (d, J = 6.2 Hz, 8H), 7.81(d, ] = 8.9 Hz, 4H), 7.13 (d, J = 9.0 Hz, 4H), 4.07 (t, ] = 6.5 Hz, 4H), 1.78 - 1.67
(m, 4H), 1.48 - 1.27 (m, 10H). ®C NMR (101 MHz, DMSO) & 164.82, 163.12, 130.21, 119.50, 114.82, 68.16,
29.01, 28.77, 28.52, 25.47. HRMS (ESI): calculated for C23H32N+O2 [M+H]" 397.2604, found 397.2597.

4,4'-((3-phenylpentane-1,5-diyl)bis(oxy))dibenzimidamide (3) 4,4'-((3-phenylpentane-1,5-

o o} diyl)bis(oxy))dibenzonitrile (109 mg, 0.28 mmol) was dissolved
HNY©/ \©YNH in the LHMDS solution (1.1 mL, 1 M THF solution, 4.0 eq.) under
argon atmosphere. The reaction was stirred at room

e N temperature for 48 hours or longer until complete conversion
to the bis-amidine (monitored by LCMS). The solution was cooled to 0 °C and quenched with HCI
(4.5 mL, 4 M dioxane solution, 60 eq.). The mixture was stirred at room temperature overnight, then
diluted with diethyl ether and filtered. The precipitate was purified by preparative HPLC with the
gradient 20-100% in 30 minutes to give compound 3 (27.4 mg, 23%). 'H NMR (400 MHz, DMSO-ds) §
9.11(d, J = 12.6 Hz, 8H), 7.77 (d, J = 8.9 Hz, 4H), 7.34 - 7.16 (m, 5H), 7.05 (d, J = 9.0 Hz, 4H), 4.00 - 3.90
(m, 2H), 3.83 (dd, J = 15.0, 8.9 Hz, 2H), 3.14 - 3.04 (m, 1H), 2.29 - 2.16 (m, 2H), 2.13 - 2.00 (m, 2H). BC
NMR (101 MHz, DMSO) § 164.81, 162.92, 143.38, 130.21, 128.62, 127.69, 126.58, 119.64, 66.21, 38.31, 35.10.
HRMS (ESI): calculated for CasH2sN4O. [M+H]"417.2291, found 417.2287.

4,4'-(propane-1,3-diylbis(oxy))dibenzonitrile (4) These conditions were based on literature
protocols.?? 4-cyanophenol (0.29 g, 2.4 mmol, 2.4 eq.) was suspended
O 0 in dry DMF (3 mL) under argon atmosphere. The suspension was
NC/©/ \©\CN cooled to 0 °C using an ice bath and NaH (96 mg, 60% dispersion in
mineral oil, 2.4 eq.) was slowly added. The reaction was stirred until a
clear solution appeared, the ice bath was removed and 1,3-dibromopropane (202 mg, 1 mmol) was
added. The reaction mixture was heated to 80 °C for 1 hour and then cooled to room temperature.
Water (10 mL) was added to the mixture to obtain precipitation. The precipitate was filtered, washed
with water and recrystallized from EtOH to give compound 4 as white crystals (164 mg, 59%). 'H
NMR (400 MHz, CDCl3) § 7.59 (d, J = 8.9 Hz, 4H), 6.95 (d, ] = 8.9 Hz, 4H), 4.21 (t, ] = 6.0 Hz, 4H), 2.37 -
2.27 (m, 2H). ®C NMR (101 MHz, CDCls) & 162.09, 134.19, 119.26, 115.29, 104.39, 64.56, 28.96.

4,4'-(heptane-1,7-diylbis(oxy))dibenzonitrile (5) Following the procedure as described above for

O~ O compound 4, using 1,7-dibromoheptane (0.60 mL, 3.5 mmol),

NG /©/ \©\ afforded compound 5 (1.17 g, quant.). 'H NMR (400 MHz, CDCls) §

7.56 (d, ] = 8.8 Hz, 4H), 6.92 (d, ] = 8.8 Hz, 4H), 3.99 (t, ] = 6.4 Hz,

4H), 1.89 - 1.76 (m, 4H), 1.55 - 1.40 (m, 6H). *C NMR (101 MHz, CDCl:) & 162.49, 134.09, 119.42, 115.26,
103.82, 68.38, 29.14, 29.03, 26.00.

4,4'-(octane-1,8-diylbis(oxy))dibenzonitrile (6) Following the procedure as described above for
CN  compound 4, using 1,8-dibromooctane (0.64 mL, 3.5 mmol,

o\/\/\/\/\o/@ afforded compound 6 (1.10 g, 90%). '"H NMR (400 MHz,

/©/ CDCls) § 7.57 (d, J = 8.9 Hz, 4H), 6.93 (d, J = 8.9 Hz, 4H), 3.99
NC (t,J = 6.5 Hz, 4H), 1.84 - 1.77 (m, 4H), 1.51 - 1.43 (m, 4H), 1.43 -
1.35 (m, 4H). ®C NMR (101 MHz, CDCls) § 162.54, 134.12, 119.45, 115.29, 103.86, 68.46, 29.37, 29.11, 26.04.

4,4'-(nonane-1,9-diylbis(oxy))dibenzonitrile (7) Following the procedure as described above for

NP ¢) compound 4, using 1,9-dibromononane (0.71 mL, 3.5 mmol),
/O/ \O\ afforded compound 7 (1.26 g, 99%). 'H NMR (400 MHz, CDCls)
NC CN

8757 (d,J = 8.9 Hz, 4H), 6.93 (d, ] = 8.8 Hz, 4H), 3.99 (t, 1 = 6.5
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Hz, 4H), 1.86 - 1.75 (m, 4H), 1.51 - 1.41 (m, 4H), 1.40 - 1.30 (m, 6H). *C NMR (101 MHz, CDCl;) § 162.55,
134.11, 119.46, 115.29, 103.82, 68.49, 29.56, 29.39, 29.11, 26.07.

4,4'-(undecane-1,11-diylbis(oxy))dibenzonitrile (8) Following the procedure as described above for

O~ O compound 4, using 1,11-dibromoundecane (0.82 mL, 3.5

e /©/ \©\ mmol), afforded compound 8 (1.24 g, 92%). 'H NMR (400

MHz, CDCls) & 7.57 (d, J = 8.9 Hz, 4H), 6.93 (d, ] = 8.9 Hz,

4H), 3.99 (t, ] = 6.5 Hz, 4H), 1.84 - 1.75 (m, 4H), 1.49 - 1.40 (m, 4H), 1.39 - 1.28 (m, 10H). *C NMR (101
MHz, CDCls) 6 162.57, 134.11, 119.47, 115.30, 103.80, 68.53, 29.65, 29.63, 29.46, 29.12, 26.08.

4,4'-(propane-1,3-diylbis(oxy))dibenzimidamide /propamidine (9) Following the procedure as

O ~0 described above for pentamidine (1), using compound 4 (60 mg, 0.2

Y©/ \©\f mmol). After LCMS analysis of the reaction mixture at 48 hours,

LHMDS (0.2 mL, 1 M THF solution, 1 eq) was added. The HCl quench

was therefore also increased (4 mL, 4 M dioxane solution, 75 eq).

Compound 9 was obtained after HPLC purification (33 mg, 49%). 'H NMR (400 MHz, DMSO-ds) § 9.15

(d,7=9.4 Hz, 8H), 7.82 (d, ] = 8.9 Hz, 4H), 718 (d, J = 8.9 Hz, 4H), 4.27 (t, ] = 6.2 Hz, 4H), 2.24 (p, ] = 6.2

Hz, 2H). 3C NMR (101 MHz, DMSO) § 164.73, 162.82, 130.22, 119.76, 114.84, 64.84, 28.26. HRMS (ESI):
calculated for CH20N4O2 [M+H]" 313.1664, found 313.1662.

4,4'-(heptane-1,7-diylbis(oxy))dibenzimidamide /heptamidine (10) Following the procedure as
OO described above for compound 3, using compound 5 (100 mg,
HNYO/ \©YNH 0.3 mmol), LHMDS (1.5 mL, 1 M THF solution, 5 eq.) and HCI (5
mL, 4 M dioxane solution, 67 eq.), afforded compound 10 (95.3
mg, 86%). 'H NMR (400 MHz, DMSO-de) § 9.13 (d, J = 17.8 Hz,
8H), 7.81(d, J = 8.9 Hz, 4H), 7.14 (d, J = 9.0 Hz, 4H), 4.08 (t, ] = 6.5 Hz, 4H), 1.81 - 1.69 (m, 4H), 1.49 - 1.36
(m, 6H). ®C NMR (101 MHz, DMSO) § 164.80, 163.12, 130.21, 119.50, 114.82, 68.14, 28.51, 28.47, 25.43.
HRMS (ESI): calculated for C21H2sN4O2 [M+H]" 369.2290, found 369.2290.

NH, NH,

4,4'-(octane-1,8-diylbis(oxy))dibenzimidamide /octamidine (11) Following the procedure as

NH described above for compound 3, using compound 6

/@)LNHZ (100 mg, 0.29 mmol). After LCMS analysis of the

O N0 reaction mixture at 48 hours, LHMDS (0.3 mL, 1M THF

HN ﬂ solution, 1 eq) was added, bringing the total of
equivalents to 5. After an acidic quench with HCI (5 mL,

NH
: 4 M dioxane solution, 69 eq.) the reaction was stirred

overnight. HPLC purification afforded the product 11 (41 mg, 41%). 'H NMR (400 MHz, DMSO-ds) §
8.95 (br, 8H), 7.78 (d, ] = 8.9 Hz, 4H), 7.13 (d, ] = 8.9 Hz, 4H), 4.06 (t, ] = 6.5 Hz, 4H), 1.79 - 1.67 (m, 4H),
1.46 - 1.31 (m, 8H). *C NMR (101 MHz, DMSO) § 164.75, 163.19, 130.29, 119.49, 114.88, 68.22, 28.81, 28.55,
25.50. HRMS (ESI): calculated for C22H3oN4O2 [M+H]" 383.2447, found 383.2446.

4,4'-(undecane-1,11-diylbis(oxy))dibenzimidamide /undecamidine (12) Following the procedure as
OO described above for compound 3, using compound 8
HNYO/ \OYNH (98 mg, 0.25 mmol), LHMDS (1 mL, 1 M THF solution, 4
eq.) and HCI (2 mL, 4M dioxane solution, 32 eq.),

afforded the product 12 (68 mg, 64%). 'H NMR (400
MHz, DMSO-ds) § 8.96 (br, 8H), 7.79 (d, J = 8.8 Hz, 4H), 7.14 (d, J = 8.9 Hz, 4H), 4.07 (t, ] = 6.5 Hz, 4H),
1.78 - 1.67 (m, 4H), 1.44 - 1.26 (m, 14H). ®C NMR (101 MHz, DMSO) § 164.81, 163.12, 130.20, 119.48, 114.81,

68.15, 29.06, 29.02, 28.82, 28.52, 25.48. HRMS (ESI): calculated for C2sH3sN4O2 [M+H]"425.2916, found
425.2919.

NH, NH,

4-(2-bromoethoxy)benzonitrile (13) Protocol as described in literature.® 1,2-dibromoethane (4.3
NC mL, 50 mmol, 5 eq.), 4-cyanophenol (1.2 g, 10 mmol) and K2COs (4.2 g, 30 mmol,
\©\ ~_Br 3eq.)were suspended in dry DMF (20 mL) under argon atmosphere. The mixture
was stirred at 100 °C for 5 hours, cooled to room temperature and EtOAc and
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water were added. The organic layer was separated, washed with brine, dried over Na:SO4 and
concentrated in vacuo. The crude product was purified by column chromatography (petroleum
ether /EtOAc = 9:1) to afford compound 13 (0.97 g, 43%).'H NMR (400 MHz, CDCls) § 7.60 (d, J = 9.0
Hz, 2H), 6.96 (d, ] = 8.9 Hz, 2H), 4.33 (t, ] = 6.1 Hz, 2H), 3.66 (t, ] = 6.1 Hz, 2H). 3C NMR (101 MHz, CDCL)
8161.44, 134.24, 119.11, 115.44, 104.88, 68.08, 28.47.

4,4'-((thiobis(ethane-2,1-diyl))bis(oxy))dibenzonitrile (14) Protocol as described in literature.*

NC ey Compound 13 (0.96 g, 4.3 mmol, 2 eq.) and Na2S-9H:0 (0.51 g, 2.1

\©\ S /©/ mmol) were dissolved in DMSO (5 mL) and the mixture was stirred

at 115 °C under argon atmosphere. After 1 hour, the mixture was

poured into ice water (25 mL) and left for 24 hours in the fridge. The precipitate was filtered, washed

with cold water and recrystallized from EtOH to obtain compound 14 (0.65 g, 93%). 'H NMR (400

MHz, CDCl3) § 7.58 (d, ] = 8.9 Hz, 4H), 6.94 (d, ] = 8.9 Hz, 4H), 4.23 (t, ] = 6.4 Hz, 4H), 3.05 (t, ] = 6.4 Hz,
4H). BC NMR (101 MHz, CDCls) § 161.73, 134.20, 119.15, 115.31, 104.61, 68.35, 31.71.

4,4'-((thiobis(ethane-2,1-diyl))bis(oxy))dibenzimidamide (15) Following the procedure as described
O g™~ O above for compound 3, using compound 14 (100 mg, 0.31
Y©/ \©\f mmol), LHMDS (1.55 mL, 1 M THF solution, 5 eq.) and quenched
with and HCI (5.2 mL, 4 M dioxane solution, 67 eq.), afforded

the product 15 (71 mg, 64%). 'H NMR (400 MHz, DMSO-ds) §
9.00 (s, 6H), 7.81 (d, J = 8.9 Hz, 4H), 7.18 (d, ] = 8.9 Hz, 4H), 4.29 (t, ] = 6.4 Hz, 4H), 3.04 (t, ] = 6.4 Hz,

4H). BC NMR (101 MHz, DMSO) § 164.61, 162.61, 130.24, 119.80, 114.86, 68.01, 30.54. HRMS (ESI):
calculated for CisH22N402S [M+H]" 359.1541, found 359.1541.

4,4'~((sulfonylbis(ethane-2,1-diyl))bis(oxy))dibenzimidamide (16) Compound 15 (100 mg, 0.22 mmol)
O~ O was dissolved in dry DCM (10 mL) under argon atmosphere.
HNY©/ & \©YNH The solution was cooled to 0 °C using an ice bath and m-CPBA
(54 mg, 77% aqueous solution, 1.1 eq.) was added. The mixture
was stirred at 0 °C for 2 hours and then concentrated in vacuo.
After HPLC purification with a 0-100% gradient in 30 minutes to obtain compound 16 (27 mg, 32%).
'H NMR (400 MHz, DMSO-ds) § 9.18 (s, 4H), 8.99 (s, 4H), 7.83 (d, J = 8.9 Hz, 4H), 7.21 (d, J = 9.0 Hz, 4H),
4.52 (t,J=5.5 Hz, 4H), 3.79 (t, ] = 5.5 Hz, 4H). ®C NMR (101 MHz, DMSO) § 164.65, 162.00, 130.29, 120.39,
114.94, 62.19, 53.38. HRMS (ESI): calculated for CisH22N4O4S [M+H]" 391.1441, found 391.1434.

NH, NH,

4,4'-((1,2-phenylenebis(methylene))bis(oxy))dibenzonitrile (17) Following the procedure as
described above for compound 4, using 1,2-bis(bromomethyl)benzene (1.0

Q g, 3.8 mmol), afforded the title compound as crude product. No
o o precipitation occurred upon addition of water. Therefore the mixture was
concentrated under reduced pressure and the crude product was purified

Q Q by column chromatography (petroleum ether/EtOAc = 19:1) to obtain
NC cn  compound 17 (1.2 g, 96%). 'H NMR (400 MHz, CDCls) § 7.59 (d, J = 8.0 Hz, 4H),

7.46 (dd, 4H), 6.99 (d, ] = 8.0 Hz, 4H), 5.21 (s, 4H). '5C NMR (101 MHz, CDCl3) & 161.76, 134.26, 134.12,
129.56, 129.27, 119.12, 115.57, 104.79, 68.46.

4,4'~((1,3-phenylenebis(methylene))bis(oxy))dibenzonitrile (18) Following the procedure as
described  above  for  compound 4, using 13-

O\/©\/O bis(bromomethyl)benzene (0.92 g, 3.5 mmol), afforded compound

/©/ \©\ 18 (0.94 g, 79%). 'H NMR (400 MHz, CDCls) § 7.59 (d, J = 8.8 Hz, 4H),
Ne 7.50 - 7.37 (m, 4H), 7.02 (d, J = 8.8 Hz, 4H), 5.13 (s, 4H). *C NMR (101
MHz, CDCls) § 161.92, 136.51, 134.19, 129.37, 127.60, 126.52, 119.21, 115.66, 104.54, 70.09.

4,4'-((1,4-phenylenebis(methylene))bis(oxy))dibenzonitrile (19) Following the procedure as
@ @_ described above for compound 4, wusing 14-
\_©_/ bis(bromomethyl)benzene (092 g, 3.5 mmol), afforded
compound 19 as a crude product. The crude product was not
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recrystallized due to insolubility issues and was used in the next step without further purification
based on a purity assessment (NMR) (1.2 g, 97%). 'H NMR (400 MHz, DMSO-ds) § 7.78 (d, J = 8.8 Hz,
4H), 7.48 (s, 4H), 7.18 (d, ] = 8.9 Hz, 4H), 5.22 (s, 4H). ®C NMR (101 MHz, DMSO) & 161.74, 136.11, 134.24,
128.08, 119.13, 115.92, 103.05, 69.36.

4,4'-((2-benzylpropane-1,3-diyl)bis(oxy))dibenzonitrile (20) Following the procedure as described

above for compound 4, using 2,7-

o o bis(bromomethyl)naphthalene (0.20 g, 0.64 mmol), afforded

/©/ \©\ compound 20 as a crude product. The crude product was not
NC CN . . e .

recrystallized due to insolubility issues and was used in the

next step without further purification based on a purity assessment (NMR) (0.25 g, quant.). 'H NMR

(400 MHz, CDCls) 6 7.90 (d, J = 8.5 Hz, 2H), 7.87 (s, 2H), 7.60 (d, ] = 8.9 Hz, 4H), 7.54 (dd, J = 8.5, 1.7 Hz,

2H), 7.06 (d, J = 8.9 Hz, 4H), 5.29 (s, 4H). 3C NMR (101 MHz, CDCls) & 134.23, 134.04, 133.08, 128.74,

126.61, 125.65, 119.26, 115.77, 104.56, 70.42.

4,4'-((1,2-phenylenebis(methylene))bis(oxy))dibenzimidamide (21) Following the procedure as
described above for compound 3, using compound 17 (102 mg, 0.3

mmol), LHMDS (1.5 mL, 1 M THF solution, 5 eq.) and HCI (5.0 mL, 4 M

dioxane solution, 67 eq.), afforded the product 21 (63 mg, 56%). 'H NMR

° R (400 MHz, DMSO-dg) & 9.14 (s, 4H), 9.04 (s, 4H), 7.81 (d, J = 8.9 Hz, 4H),

7.55 (dd, J = 5.6, 3.4 Hz, 2H), 7.40 (dd, J = 5.7, 3.3 Hz, 2H), 7.24 (d, ] = 9.0

Hz, 4H), 5.38 (s, 4H). *C NMR (101 MHz, DMSO) § 164.70, 162.45, 134.57,

130.19, 128.82, 128.44, 120.04, 115.18, 67.51. HRMS (ESI): calculated for
C22H22N4O2 [M+H]" 375.1821, found 375.1821.

4,4'-((1,3- phenylenebis(methylene))bis(oxy))dibenzimidamide (22) Following the procedure as

described above for compound 3, using compound 18 (100 mg,

0.29 mmol), LHMDS (2.35 mL, 1 M THF solution, 8 eq.) and HCl

Y©/ \©\f (4.35 mL, 4 M dioxane solution, 60 eq.), afforded the product

22 (91 mg, 83%). 'H NMR (400 MHz, DMSO-ds) & 9.13 (s, 4H),

885(s 4H), 7.80 (d, J = 8.9 Hz, 4H), 7.56 (s, 1H), 7.44 (d, ] = 1.3

Hz, 3H), 7.23 (d, ] = 9.0 Hz, 4H), 5.24 (s, 4H). *C NMR (101 MHz, DMSO) & 164.60, 162.61, 136.67, 130.24,

127.66, 127.19, 119.90, 115.15, 69.54. HRMS (ESI): calculated for C22H22N4O2 [M+H]" 375.1821, found
375.1821.

4,4'-((1,4-phenylenebis(methylene))bis(oxy))dibenzimidamide (23) Following the procedure as
HN NH - described above for compound 3, using compound 19 (102
HZN@O@JO@NHE mg, 0.3 mmol), LHMDS (1.5 mL, 1 M THF solution, 5 eq.) and
HCI (5 mL, 4 M dioxane solution, 67 eq.), afforded the product

23 (21 mg, 19%). 'H NMR (400 MHz, DMSO-ds) 8 9.15 (s, 4H), 9.04 (s, 4H), 7.81 (d, J = 8.9 Hz, 4H), 7.50

(s, 4H), 7.23 (d, J = 9.0 Hz, 4H), 5.25 (s, 4H). BC NMR (101 MHz, DMSO) § 164.71, 162.55, 136.21, 130.20,
128.05, 119.93, 115.19, 69.34. HRMS (ESI): calculated for C22H22N4O2 [M+H]" 375.1821, found 375.1820.

4,4'-((naphthalene-2,7-diylbis(methylene))bis(oxy))dibenzimidamide (24) Following the procedure

as described above for compound 3, using compound 20

o 0 (117 mg, 0.3 mmol) and LHMDS (1.5 mL, 1 M THF solution, 5

HN Y©/ \©YNH eq.). After LCMS analysis of the reaction mixture at 48

hours, LHMDS (0.5 mL, 1M THF solution, 1.7 eq) was added.

The reaction was quenched using HCl (6 mL, 4M dioxane

solution, 80 eq.). Compound 24 was obtained in a 26% yield (33 mg). 'H NMR (400 MHz, DMSO-ds) &

9.14 (s, 4H), 9.07 (s, 4H), 8.04 - 7.95 (m, 4H), 7.82 (d, ] = 9.0 Hz, 4H), 7.61(dd, J = 8.4, 1.7 Hz, 2H), 7.29 (d,

J=9.0 Hz, 4H), 5.42 (s, 4H). ®C NMR (101 MHz, DMSO) § 164.74, 162.58, 134.48, 132.52, 132.25, 130.21,

128.15, 126.59, 126.04, 119.98, 115.27, 69.68. HRMS (ESI): calculated for CasH2aN4O2 [M+H]" 425.1977,
found 425.1977.
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3,3'-(pentane-1,5-diylbis(oxy))dibenzonitrile (25) Following the procedure as described above for

NC O~ O CN  compound 4, using 1,5-dibromopentane (0.48 mL, 3.5 mmol) and

\©/ \©/ 3-cyanophenol (1 g, 8.4 mmol), afforded compound 25 (0.68 g,

63%). 'H NMR (400 MHz, CDCl:) § 7.39 - 7.34 (m, 2H), 7.25 — 7.21 (m,

2H), 7.15 - 7.10 (m, 4H), 4.00 (t, J = 6.3 Hz, 4H), 1.93 - 1.83 (m, 4H), 1.72 - 1.61 (m, 2H). *C NMR (101 MHz,
CDCls) 6 159.19, 130.48, 124.59, 119.92, 118.91, 117.46, 113.32, 68.20, 28.90, 22.79.

3,3'-((1,2-phenylenebis(methylene))bis(oxy))dibenzonitrile (26) Following the procedure as

described above for compound 4, using 1,2-bis(bromomethyl)benzene

Q (1.0 g, 3.8 mmol) and 3-cyanophenol (1.1 g, 9.1 mmol, 2.4 eq.), afforded

o} o} the title compound as a crude product. The crude product did not

NG O @CN precipitate but had very high viscosity. During filtration a minimal

amount of acetone was used to prevent clogging. The precipitate was

collected and the filtrate was concentrated under reduced pressure to evaporate the acetone. The

precipitate in the aqueous solution was filtered again with a minimal amount of acetone. This

process was repeated three times to obtain compound 26 (1.1 g, 85%). 'H NMR (400 MHz, CDCls) §

7.53 - 747 (m, 2H), 7.45 - 7.35 (m, 4H), 7.28 - 7.27 (m, 1H), 7.26 - 7.25 (m, 1H), 7.20 - 7.16 (m, 4H), 5.18

(s, 4H). ®C NMR (101 MHz, CDCls) § 158.65, 134.27, 130.67, 129.54, 129.22, 125.21, 120.18, 118.71, 117.74,
113.49, 68.55.

3,3'-((1,3-phenylenebis(methylene))bis(oxy))dibenzonitrile (27) Following the procedure as
described above for compound 4, using 1,3-
NC Oy@yo CN  bis(bromomethyl)benzene (0.92 g, 3.5 mmol) and 3-cyanophenol
\©/ \©/ (1.0 g, 8.4 mmol, 2.4 eq.), afforded compound 27 as a crude product.
The crude product was not recrystallized due to insolubility issues
and was used in the next step without further purification based on a purity assessment (NMR) (1.2
g, quant.). 'H NMR (400 MHz, CDCls) & 7.51 - 7.34 (m, 6H), 7.28 - 7.24 (m, 2H), 7.23 - 7.17 (m, 4H), 5.11
(s, 4H). *C NMR (101 MHz, CDCl) & 158.73, 136.65, 130.56, 129.34, 127.48, 126.41, 125.02, 120.22, 118.77,
117.91, 113.38, 70.14.
NC cN  described above for compound 4, using 1,4-
Oy 0
MHz, CDCls) § 7.46 (s, 4H), 7.41 - 7.35 (m, 2H), 7.29 - 7.24 (m, 3H), 7.20

3,3'-((1,4-phenylenebis(methylene))bis(oxy))dibenzonitrile (28) Following the procedure as

@ bis(bromomethyl)benzene (0.9 g, 4 mmol) and 3-cyanophenol (1.1 g,

9.6 mmol, 2.4 eq.), produced compound 28 (1.3 g, 97%). 'H NMR (400

(m, 4H), 5.10 (s, 4H). ®*C NMR (101 MHz, CDCls) § 158.78, 136.21, 130.58, 127.96, 125.03, 120.27, 118.80,
117.93, 113.42, 70.08

3,3'-(pentane-1,5-diylbis(oxy))dibenzimidamide (1b) Following the procedure as described above for
NH NH compound 3, using compound 25 (92 mg, 0.3 mmol). LHMDS
HQNJK©/O\/\/\/O\©)LNHZ (1.5 mL, 1 M THEF solution, 5 eq.) was added and after LCMS
analysis of the reaction mixture at 48 hours, LHMDS (3.0 mL,
1 M THF solution, 10 eq.) was additionally added. A quench with HCI (5.0 mL, 4 M dioxane solution,
67 eq.), afforded the crude product. The crude product was purified using HPLC affording compound
1b (93 mg, 91%). 'H NMR (400 MHz, DMSO-ds) § 9.46 (s, 4H), 9.32 (s, 4H), 7.52 (¢, J = 8.1 Hz, 2H), 7.38
(d, ] = 6.6 Hz, 4H), 7.29 (d, J = 8.8 Hz, 2H), 4.09 (t, ] = 6.3 Hz, 4H), 1.90 - 1.74 (m, 4H), 1.68 - 1.52 (m, 2H).
3C NMR (101 MHz, DMSO) & 165.55, 158.72, 130.35, 129.48, 119.92, 113.80, 67.87, 28.29, 22.22. HRMS
(ESI): calculated for CiyH24N4O2 [M+H]" 341.1977, found 341.1977.

3,3'-((1,2-phenylenebis(methylene))bis(oxy))dibenzimidamide (21b) Following the procedure as
described above for compound 3, using compound 26 (102 mg, 0.3
mmol). LHMDS (1.5 mL, 1 M THF solution, 5 eq.) was added and after

N 0 0 NH LCMS analysis of the reaction mixture at 48 hours, LHMDS (3.0 mL,

}—@ @—/( 1M THF solution, 10 eq.) was additionally added. A quench with HCIl
HzN NH2 (5.0 mL, 4 M dioxane solution, 67 eq.), afforded the crude product.
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The crude product was purified using HPLC affording compound 21b (80.4 mg, 72%). 'H NMR (400
MHz, DMSO-ds) & 9.45 (s, 4H), 9.33 (s, 4H), 7.59 - 7.54 (m, 2H), 7.53 (s, 1H), 7.52 - 7.46 (m, 3H), 7.45 -
7.35 (m, 6H), 5.34 (s, 4H). ®*C NMR (101 MHz, DMSO) & 165.43, 158.25, 134.76, 130.37, 129.52, 128.84,
128.44, 120.46, 119.94, 114.63, 67.52. HRMS (ESI): calculated for C22H2NiO. [M+H]" 375.1821, found
375.1821.

3,3'-((1,3-phenylenebis(methylene))bis(oxy))dibenzimidamide (22b) Following the procedure as
NH described above for compound 3, using compound 27 (102
Ov©y0 mg, 0.3 mmol). LHMDS (1.5 mL, 1 M THF solution, 5 eq.) was
HzN)K©/ ﬁ“”z added and after LCMS analysis of the reaction mixture at 48
hours, LHMDS (2.0 mL, 1 M THF solution, 6.7 eq.) was
additionally added. A quench with HCI (5.0 mL, 4 M dioxane solution, 67 eq.), afforded the crude
product. The crude product was purified using HPLC affording compound 22b (88 mg, 78%). 'H NMR
(400 MHz, DMSO-ds) § 9.46 (s, 4H), 9.34 (s, 4H), 7.62 - 7.52 (m, 3H), 7.50 (s, 2H), 7.47 (s, 3H), 7.44 - 7.36
(m, 4H), 5.23 (s, 4H). ®C NMR (101 MHz, DMSO) § 165.44, 158.38, 136.84, 130.41, 129.52, 128.84, 127.59,
127.13, 120.41, 120.03, 114.43, 69.59. HRMS (ESI): calculated for Cz2H2N4O2 [M+H]" 375.1821, found
375.1821.

3,3'-[1,4-Phenylenebis(methyleneoxy)]dibenzenecarboximidamide (23b) Following the procedure

NH HN as described above for compound 3, using compound 28 (102

HaN N2 mg 0.3 mmol), LHMDS (2.4 mL, 1 M THF solution, 8 eq.) and

o} o HCI (4.5 mL, 4 M dioxane solution, 60 eq.) produced compound

— ) 23b (114 mg, quant.). 'H NMR (400 MHz, DMSO-de) § 9.30 (d, J =

19.8 Hz, 8H), 7.54 - 7.38 (m, 8H), 7.38 ~ 7.26 (m, 4H), 5.16 (s, 4H).

3C NMR (101 MHz, DMSO) § 165.40, 158.35, 136.33, 130.41, 129.51, 128.04, 120.40, 120.03, 114.47, 69.42.
HRMS (ESI): calculated for C22H22N4O. [M+H]" 375.1821, found 375.1818

2 2‘-(pentane-1 5-diylbis(oxy))dibenzonitrile (29) Following the procedure as described above for
cN  compound 4, using 1,5-dibromopentane (0.54 mL, 4 mmol) and 2-
©/ \© cyanophenol (1.14 g, 9.6 mmol, 2.4 eq.), afforded compound 29 (1.20 g,
97%). 'H NMR (400 MHz, CDCls) § 7.61 - 7.45 (m, 4H), 7.04 - 6.92 (m, 4H),
412 (t J = 6.2 Hz, 4H), 1.95 (m, 4H), 1.85 - 1.69 (m, 2H). *C NMR (101 MHz,

CDCls) 6 160.85, 134.49, 133.85, 120.77, 116.70, 112.37, 102.08, 68.88, 28.58, 22.70.

2,2'-((1,2-phenylenebis(methylene))bis(oxy))dibenzonitrile (30) Following the procedure as
described above for compound 4, using 1,2-bis(bromomethyl)benzene (0.53
Q g, 2 mmol) and 2-cyanophenol (0.57 g, 4.8 mmol, 2.4 eq.), afforded
NG O 0 SN compound 30 (0.56 g, 83%). 'H NMR (400 MHz, CDCls) § 7.62 - 7.46 (m, 6H),
7.45 - 7.36 (m, 2H), 7.15 (d, ] = 8.4 Hz, 2H), 6.99 (td, ] = 7.6, 0.9 Hz, 2H), 5.39
(s, 4H).®C NMR (101 MHz, CDCls) & 160.13, 134.72, 133.97, 133.87, 129.30,

129.05, 121.32, 116.66, 112.91, 102.09, 69.45.

2,2'-((1,3-phenylenebis(methylene))bis(oxy))dibenzonitrile (31) Following the procedure as

CN cn  described above for compound 4, using 1,3-bis(bromomethyl)benzene

0\/©V0 (0.53 g, 2 mmol) and 2-cyanophenol (0.57 g, 4.8 mmol, 2.4 eq.), afforded

compound 31 (0.60 g, 88%). 'H NMR (400 MHz, CDCls) § 7.58 (dd, J = 8.1,

1.7 Hz, 2H), 7.55 - 7.48 (m, 3H), 7.44 (m, 3H), 7.05 - 6.96 (m, 4H), 5.23 (s, 4H).

BC NMR (101 MHz, CDCls) § 160.29, 136.37, 134.51, 134.00, 129.40, 127.02, 125.20, 121.31, 116.57, 111.95,
102.53, 77.48, 77.16, 76.84, 70.49.

2,2'- ((14 phenylenebis(methylene))bis(oxy))dibenzonitrile (32) Following the procedure as
described above for compound 4, using 1,4-bis(bromomethyl)benzene

@ @ (0.92 g, 3.5 mmol), 2-cyanophenol (1.1 g, 9.6 mmol, 2.6 eq.), and NaH (0.38
\—©—/ g, 60% dispersion in mineral oil, 2.6 eq.) afforded compound 32 (1.2 g,

99%). 'H NMR (400 MHz, CDCls) § 7.59 (dd, ] = 7.6, 1.7 Hz, 2H), 7.55 - 7.44
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(m, 6H), 7.08 - 6.95 (m, 4H), 5.22 (s, 4H). ®C NMR (101 MHz, CDCls) & 160.31, 135.86, 134.46, 134.04,
127.49, 121.30, 116.55, 112.99, 102.58, 70.37.

2,2'-(pentane-1,5-diylbis(oxy))dibenzimidamide (I1c) These conditions were based on literature
HoN.___NH HNy-NHz2  protocols.”? To a suspension of compound 29 (190 mg, 0.62 mmol)
é/o\/\/\/o and DIPEA (0.56 mL, 3.2 mmol, 5 eq.) in EtOH (10 mL) was added
NH2OH-HCI (208 mg, 3 mmol, 4.8 eq.). The reaction mixture was
stirred at 85 °C overnight. The mixture was concentrated in vacuo
and the residue was dissolved in AcOH (4.2 mL) and Ac20 (0.29 mL, 3 mmol, 4.8 eq.) was added. The
reaction was stirred for 4 hours and then concentrated in vacuo. The residue was co-evaporated
with toluene three times and then suspended in AcOH (7.5 mL) under argon atmosphere. Zinc
powder (60 mg, 0.92 mmol, 1.5 eq.) was added and the mixture was stirred at 35 °C overnight. Upon
completion, the reaction mixture was filtered through Celite®, the celite was rinsed with acetone
and all collected fractions were concentrated in vacuo. The crude product purified by preparative
HPLC (gradient 20-100%, 30 minutes) to afford the final compound 1c (102 mg, 48%). 'H NMR (400
MHz, DMSO-ds)  9.32 (s, 4H), 9.12 (s, 4H), 7.60 (t,J = 7.9 Hz, 2H), 7.51 (d, J = 7.5 Hz, 2H), 7.25 (d, ] = 8.4
Hz, 2H), 7.11 (t, ] = 7.5 Hz, 2H), 4.09 (t, ] = 6.4 Hz, 4H), 1.81 (p, ] = 6.9 Hz, 4H), 1.56 (p, J = 7.6 Hz, 2H). *C
NMR (101 MHz, DMSO) & 164.64, 156.10, 133.82, 129.53, 120.35, 118.55, 113.07, 68.28, 28.01, 21.76. HRMS
(ESI): calculated for CiyH24N4O2 [M+H]" 341.1977, found 341.1972.

2,2'-((1,2-phenylenebis(methylene))bis(oxy))dibenzimidamide (21c) Following the procedure as
described above for compound 1e, using compound 30 (211 mg, 0.62

NH HN mmol), afforded compound 21c (43 mg, 18%). 'H NMR (400 MHz,

HaN 0 0 NH,  DMSO-de) § 9.46 (s, 4H), 9.24 (s, 4H), 7.67 - 7.58 (m, 4H), 7.55 (dd, J =
7.6, 1.7 Hz, 2H), 7.44 - 7.31 (m, 4H), 7.15 (td, ] = 7.5, 0.8 Hz, 2H), 5.35 (s,

4H). BC NMR (101 MHz, DMSO) & 164.75, 155.41, 134.33, 133.66, 129.61,

128.31,128.22,120.79, 119.07, 113.41, 67.37. HRMS (ESI): calculated for C22H22N4O2 [M+H]" 375.1821, found
375.1815.

22‘ ((13 phenylenebis(methylene))bis(oxy))dibenzimidamide (22¢) Following the procedure as
NHz  described above for compound 1e¢, using compound 31 (210 mg, 0.62

mmol), afforded compound 22¢ (49 mg, 21%). 'H NMR (400 MHz,

DMSO-ds) 8 9.46 (s, 4H), 9.22 (s, 4H), 7.62 (ddd, ] = 8.8, 7.4, 1.7 Hz, 2H),

7.58 - 7.42 (m, 6H), 7.33 (d, ] = 8.4 Hz, 2H), 7.15 (td, ] = 7.6, 0.8 Hz, 2H),

5.23 (s, 4H). 3C NMR (101 MHz, DMSO) § 164.69, 155.69, 136.70, 133.76, 129.65, 128.80, 127.31, 126.80,
120.77, 118. 98 113.46, 69.95. HRMS (ESI): calculated for C22H22N4O2 [M+H]" 375.1821, found 375.1816.

2 2‘ ((14 phenylenebis(methylene))bis(oxy))dibenzimidamide (23c) Following the procedure as
NH,  described above for compound 1c, using compound 32 (211 mg, 0.62

mmol), afforded compound 23c (27 mg, 12%). '"H NMR (400 MHz, DMSO-

de 6933(5 4H), 9.21 (s, 4H), 7.62 (ddd, J = 8.8, 7.4, 1.8 Hz, 2H), 7.57 - 7.49

(m, 6H), 7.33 (d, J = 8.8 Hz, 2H), 7.14 (td, J = 7.6, 0.9 Hz, 2H), 5.23 (s, 4H).

13C NMR (101 MHz, DMSO) § 164.62, 155.66, 136.23, 133.75, 129.65, 127.79,
120.72, 118.92, 113.39, 69.75. HRMS (ESI): calculated for C22H22N4O2 [M+H]" 375.1821, found 375.1816.

(5-bromo-1,3-phenylene)dimethanol (33) Protocol as described in literature.* Dimethyl 5-
HO oH bromoisophthalate (2.3 g, 8.3 mmol) was dissolved in dry DCM (25 mL) under
/\©ﬁ argon atmosphere. The solution was then cooled to 0 °C using an ice bath and

Br DIBALH (40 mL, 1 M hexane solution, 4.8 eq.) was added dropwise. The mixture

was stirred from 0 °C to room temperature for 1 hour. The reaction was quenched with Rochelle salt
(60 mL, sat. aq.) and the biphasic mixture was stirred at room temperature overnight. The layers
were separated and the aqueous layer was two times extracted with diethyl ether. The organic layers
were combined, washed with water and brine, dried over Na:SO4 and concentrated in vacuo. The
crude product was purified using column chromatography (DCM/EtOAc = 1:1) and afforded
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compound 33 (1.8 g, 96%). 'H NMR (400 MHz, MeOD) & 7.42 (s, 2H), 7.28 (s, 1H), 4.58 (s, 4H), 3.35 (s,
2H). C NMR (101 MHz, MeOD) & 145.51, 129.42, 124.82, 123.31, 64.29.

1-bromo-3,5-bis(bromomethyl)benzene (34) Protocol as described in literature.*® To a solution of
Br Br compound 33 (1.0 g, 4.6 mmol) in dry DCM (50 mL) was added PPhs (2.5 g, 9.7 mmol,
/\Qﬁ 2.1 eq.) and CBr4 (3.2 g, 9.7 mmol, 2.1 eq.) and the mixture was stirred at room
Br temperature for two hours under argon atmosphere. The reaction was quenched
with water (30 mL) and the product was extracted from the aqueous layer with DCM three times.
The combined organic layers were washed with water and brine, dried over Na:SO:s and
concentrated in vacuo. The crude product was purified by column chromatography (petroleum
ether 100%) to give compound 34 (0.87 g, 55%). 'H NMR (400 MHz, CDCls) § 7.51 - 7.45 (m, 2H), 7.34
(s, 1H), 4.53 (d, J = 4.0 Hz, 1H), 4.41 (d, J = 4.2 Hz, 3H). ®C NMR (101 MHz, CDCls) § 140.42, 140.11, 132.1,
132.09, 131.64, 128.40, 127.90, 122.83, 44.89, 31.64, 31.59.

4,4'~(((5-bromo-1,3-phenylene)bis(methylene))bis(oxy))dibenzonitrile (35) Following the procedure
NC cN  as described above for compound 4, using compound 34 (0.82 g,
\©\ /©/ 2.4 mmol), afforded compound 35 as a crude product. The crude
o/\©ﬁo product was not recrystallized due to insolubility issues and was
used in the next step without further purification based on a
purity assessment (NMR) (1.0 g, quant.). '"H NMR (400 MHz, CDCls)
57.66 - 7.57 (m, 4H), 7.57 - 7.53 (m, 2H), 7.43 - 7.33 (m, 1H), 7.04 - 6.96 (m, 4H), 5.15 - 5.05 (m, 4H). *C
NMR (101 MHz, CDCls) 6§ 161.57, 138.62, 134.25, 130.33, 124.72, 123.30, 119.09, 115.62, 104.87, 69.18.

Br

4,4'-(([1,1'-biphenyl]-3,5-diylbis(methylene))bis(oxy))dibenzonitrile (36) Conditions were based on

NC cN  protocols described in literature.*”*® Dibenzonitrile intermediate

\©\ /©/ 35(0.30 g, 0.72 mmol) was dissolved in a 3:1 mixture of THF and 2

M Na:COs (aq.) of 8 mL, respectively. Phenylboronic acid (0.13 g, 1.1

mmol, 1.5 eq.) and Pd(dppf)Cl.-DCM (58 mg, 0.07 mmol, 0.1 eq.)

O were added. The reaction mixture was heated to 65 °C for 18 hours

and then partitioned between DCM and NaHCOs (sat. aq.). The

aqueous layer was three times extracted with DCM, the organic layers were combined and dried

over Na:SOs. The solvent was evaporated under reduced pressure and the crude product was

purified using column chromatography (petroleum ether /EtOAc = 4:1) to obtain compound 36 (0.28

g, 94%). 'H NMR (400 MHz, CDCls) § 7.66 - 7.57 (m, 8H), 7.50 - 7.36 (m, 4H), 7.05 (d, ] = 8.8 Hz, 4H),

5.19 (s, 4H). ®C NMR (101 MHz, CDCls) § 161.90, 142.59, 140.22, 137.05, 134.21, 129.06, 128.03, 127.31,
126.40, 125.32, 119.19, 115.67, 104.57, 70.12.

4,4'~(((5-bromo-1,3-phenylene)bis(methylene))bis(oxy))dibenzimidamide (37) Following the

NH NH procedure as described above for compound 3, using

/©)LNH2 compound 35 (126 mg, 0.3 mmol), LHMDS (3.0 mL, 1 M THF

o solution, 10 eq.) and HCI (10 mL, 4 M dioxane solution, 133

/\Qﬁ eq.), afforded the product 37 (23 mg, 17%). 'H NMR (400 MHz,

DMSO-ds) & 9.17 (s, 3H), 9.09 (s, 3H), 7.83 (d, ] = 8.9 Hz, 4H),

7.67 (d, J = 1.1 Hz, 2H), 7.58 (s, 1H), 7.24 (d, J = 9.0 Hz, 4H), 5.27

(s, 4H). 5C NMR (101 MHz, DMSO) 5 164.78, 162.35, 139.43, 130.28, 130.05, 125.93, 121.85, 120.20, 115.20,
68.57. HRMS (ESI): calculated for C22H21BrN+O2 [M+H]"453.0926, found 453.0924.

4,4'- (([1 1'-biphenyl]-3,5- d1y1b1s(methylene))bls(oxy))dlbenmmldamlde (38)  Following  the
procedure as described above for compound 3, using

HoN nH, compound 36 (0.28 g, 0.67 mmol), LHMDS (5.4 mL, 1 M THF
o o solution, 8 eq.) and HCI (10 mL, 4 M dioxane solution, 60 eq.).

O HPLC purification using a 30-100% gradient for 30 minutes

afforded compound 38 (0.23 g, 74%). 'H NMR (400 MHz,

O DMSO-ds) 6 9.15 (d, J = 15.3 Hz, 8H), 7.83 (d, ] = 9.0 Hz, 4H),

7.76 (s, 2H), 7.69 (d, J = 7.2 Hz, 2H), 7.58 (s, 1H), 7.50 (t, ] = 7.6

96



Hz, 2H), 7.40 (t, ] = 7.3 Hz, 1H), 7.27 (d, ] = 9.0 Hz, 4H), 5.33 (s, 4H). ®C NMR (101 MHz, DMSO) & 164.83,
162.61, 140.77, 139.54, 137.54, 130.26, 129.14, 127.94, 126.84, 126.19, 126.03, 120.04, 115.25, 69.51. HRMS
(ESI): calculated for C2sH26N4O2 [M+H]"451.2135, found 451.2130.

(4-bromo-1,2-phenylene)dimethanol (39) Conditions were based on protocol reported in
Br o literature.* LAH (15 mL, 1 M THF solution, 2 eq.) and ZnCl: (0.61 g, 4.5 mmol, 0.6 eq.)
\©COH were suspended in dry THF (30 mL) and cooled to 0 °C, then 4-bromophthalic
anhydride (1.7 g, 7.5 mmol) was slowly added. The mixture was stirred at room
temperature for 6 hours under argon atmosphere. The mixture was cooled to 0 °C and quenched
with Rochelle salt (30 mL, sat. aq.) and the biphasic mixture was stirred at room temperature
overnight. The layers were separated and the aqueous layer was extracted with diethyl ether two
times and the combined organic layers were washed with water and brine, dried over Na:SOs and
concentrated in vacuo. The crude product was purified by column chromatography (DCM /EtOAc =
1:1) to give compound 39 (1.5 g, 95%). 'H NMR (400 MHz, CDCls) § 7.48 (d, J = 2.1 Hz, 1H), 7.42 (dd, J =
8.0, 2.1 Hz, 1H), 7.18 (d, ] = 8.0 Hz, 1H), 4.62 (d, J = 2.6 Hz, 4H), 3.20 (s, 2H). *C NMR (101 MHz, CDCl;) §
141.49, 138.18, 129.88, 128.77, 127.92, 122.30, 64.53, 64.40, 64.31, 63.49, 63.47, 31.08, 23.80.

4-bromo-1,2-bis(bromomethyl)benzene (40) Following the procedure described for compound 34,

Br g using compound 39 (1.5 g, 7.0 mmol) as starting material, afforded compound 40 (1.8

\©C8r g, 74%). 'H NMR (400 MHz, CDCL3) 6 7.52 (d, J = 2.1 Hz, 1H), 7.43 (dd, J = 8.2, 2.1 Hz, 1H),

7.24 (d, ] = 8.2 Hz, 1H), 4.59 (s, 2H), 4.58 (s, 2H). *C NMR (101 MHz, CDCl:) & 138.65,

135.67,134.02, 132.69, 132.58, 131.24, 129.60, 123.17, 66.00, 42.46, 42.32, 30.14, 29.32, 29.12, 29.00, 28.83,
15.43.

4,4'~(((4-bromo-1,2-phenylene)bis(methylene))bis(oxy))dibenzonitrile (41) Following the procedure
cN  as described above for compound 4, using compound 40 (0.80 g, 2.3 mmol),

Br /©/ afforded compound 41 as a crude product. The crude product was not
\©Cg recrystallized due to insolubility issues and was used in the next step
\©\ without further purification (1.1 g, quant.). 'H NMR (400 MHz, CDCls) § 7.67

oN  (d,]=21Hz, 1H), 7.62 - 7.57 (m, 4H), 7.54 (dd, ] = 8.1, 2.1 Hz, 1H), 7.37 (d, ] = 8.1

Hz, 1H), 6.99 (dd, J = 8.9, 4.6 Hz, 4H), 5.15 (d, J = 6.0 Hz, 4H). ®C NMR (101 MHz, CDCls) § 161.46, 136.30,
134.29, 134.27, 132.83, 132.15, 132.10, 131.05, 129.52, 129.23, 123.21, 118.99, 115.52, 105.06, 104.99, 67.83,
67.51.

4,4'~(([1,1'-biphenyl]-3,4-diylbis(methylene))bis(oxy))dibenzonitrile (42) Following the procedure as
cN  described above for compound 36, using compound 41(0.33 g, 0.79 mmol),

o /©/ a 3:1 mixture of THF and 2M Na:COs (aq.) (8.0 mL), phenylboronic acid
(0.13 g, 1.1 mmol, 1.5 eq.) and Pd(dppf)Clo-DCM (58 mg, 0.07 mmol, 0.1 eq)

afforded compound 42 (0.28 g, 84%). 1H NMR (400 MHz, CDCls) & 7.72 (s,

1H), 7.66 - 7.57 (m, 8H), 7.49 - 7.44 (m, 2H), 7.41 - 7.36 (m, 1H), 7.04 - 7.00

(m, 4H), 5.25 (d, ] = 7.1 Hz, 4H). °C NMR (101 MHz, CDCls)  161.76, 142.35, 140.07, 134.61, 134.27, 132.94,
130.17, 129.54, 129.26, 129.09, 128.37, 128.04, 127.82, 127.27, 119.11, 115.58, 104.84, 104.80, 68.55, 68.27.

4,4'~(((4-bromo-1 2-phenylene)b1s(methylene))bls(oxy))dlbenz1m1dam1de (43) Following the

procedure as described above for compound 1c, using compound 41 (172

NH, mg, 0.41 mmol), affording compound 43 (72 mg, 39%). 'H NMR (400 MHz,

Br o DMSO-ds) 6 9.14 (d, J = 18.5 Hz, 8H), 7.82 (dd, J = 9.0, 3.2 Hz, 4H), 7.77 (d, ] =

\©Co 2.1Hz, 1H), 7.62 (dd, J = 8.2, 2.1 Hz, 1H), 7.51(d, ] = 8.3 Hz, 1H), 7.33 - 7.20 (m

\©YNH 4H), 5.37 (d, J = 10.1 Hz, 4H). ®C NMR (101 MHz, DMSO- ds) & 164.76, 164.74,

162.24, 162.17, 137.22, 133.96, 13116, 131.01, 130.76, 130.25, 130.21, 121.48,

120.32, 120.23, 115.22, 66.83, 66.59, 40.15, 39.94, 39.73, 39.52, 39.31, 39.10,
38.89. HRMS (ESI): calculated for C22Ha1BrN+O2 [M+H]"453.0926, found 453.0923.
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4,4'-(([1,1'-biphenyl]-3,4-diylbis(methylene))bis(oxy))dibenzimidamide =~ (44) Following the

NH procedure as described above for compound 3, using compound 42

/@)LNHZ (0.28 g, 0.66 mmol), LHMDS (5.4 mL, 1 M THF solution, 8 eq.) and HCI

o (10 mL, 4 M dioxane solution, 60 eq.), afforded the crude product. The

O o crude product was purified using HPLC with a 30-100% gradient for

\©YNH 30 minutes to obtain the pure compound 44 (35 mg, 12%). 'H NMR (400

MHz, DMSO-ds) § 9.14 (d, ] = 5.2 Hz, 4H), 9.00 (d, ] = 4.8 Hz, 4H), 7.88 (d,

NHz  J=2.0 Hz, 1H), 7.81(dd, ] = 8.9, 3.2 Hz, 4H), 7.72 - 7.61 (m, 4H), 7.48 (t, ] =

7.6 Hz, 2H), 7.39 (t, ] = 7.3 Hz, 1H), 7.28 (t, ] = 8.6 Hz, 4H), 5.44 (d, ] = 10.4 Hz, 4H).3C NMR (101 MHz,

DMSO) § 164.72, 162.49, 162.45, 140.20, 139.34, 135.20, 133.89, 130.25, 129.56, 129.11, 127.37, 126.75,

120.10, 120.08, 115.26, 115.23, 67.64, 67.31. HRMS (ESI): calculated for C2sH26N+O2 [M+H]"451.2135, found
451.2129.

4.2. Antimicrobial assays

All compounds were screened for antimicrobial activity against E. coli BW25113. A select group of the
pentamidine analogues was further tested against E. coli ATCC25922, E. coli W3110, E. coli 552060.1,
E. coli BW25113 transformed with pGDP2-mcr-1 (the plasmid was a gift from Gerard Wright
(Addgene plasmid # 118404 ; http:/ /n2t.net /addgene:118404 ; RRID:Addgene_118404)%%), E. coli mcr-
1, E. coli EQASmcr-1(EQAS 2016 412016126), E. coli EQASmcr-2 (EQAS 2016 KP37), E. coli EQASmcr-3
(EQAS 2017 2013-SQ352), E. coli RC0089, K. pneumoniae ATCC13883, P. aeruginosa ATCC27853 and
A. baumannii ATCC17978. The antimicrobial assay was performed according to CLSI guidelines.
Bacteria were plated out directly from their glycerol stocks on blood agar plates, incubated
overnight at 37 °C, and then kept in the fridge. The blood agar plates were only used for 2 weeks and
then replaced.

4.3. MIC assays

A single colony from a blood agar plate was inoculated in Lysogeny Broth (LB) at 37 °C until a 0.5
optical density at 600nm (ODsoo) was reached (compared to the sterility control of LB). The bacterial
suspension was diluted in fresh LB to 2.0 x 10¢ CFU/mL. The serial dilutions were prepared in
polypropylene microtiter plates: a stock of the test compounds was prepared with a 2x final
concentration in LB. 100 pl of the stock was added to the wells of the top row of which 50 pl was
used for the serial dilution. The bottom row of each plate was used as the positive (50 pl of LB) and
negative controls (100 pl of LB) (6 wells each). 50 pl of the 2.0 x 10® CFU/mL bacterial stock was
added to each well except for the negative controls, adding up to a total volume of 100 ul per well.
The plates were sealed with a breathable seal and incubated for 20 hours at 37 °C and 600 rpm. The
MIC was visually determined after centrifuging the plates for 2 minutes at 3000 rpm.

4.4. Checkerboard assays

Dilution series of both the test compound and antibiotic to be evaluated was prepared in LB media.
To evaluate synergy, 25 uL of the test compound solutions were added to wells containing 25 pL of
the antibiotic solution. This was replicated in three columns for each combination so as to obtain
triplicates. To the resulting 50 uL volume of antibiotic + test compound was next added 50 pL of
bacterial stock (See MIC assays) and the plates sealed. After incubation for 20 hours at 37 °C while
shaking at 600 rpm, the breathable seals were removed and the plates shaken using a bench top
shaker to ensure even suspension of the bacterial cells as established by visual inspection. The plates
were then transferred to a Tecan Spark plate reader and following another brief shaking (20 seconds)
the density of the bacterial suspensions measured at 600 nm (OD600). The resulting OD600 values
were transformed to a 2D gradient to visualize the growth/no-growth results. The FICI was
calculated using Equation 1, with an FICI <0.5 indicating synergy.*
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MSCone | MSCon

FICI =
MIC.pe  MICyyy

)

Equation 1. Calculation of FICI. MSCan: = MIC of antibiotic in combination with synergist; MICan: =
MIC of antibiotic alone; MSCsyn = MIC of synergist in combination with antibiotic; MICsyn = MIC of
synergist alone. In cases where the MIC of the antibiotic or synergist was found to exceed the
highest concentration tested, the next highest concentration in the dilution series was used in
determing the FICI and the result reported as < the calculated value.

4.5. Hemolysis assays

The hemolytic activity of each analogue was assessed in triplicate. Red blood cells from defibrinated
sheep blood obtained from Thermo Fisher were centrifuged (400 g for 15 minutes at 4°C) and washed
with Phosphate-Buffered Saline (PBS) containing 0.002% Tween20 (buffer) for five times. Then, the
red blood cells were normalized to obtain a positive control read-out between 2.5 and 3.0 at 415 nm
to stay within the linear range with the maximum sensitivity. A serial dilution of the compounds (200
- 6.25 ug/mL, 75 puL) was prepared in a 96-well plate. The outer border of the plate was filled with
75 pL buffer. Each plate contained a positive control (0.1% Triton-X final concentration, 75 pL) and
a negative control (buffer, 75 pL) in triplicate. The normalized blood cells (75 uL) were added and the
plates were incubated at 37 °C for 1 hour or 20 hours while shaking at 500 rpm. A flat-bottom plate
of polystyrene with 100 pL buffer in each well was prepared. After incubation, the plates were
centrifuged (800 g for 5 minutes at room temperature) and 25 pL of the supernatant was transferred
to their respective wells in the flat-bottom plate. The values obtained from a read-out at 415 nm
were corrected for background (negative control) and transformed to a percentage relative to the
positive control.

4.6. Membrane permeability assay using N-phenylnaphthalen-1-amine (NPN)

The assay was performed based on protocols adapted from those described in literature.t”%® Bacteria
were inoculated overnight at 37 °C in LB, diluted the next day 50x in LB and grown to ODsoo of 0.5.
The bacterial suspension was then centrifuged for 10 minutes at 1000 g at 25 °C. The pellet of
bacteria was suspended in 5 mM HEPES buffer containing 20mM glucose to a final concentration of
ODsoo of 1.0. The compounds were serial diluted (25 pL) in triplicate in a black %2 area clear-bottom
96-well plate. 100 ug/mL final concentration of colistin in triplicate served as the positive control.
Three wells were filled with 25 pL buffer to serve as the negative control. Additional controls of the
compounds were made in triplicate using 25 pl of the highest concentration to detect interactions
of the compounds with NPN in the absence of bacteria. A stock of 0.5 mM of NPN in acetone was
prepared and diluted 12.5x in the buffer. 25 pL of the NPN solution was added to each well. 50 pL of
the 1.0 ODeoo bacterial stock was then added to each well except for the controls of the compounds
with NPN. To these wells 50 uL of buffer was added. After 60 minutes the plate was measured using
Tecan plate reader with Aex 355 nm #20 nm and Aem 420 nm +20 nm. The fluorescence values obtained
were then transformed into a NPN uptake percentage using the following equation 2:

NPN uptake (%) = (Fobs = Fo) / ( Fioo - Fo ) x 100%, 2)

Equation 2: NPN uptake. The observed fluorescence (Fobs) is corrected for background using the
negative control (Fo). This value is divided by the positive control corrected for background (Fioo -
Fo) and multiplied by 100% to obtain the percentage NPN uptake.®7
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Synthesis
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Scheme S1. Synthesis of pentamidine (1). Reagents and conditions: (a) 4-Cyanophenol, NaH, DMF,
80°C, 1h (78%); (b) i) LHMDS, THF, 48h, rt, ii) 4M HCI (dioxane), 0°C to rt, overnight (quant.).

4,4'-(pentane-1,5-diylbis(oxy))dibenzonitrile (45) 4-cyanophenol (1.14 g, 9.6 mmol, 24 eq.) was
O~~~ O suspended in dry DMF (12 mL) under argon atmosphere. The
NG /©/ \©\CN suspension was cooled to 0 °C using an ice bath and NaH (384 mg,
60% dispersion in mineral oil, 2.4 eq.) was slowly added. The
reaction was stirred until a clear solution appeared, the ice bath was removed and 1,5-
dibromopentane (0.92 g, 4.0 mmol) was added. The reaction mixture was heated to 80 °C for 1 hour
and then cooled to room temperature. Water (35 mL) was added to the mixture to obtain
precipitation. The precipitate was filtered, washed with water and recrystallized from EtOH to give
compound 45 as white crystals (0.95 g, 78%). 'H NMR (400 MHz, CDCls) § 7.57 (d, J = 8.9 Hz, 4H), 6.93
(d, J = 8.9 Hz, 4H), 4.03 (t, J = 6.3 Hz, 4H), 1.93 - 1.84 (m, 4H), 1.72 - 1.61 (m, 2H). ®C NMR (101 MHz,
CDCls) 6 162.37, 134.09, 119.36, 115.24, 103.91, 68.14, 28.81, 22.73.

4,4'-(pentane-1,5-diylbis(oxy))dibenzimidamide (1) Compound 45 (94 mg, 0.3 mmol) was dissolved
in dry THF (2 mL) under argon atmosphere and LHMDS (1.2 mL,

o o)
hinging 1M THF solution, 4.0 eq.) was added. The reaction was stirred
HN NH " at room temperature for 48 hours or longer until complete
NH, NH;  conversion to the bis-amidine (monitored by LCMS). The

solution was cooled to 0 °C and quenched with HCI (4.5 mL, 4 M dioxane solution, 60 eq.). The
mixture was stirred at room temperature overnight, then diluted with diethyl ether and filtered. The
precipitate was purified by preparative HPLC with the gradient 0-100% in 30 minutes. The samples
were analyzed and the combined pure fractions were dried to give pentamidine (1) (120 mg, quant.).
'H NMR (400 MHz, DMSO-ds) § 9.14 (s, 3H), 9.06 (s, 3H), 7.81 (d, J = 8.9 Hz, 4H), 7.15 (d, ] = 8.9 Hz, 4H),
412 (t,J=6.4 Hz, 4H), 1.88 - 1.75 (m, 4H), 1.65 - 1.52 (m, 2H). *C NMR (101 MHz, DMSO) § 164.70, 163.06,
130.19, 119.50, 114.79, 68.05, 28.21, 22.09. HRMS (ESI): calculated for CiyH24N4O2 [M+H]" 3411977, found

341.1977.
OO
/©/O\/\/\/O\©\ a/b Y©/ \©\f
— HN NH
NC CN

45 NH, 1 NH,

Scheme S2. Exploration of the optimal acidic quench. Reagents and conditions: (a) i) LHMDS, THF,
48h, ii) 2M HCI (aq), 0°C to rt, overnight (68%) or (b) i) LHMDS, THF, 48h, ii) sat. ethanolic HCI, 0°C
to rt, overnight (9%).
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4,4‘-(pentane-1,5-diylbis(oxy))dibenzimidamide (1) using 2M HCI (aq) Following the procedure as
described for compound 1 except for using 2 M HCl (aq) (20 mL)

as acidic quench afforded pentamidine (1) (71 mg, 68%). 'H NMR

(400 MHz, DMSO-ds) 6 9.14 (s, 4H), 9.06 (s, 4H), 7.81 (d, ] = 8.9

NH,  Hz, 4H), 715 (d, ] = 8.9 Hz, 4H), 412 (t, ] = 6.4 Hz, 4H), 1.88 - 1.75

(m 4H) 1.65 - 1.52 (m, 2H). ®C NMR (101 MHz, DMSO) § 164.70, 163.06, 130.19, 119.50, 114.79, 68.05,
28.21, 22.09. HRMS (ESI): calculated for CioH24N4O2 [M+H]" 341.1977, found 341.1977.

4,4'-(pentane-1,5-diylbis(oxy))dibenzimidamide (1) using sat. ethanolic HCl Following the

OO procedure as described for compound 1 except for using

freshly prepared sat. ethanolic HCI (20 mL) as acidic quench

HNﬁ/©/ ©\fN” afforded pentamidine (1) (9 mg, 9%). 'H NMR (400 MHz, DMSO-

NH, NH,  dg) 6 9.14 (s, 4H), 9.06 (s, 4H), 7.81 (d, J = 8.9 Hz, 4H), 7.15 (d, ] =

8.9 Hz, 4H), 4.12 (t, ] = 6.4 Hz, 4H), 1.88 - 1.75 (m, 4H), 1.65 - 1.52 (m, 2H). ®C NMR (101 MHz, DMSO) &

164.70, 163.06, 130.19, 119.50, 114.79, 68.05, 28.21, 22.09. HRMS (ESI): calculated for Ci9H24N4O2 [M+H]"
341.1977, found 341.1977.

HO OH _o o HO OH Br Br
a b c
0 o > 0 o) » >
46 47 48
L OO, hOGs
— —
NC cN HN NH
NH, NH,

Scheme S3. Synthesis of 4,4'-((3-phenylpentane-1,5-diyl)bis(oxy))dibenzimidamide (3). Reagents and
conditions: (a) H2SOs, MeOH, 70°C, overnight (91%); (b) DIBAL-H, DCM, 0°C, 1 hour (quant.); (c) NBS,
PPhs, DCM, 0°C to rt, 2 hours (62%) (d) 4-Cyanophenol, NaH, DMF, 80°C, 1h (89%); (e) i) LHMDS, THF,
48h, ii) 4M HCI (dioxane), 0°C to rt, overnight (23%).

Dimethyl 3-phenylpentanedioate (46) 3-phenylpentanedioic acid (1.04 g, 5 mmol) was dissolved in

_O o MeOH (20 mL) and a few drops of H2SOs were added to the solution. The reaction

o o) mixture was refluxed at 70 °C overnight, concentrated in vacuo and redissolved

in DCM (50 mL). The organic layer was washed with water (4 mL) five times. The

organic layer was then washed with brine, dried over Na2SO4 and concentrated

in vacuo. The crude product was purified using column chromatography (petroleum ether /EtOAc =

17:3) to give dimethyl ester 46 (1.08 g, 92%). 'H NMR (400 MHz, CDCls) § 7.33 - 7.26 (m, 2H), 7.25 - 7.18

(m, 3H), 3.70 - 3.61 (m, 1H), 3.59 (s, 6H), 2.73 (dd, J = 15.6, 7.2 Hz, 2H), 2.65 (dd, J = 15.6, 7.9 Hz, 2H). *C
NMR (101 MHz, CDCls) § 172.19, 142.67, 128.74, 127.28, 127.10, 51.75, 40.53, 38.36.

3-phenylpentane-1,5-diol (47) Dimethyl ester 46 (1.07 mg, 4.5 mmol) was dissolved in dry DCM (12.5
HO oH mL) under argon atmosphere. The mixture was cooled to 0 °C using an ice bath.
DIBAL-H (21.7 mL, IM dioxane solution, 4.8 eq.) was added dropwise to the cooled
solution and stirred for 1 hour. The reaction was quenched with Rochelle salt (30
mL, sat. aq.) and the biphasic mixture was stirred at room temperature overnight.
The layers were separated and the aqueous layer was extracted two times with diethyl ether. The
organic layers were combined, washed with water and brine, dried over Na2SO4 and concentrated
in vacuo. The diol 47 (863 mg, quant.) was used in the next step without further purification. '"H NMR
(400 MHz, CDCl) § 7.34 - 7.27 (m, 2H), 7.24 - 7.15 (m, 3H), 3.62 - 3.52 (m, 2H), 3.52 - 3.43 (m, 2H), 2.98
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- 2.84 (m, 1H), 2.01 - 1.79 (m, 4H). ®C NMR (101 MHz, CDCls) & 144.48, 128.80, 127.73, 126.63, 61.04, 39.55,
38.94.

(1,5-dibromopentan-3-yl)benzene (48) Compound 47 (400 mg, 2.2 mmol) was dissolved in dry DCM
Br Br (10 mL), PPhs (146 g, 5.5 mmol, 2.5 eq.) was added, and the mixture under argon was

cooled to 0 °C using an ice bath. N-bromosuccinimide (0.65 g, 5.5 mmol, 2.5 eq.)

was added portion wise. After the addition, the ice bath was removed and the

reaction was stirred at room temperature for 2 hours. The reaction mixture was
concentrated under reduced pressure and the crude product was purified by column
chromatography (petroleum ether /EtOAc = 99:1) to give compound 48 (415 mg, 62%). 'H NMR (400
MHz, CDCls) 6 7.34 - 7.33 (m, 3H), 7.22 - 7.16 (m, 2H), 3.28 (ddd, J = 10.0, 6.6, 5.5 Hz, 2H), 3.21 - 2.94
(m, 3H), 2.20 - 2.13 (m, 4H). *C NMR (101 MHz, CDCls) (including PPh3=0 peaks) & 134.00, 133.81,
132.37, 132.27, 129.09, 129.05, 128.78, 128.74, 128.67, 127.88, 127.23, 42.79, 39.34, 31.54.

4,4'-((3-phenylpentane-1,5-diyl)bis(oxy))dibenzonitrile (49) Following the procedure as described
above for compound 45, using compound 48 (500 mg, 1.6 mmol),

/©/ \©\ afforded crude compound 49 (546 mg, 89%). The crude product
was used in the next step without further purification. 'H NMR

(400 MHz, CDCls) & 7.51 - 7.40 (m, S5H), 7.24 - 7.24 (m, 2H), 7.12 -

7.08 (m, 2H), 6.82 - 6.67 (m, 4H), 381(ddd J1=94,6.6,4.9 Hz, 2H), 3.72 (ddd, J = 94, 8.1, 6.0 Hz, 2H),
3.11-2.96 (m 1H), 2.24 - 2.12 (m, 2H), 2.09 - 1.98 (m, 2H). ®C NMR (101 MHz, CDCls) § 162.23, 142.69,

137.35, 137.24, 134.08, 133.96, 133.77, 128.84, 128.66, 128.59, 127.69, 127.13, 119.34, 115.25, 104.02, 66.21,
39.00, 36.00, 29.84.

4,4'-((3-phenylpentane-1,5-diyl)bis(oxy))dibenzimidamide (3) Compound 49 (109 mg, 0.28 mmol)

was dissolved in the LHMDS solution (1.1 mL, 1 M THF solution,
Y©/ \©Y 4.0 eq.) under argon atmosphere. The reaction was stirred at
room temperature for 48 hours or longer until complete

conversion to the bis-amidine (monitored by LCMS). The
solution was cooled to 0 °C and quenched with HCI (4.5 mL, 4 M dioxane solution, 60 eq.). The
mixture was stirred at room temperature overnight, then diluted with diethyl ether and filtered. The
precipitate was purified by preparative HPLC with the gradient 20-100% in 30 minutes. The samples
were analyzed and the combined pure fractions were dried to give compound 3 (27.4 mg, 23%). 'H
NMR (400 MHz, DMSO-ds) & 9.1 (d, ] = 12.6 Hz, 8H), 7.7 (d, ] = 8.9 Hz, 4H), 7.34 - 7.16 (m, 5H), 7.05 (d,
J=9.0 Hz, 4H), 4.00 - 3.90 (m, 2H), 3.83 (dd, J = 15.0, 8.9 Hz, 2H), 3.14 - 3.04 (m, 1H), 2.29 - 2.16 (m
2H), 2.13 - 2.00 (m, 2H). *C NMR (101 MHz, DMSO) § 164.81, 162.92, 143.38, 130.21, 128.62, 127.69, 126.58,
119.64, 66.21, 38.31, 35.10. HRMS (ESI): calculated for CasH2sN4O2 [M+H]" 417.2291, found 417.2287.
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0 31 63 13 25 50 100 200
43 (ug/ml)




Erythromycin (ug/ml)

Erythromycin (ug/ml)
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Figure S1. Checkerboard assays of the compounds and PMBN in combination with erythromycin
versus E. coli BW25113. OD600 values were measured using a plate reader and transformed to a
gradient: purple represents growth, white represents no growth. In each case, the bounded box in

the checkerboard assays indicates the minimal synergistic concentration (MSC) of compound and
antibiotic resulting in the lowest FICI.
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Table S1. Synergistic data of compounds and PMBN of the checkerboard assays with erythromycin
as shown in Figure S1. All minimal inhibitory concentrations (MICs) and minimal synergistic
concentrations (MSCs) are in ug/mL.

Structures MIC MSC MIC MSC FICI
ery ery

SN
1 " Y© ©Y 200 50 100 25 0.500
NH, NH,
OO
2 Y© ©Y >25 313 >100 625  <0.094
NH, NH,
0. 0.
3 YQ vgm >200 12,5 >100 625  <0.063
NH; NH,
O _~_0O
9 Y©/ @Y 200 50 100 25 0.500
NH, NH,

OO
10 HNY©/ \©YNH >100 12.5 100 6.25 <0.125

NH, NH,
NH
dNHQ
1 O >25 6.25 >100 6.25 <0.156
HN
NH,
SN S S
12 HNy@ \QYNH >25 6.25 >100 1.56 <0.133
NH, NH,
O g0
15 HNy@ \©\fNH >200 50 100 25 <0.375
NH, NH;

O\A//S\\/\/O
16 Y© do @Y >200 3.13 50 50 >0.5°

21 p Q: >200 25 100 6.25 <0.125
22 w AT

HN, NH
23 ; JL@‘L@J@%NHZ >200 100 >100 25 <0313

24 " Y@(
1b *@M@* >200 100 >100 25 <0.375

W@YNH >200 25 >100 6.25 <0.094

QYN” >200 25 >100 6.25 <0.094
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21b HN :(o >: NH
HN NH,
22b HZN)K©/OV©\/O\©)H\AHZ
HN NH,
w o T
1c é/OW\/O\é
NH Q HN
21c

HoN__NH HN_NH,

22¢ ﬁFT&VL:lVDT?i
NH HN:

BN A

HZNJ\@

37 o

38

o o g

44 ;i?§
o

PMBN

>200

>200

>200

>200

>200

>200

>200

>100

>100

200

200

>200

100

50

50

nd.

nd.

nd.

nd.

6.25

6.25

12.5

3.13

25

>100

>100

>100

>100

>100

>100

>100

>100

>100

>100

>100

200

12.5

25

25

nd.

nd.

nd.

nd.

6.25

313

6.25

12.5

12.5

<0.313

<0.250

<0.250

>0.5?

>0.5?

>0.5?

>0.5?

<0.063

<0.047

<0.094

<0.078

<0.125

2Synergy is defined as FICI <0.5.2!
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Checkerboard assays and FICI data against E. coli BW25113 with rifampicin

Rifampicin (ug/ml)

0 31 63 13 25 50 100 200
Pentamidine (pg/ml)

Rifampicin (ug/ml)

0 04 08 16 31 63 13 25
2 (ug/m))

Rifampicin (ug/ml)

0 31 63 13 25 50 100 200

3 (ug/m))

Rifampicin (pg/ml)

0 31 63 13 25 50 100 200
9 (ug/ml)

Rifampicin (ug/ml)

0 31 63 13 25 50 100 200
10 (ug/ml)

Rifampicin (ug/ml)

0 04 08 16 31 63 13 25
11 (ug/ml)

Rifampicin (ug/ml)

0 04 08 16 31 63 13 25
12 (ug/m))

Rifampicin (ug/ml)

0 31 63 13 25 50 100 200
15 (ug/ml)

Rifampicin (ug/ml)

0 31 63 13 25 50 100 200

16 (ug/m))

Rifampicin (pg/ml)

31 63 13 25 50 100 200
21 (ug/ml)
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Rifampicin (ug/ml)

0

31 63 13 25 50 100 200
23 (ug/ml)




Rifampicin (pg/ml)
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Rifampicin (ug/ml)

0 31 63 13 25 50 100 200

1b (pg/ml)

Rifampicin (ug/ml)

0 31 63 13 25 50 100 200
21b (ug/ml)

Rifampicin (ug/ml)

0 31 63 13 25 50 100 200

22b (ug/ml)

Rifampicin (ug/ml)

0 31 63 13 25 50 100 200

23b (ug/ml)

Rifampicin (ug/ml)

0 31 63 13 25 50 100 200
1e (pg/ml)

Rifampicin (pg/ml)

0 31 63 13 25 50 100 200
21c (ug/ml)

Rifampicin (ug/ml)

0 31 63 13 25 50 100 200

22c¢ (ug/ml)

Rifampicin (ug/ml)

0 31 63 13 25 50 100 200
23c¢ (ug/ml)

Rifampicin (ug/ml)

0 31 63 13 25 50 100 200
37 (ug/ml)

Rifampicin (ug/ml)

0

16 3.1 63 13 25 50 100
38 (ug/ml)

Rifampicin (ug/ml)

0 31 63 13 25 50 100 200
43 (ug/ml)
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Rifampicin (ug/ml)

Rifampicin (ug/ml)

0 31 63 13 25 50 100 200
44 (ug/ml)

0 31 63 13 25 50 100 200
PMBN (ug/ml)

Figure S2. Checkerboard assays of the compounds and PMBN in combination with rifampicin versus
E. coli BW25113. OD600 values were measured using a plate reader and transformed to a gradient:
purple represents growth, white represents no growth. In each case, the bounded box in the

checkerboard assays indicates the minimal synergistic concentration (MSC) of compound and
antibiotic resulting in the lowest FICI.
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Table S2. Synergistic data of compounds and PMBN of the checkerboard assays with rifampicin as
shown in Figure S2. All minimal inhibitory concentrations (MICs) and minimal synergistic
concentrations (MSCs) are in pg/mL.

Structures MIC MSC MICrif MSC rif FICI

OO
1 HNY@V @YNH 200 50 12 15 0.375
NH, NH,
OO
2 HNYQ @YNH >25 3.13 6 0.19 <0.094

N NH,

Hy
0. 0.

3 w I vg Tl 5200 125 6 019 <0.063

NH; NH,

0O

9 w AT >200 100 12 3 <0500

NH, NH,

OO

10 w T 200 125 12 019 0.078

NH; NH,

NH,
! Y© Owod 25 313 12 0.75 <0125
HN.

NH,

OO
12 HNY©/ \©YNH >25 3.13 12 0.19 <0.078
N NH,

H,
O ~g O
15 HNy©/ @YNH >200 100 6 1.5 <0.500
NH, NH,
OO
16 HNﬁ/©/ go @YNH >200 3.13 6 6 >0.52
NH, NH,

21 p QF >200 25 12 038  <0.094
22 " Y© ©Y >200 50 12 0.75 <0.188

23 @@@4 200 25 6 15 0.375

24 " Y@( QYN” 200 313 12 0.19 0.031

1b *@M@* >200 100 12 15 <0.375

21b ™ Eoﬂoz - >200 100 6 0.38 <0.313
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PMBN

22b

23b

1c

21c

22¢

23c

37

38

43

44

NH NH
HQN)K©/Ov©\/O\E>)kNHQ >200
HN,

HN NH,
2SS e
HoN _NH HNNH,
é/o\/\/\/o\é >200
NH Q HN,

>200

HN__NH HN.__NH,
é/OVQ\/O\é >200
NH HN:
oo
dNHQ
200

Br
° 100

Q
§§ 100

Mft% §§?M
W

B

>200

>200

50

50

nd.

nd.

nd.

nd.

12.5

3.13

6.25

6.25

3.125

>12

12

12

12

12

>12

>12

12

12

0.75

0.75

nd.

nd.

nd.

nd.

15

0.19

0.38

0.38

0.09

<0.250

<0.156

>0.5?

>0.5?

>0.5?

>0.52

<0.125

<0.039

0.094

<0.047

<0.039

aSynergy is defined as FICI <0.5.2
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Checkerboard assays and FICI data against E. coli BW25113 with novobiocin

Novobiocin (ug/ml)

0 31 63 13 25 50 100 200
Pentamidine (pg/ml)

Novobiocin (ug/ml)

0 31 63 13 25 50 100 200
3 (ug/m))
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PMBN (ug/ml)
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0 31 63 13 25 50 100 200
44 (ug/ml)
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Figure S3. Checkerboard assays of compounds 1, 3, 21, 22, 23b, 37, 38, 43, 44, and PMBN in
combination with novobiocin versus E. coli BW25113. ODeoo values were measured using a plate
reader and transformed to a gradient: purple represents growth, white represents no growth. In
each case, the bounded box in the checkerboard assays indicates the minimal synergistic
concentration (MSC) of compound and antibiotic resulting in the lowest FICI.

Table S3. Synergistic data of compounds 1, 3, 21, 22, 23b, 37, 38, 43, 44, and PMBN of the
checkerboard results for E. coli BW25113 with novobiocin as shown in Figure S3. All minimal
inhibitory concentrations (MICs) and minimal synergistic concentrations (MSCs) are in pg/mL.

Structures MIC MSC MICnov MSC nov FICI
OO
1 YQ ©Y 200 50  >200 125 <0.281
NH, NH,
0. 0.
3 HNy©/ g @YNH >200 25 >200 12.5 <0.094
NH, NH,

21 p QZ >200 25 >200 25 <0.125

22 " Y© QY"” >200 25 >200 6.25 <0.078
NH, NH,
NH HN
HN NH,
23b b . {; >200 50 >200 25 <0.188

HoN NH,
37 )KCLO/\<>WO/©)k 200 12.5 >200 6.25 <0.078

100 3.13 >200 3.13 <0.039
Q
43 b 6 >200 125 >200 3.13 <0.039

38

44 ° >200 625  >200 6.25 <0.031
W

PMBN >200 12.5 >200 6.25 <0.047
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Checkerboard assays and FICI data against E. coli BW25113 with vancomycin

Vancomycin (ug/ml)

0 31 63 13 25 50 100 200
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Vancomycin (ug/ml)
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200

100
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Vancomycin (ug/ml)
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23b (ug/ml)

L]
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37 (gfml)

L |

Vancomycin (pg/ml)

0

16 31 63 13 25 50 100
38 (ug/ml)

Vancomycin (pg/ml)

31 63 13 25 50 100 200
PMBN (ug/ml)

Vancomycin (pg/ml)
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43 (ug/ml)

Vancomycin (pg/ml)

0 31 63 13 25 50 100 200
44 (ug/ml)
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Figure S4. Checkerboard assays of compounds 1, 3, 21, 22, 23b, 37, 38, 43, 44, and PMBN in
combination with vancomycin versus E. coli BW25113. ODeoo values were measured using a plate
reader and transformed to a gradient: purple represents growth, white represents no growth. In
each case, the bounded box in the checkerboard assays indicates the minimal synergistic
concentration (MSC) of compound and antibiotic resulting in the lowest FICI.

Table S4. Synergistic data of compounds 1, 3, 21, 22, 23b, 37, 38, 43, 44, and PMBN of the
checkerboard results for E. coli BW25113 with vancomycin as shown in Figure S4. All minimal
inhibitory concentrations (MICs) and minimal synergistic concentrations (MSCs) are in pg/mL.

Structures MIC MSC MIC van MSC FICI

van

OO

1 Y© ©Y 200 200 >200 - 0.5
0. 0.

3 Y© g QY >200 200 >200 200 >0.5°

21 p
22 o Y@r

HN
23b b"
HQNJ\@
37 o

0%;2! >200 >200 >200 >200 >0.52

QY”” >200 50 >200 200 >0.5°

NH;
O{? >200 200 >200 200 >0.5%

NH,
od 100 25 >200 200 >0.5%

100 25 >200 200 >0.5°
g
43 b 6 200 100 >200 100 >0.5%

38

44 ° >200 100 >200 100 <0.500
W

PMBN >200 12.5 >200 50 <0.156

aSynergy is defined as FICI <0.5.2

116



Checkerboard assays and FICI data against E. coli ATCC25922 with rifampicin

Rifampicin (ug/ml)
Rifampicin (ug/ml)

0 31 63 13 25 50 100 200 0 31 63 13 25 50 100 200
Pentamidine (pg/ml) 3 (ug/ml)

Rifampicin (ug/ml)

0 31 63 13 25 50 100 200
21 (ug/ml)

Rifampicin (pg/ml)
Rifampicin (ug/ml)

0 16 31 63 13 25 50 100 16 31 63 13 25 50 100
22 (ug/ml) 23b (ug/ml)

Rifampicin (ug/ml)

0 16 31 63 13 25 50 100
37 (ug/mi)

Rifampicin (ug/ml)
Rifampicin (ug/ml)

0 16 31 63 13 25 50 100 0 31 63 13 25 50 100 200

38 (ug/ml) 43 (pg/ml)

Rifampicin (pg/ml)

31 63 13 25 50 100 200
PMBN (ug/ml)

Rifampicin (pg/ml)

0 16 31 63 13 25 50 100
44 (ug/ml)

117



Figure S5. Checkerboard assays of compounds 1, 3, 21, 22, 23b, 37, 38, 43, 44, and PMBN in
combination with rifampicin versus E. coli ATCC25922. ODsoo values were measured using a plate
reader and transformed to a gradient: purple represents growth, white represents no growth. In
each case, the bounded box in the checkerboard assays indicates the minimal synergistic
concentration (MSC) of compound and antibiotic resulting in the lowest FICI.

Table S5. Synergistic data of compounds 1, 3, 21, 22, 23b, 37, 38, 43, 44, and PMBN of the checkerboard
results for E. coli ATCC25922 with rifampicin as shown in Figure S5. All minimal inhibitory
concentrations (MICs) and minimal synergistic concentrations (MSCs) are in pg/mL.

Structures MIC MSC MICrif MSC rif FICI
OO
1 YQ ©Y 200 50 0.38 0.313
NH, NH,
0. 0.
3 Y© g QY >200 6.25 019  <0.047
NH, NH,
21 p Q: >200 25 0.38 <0.125
o o
22 ” Y© QY"” 200 6.25 038  0.094
NH, NH,
NH HN,
HN NH,
23b b . {; 200 25 0.19 0.156
NH NH
HZNJ\@ dNH;
37 oA@ﬂo 100 6.25 0.09 0.078
Br
38 °° 100 313 0.09 0.047
Q
43 bwﬁ >200 6.25 0.09 <0.031
44 b d 200 3.13 0.09 0.031
O
PMBN >200 6.25 0.19 <0.047
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Checkerboard assays and FICI data against E. coli W3110 with rifampicin

S 2 =
P RS

Rifampicin (pg/ml)
S
N

Rifampicin (ug/ml)
Rifampicin (ug/ml)

0 31 63 13 25 50 100 200 0 31 63 13 25 50 100 200 0 31 63 13 25 50 100 200
Pentamidine (ug/ml) 3 (ug/ml) 21 (pg/ml)

e o=
U W o

o€
=

Rifampicin (pg/ml)
<}
N

Rifampicin (ug/ml)
Rifampicin (ug/ml)

o
-

=]

0

16 31 63 13 25 50 100

0 31 63 13 25 50 100 200 0 1.6 31 63 13 25 50 100
22 (ug/ml) 23b (ug/ml) 37 (ug/ml)

L~
B 0 U1 w o

Rifampicin (ug/ml)
<
N

Rifampicin (ug/ml)
Rifampicin (ug/ml)

o
[

o

0 31 63 13 25 50 100 200 0 31 63 13 25 50 100 200 0 31 63 13 25 50 100 200
38 (ug/ml) 43 (ug/ml) 44 (ug/ml)

Rifampicin (pg/ml)

0 31 63 13 25 50 100 200
PMBN (ug/ml)
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Figure S6. Checkerboard assays of compounds 1, 3, 21, 22, 23b, 37, 38, 43, 44, and PMBN in
combination with rifampicin versus E. coli W3110. ODsoo values were measured using a plate reader
and transformed to a gradient: purple represents growth, white represents no growth. In each case,
the bounded box in the checkerboard assays indicates the minimal synergistic concentration (MSC)
of compound and antibiotic resulting in the lowest FICL

Table S6. Synergistic data of compounds 1, 3, 21, 22, 23b, 37, 38, 43, 44, and PMBN of the
checkerboard results for E. coli W3110 with rifampicin as shown in Figure S6. All minimal inhibitory
concentrations (MICs) and minimal synergistic concentrations (MSCs) are in pug/mL.

Structures MIC MSC MICrif MSC rif FICI
OO
1 YQ ©Y >200 50 >6 075  <0.88
NH, NH,
0. 0.
3 Y© g Q\f 200 6.25 6 0.19 0.063
NH, NH,
21 p Q: >200 50 6 0.38 <0.188
o o
22 " Y© QY"” 100 25 6 0.38 0.313
NH, NH,
NH HN,
HN NH,
23b b . {; >200 25 6 0.75 <0.188
NH NH
HZNJ\@ dNH;
37 m@m 100 3.13 6 0.38 <0.063
Br
38 °° 100 6.25 >6 0.09 <0.070
Q
43 b}}(dL 200 6.25 >6 0.19 <0.047
44 b d >200 25 6 0.09 <0.078
O
PMBN >200 6.25 6 0.09 <0.031
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Checkerboard assays and FICI data against E. coli 552060.1 with rifampicin

Rifampicin (ug/ml)
Rifampicin (ug/ml)

0 31 63 13 25 50 100 200 0 31 63 13 25 50 100 200
Pentamidine (ug/ml) 3 (ug/ml)

Rifampicin (ug/ml)

0 31 63 13 25 50 100 200

21 (ug/ml)

Rifampicin (pg/ml)
Rifampicin (ug/ml)

0 31 63 13 25 50 100 200 0 31 63 13 25 50 100 200
22 (ug/ml) 23b (ug/ml)

Rifampicin (ug/ml)

0 08 16 31 63 13 25 50

37 (ug/ml)

Rifampicin (ug/ml)
Rifampicin (ug/ml)

0 31 63 13 25 50 100 200 0 31 63 13 25 50 100 200
38 (ug/ml) 43 (ug/ml)

Rifampicin (ug/ml)

0 31 63 13 25 50 100 200
PMBN (ug/ml)

Rifampicin (ug/ml)

0

1.6 3.1 63 25 50 100 200
44 (ug/ml)
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Figure S7. Checkerboard assays of compounds 1, 3, 21, 22, 23b, 37, 38, 43, 44, and PMBN in
combination with rifampicin versus E. coli 552060.1. ODeoo values were measured using a plate reader
and transformed to a gradient: purple represents growth, white represents no growth. In each case,
the bounded box in the checkerboard assays indicates the minimal synergistic concentration (MSC)
of compound and antibiotic resulting in the lowest FICL

Table S7. Synergistic data of compounds 1, 3, 21, 22, 23b, 37, 38,43, 44, and PMBN of the checkerboard
results for E. coli 5552060.1 with rifampicin as shown in Figure S7. All minimal inhibitory
concentrations (MICs) and minimal synergistic concentrations (MSCs) are in pg/mL.

Structures MIC MSC MICrif MSC rif FICI
OO
i YQ ©Y 200 50 6 075 0375
NH, NH,
0. 0.
3 Y© g QY >200 125 6 019  <0.063
NH, NH,
21 p Q: >200 25 6 0.19 <0.094
o o
22 " Y© QY"” 100 125 6 0.75 0.250
NH, NH,
NH HN,
HN NH,
23b b . {; >200 50 6 0.38 <0.188
NH NH
HZNJ\@ dNH;
37 m@m 100 6.25 6 0.09 0.078
Br
38 °° 200 12.5 6 0.09 0.078
Q
43 b}}(& >200 6.25 6 0.09 <0.031
44 b d 200 6.25 6 0.09 0.047
O
PMBN >200 125 6 0.09 <0.047
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Checkerboard assays and FICI data against E. coli BW25113 mcr-1 with rifampicin

Rifampicin (ug/ml)

0 31 63 13 25 50 100 200
Pentamidine (pg/ml)

Rifampicin (ug/ml)

0 31 63 13 25 50 100 200

3 (ug/m))

Rifampicin (ug/ml)

0 31 63 13 25 50 100 200
21 (ug/ml)

Rifampicin (pg/ml)

0 16 31 63 13 25 50 100
22 (ugfml)

Rifampicin (ug/ml)

0 31 63 13 25 50 100 200
23b (ug/ml)

Rifampicin (ug/ml)

0 08 1.6 31 63 13 25 50
37 (ug/mi)

Rifampicin (ug/ml)

0 16 31 63 13 25 50 100
38 (ug/ml)

Rifampicin (pg/ml)

0 31 63 13 25 50 100 200
PMBN (ug/ml)

Rifampicin (ug/ml)

0 31 63 13 25 50 100 200

43 (ug/ml)

Rifampicin (ug/ml)

0 16 31 63 13 25 50 100
44 (ug/ml)
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Figure S8. Checkerboard assays of compounds 1, 3, 21, 22, 23b, 37, 38, 43, 44, and PMBN in
combination with rifampicin versus E. coli BW25113 mcr-1. ODsoo values were measured using a plate
reader and transformed to a gradient: purple represents growth, white represents no growth. In
each case, the bounded box in the checkerboard assays indicates the minimal synergistic
concentration (MSC) of compound and antibiotic resulting in the lowest FICI.

Table S8. Synergistic data of compounds 1, 3, 21, 22, 23b, 37, 38, 43, 44, and PMBN of the
checkerboard results for E. coli BW25113 mcr-1 with rifampicin as shown in Figure S8. All minimal

inhibitory concentrations (MICs) and minimal synergistic concentrations (MSCs) are in pg/mL.

Structures MIC MSC MICrif MSC rif FICI
OO
1 YQ ©Y 5200 50 6 075  <0.250
NH, NH,
0. 0.
3 Y© g QY >200 125 6 019  <0.063
NH, NH,
21 p Q: >200 25 >6 0.38 <0.094
o o
22 o Y@r QY"” >100 25 >6 0.38 <0.156
NH, NH,
NH HN,
HN NH,
23b b . {; >200 50 >6 0.75 <0.188
NH NH
HZNJ\@ dNH;
37 m@m >50 6.25 >6 0.19 <0.078
Br
38 °° 100 313 >6 0.09 <0.039
Q
43 é?h ﬁodL 200 6.25 >6 0.09 <0.039
44 o >100 313 >6 0.19 <0.031
O
PMBN >200 12,5 6 0.75 <0.156
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Checkerboard assays and FICI data against E. coli mcr-1 with rifampicin

Rifampicin (ug/ml)
Rifampicin (ug/ml)
Rifampicin (ug/ml)

0 31 63 13 25 50 100 200 0 31 63 13 25 50 100 200 0 31 63 13 25 50 100 200

Pentamidine (ug/ml) 3 (ug/ml) 21 (pg/ml)

Rifampicin (pg/ml)
Rifampicin (pg/ml)
Rifampicin (ug/ml)

0 31 63 13 25 50 100 200 0 31 63 13 25 50 100 200 0 16 31 63 13 25 50 100
22 (ugfml) 23b (ug/ml) 37 (ugfml)

Rifampicin (pg/ml)
Rifampicin (pg/ml)
Rifampicin (pg/ml)

0 16 31 63 13 25 50 100 0 16 31 63 13 25 50 100 0 16 31 63 13 25 50 100
38 (ug/ml) 43 (ug/ml) 44 (ug/ml)

Rifampicin (ug/ml)

0 31 63 13 25 50 100 200
PMBN (ug/ml)
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Figure S9. Checkerboard assays of compounds 1, 3, 21, 22, 23b, 37, 38, 43, 44, and PMBN in
combination with rifampicin versus E. coli mcr-1. ODsoo values were measured using a plate reader
and transformed to a gradient: purple represents growth, white represents no growth. In each case,
the bounded box in the checkerboard assays indicates the minimal synergistic concentration (MSC)
of compound and antibiotic resulting in the lowest FICL

Table S9. Synergistic data of compounds 1, 3, 21, 22, 23b, 37, 38, 43, 44, and PMBN of the
checkerboard results for E. coli mcr-1 with rifampicin as shown in Figure S9. All minimal inhibitory
concentrations (MICs) and minimal synergistic concentrations (MSCs) are in pg/mL.

Structures MIC MSC MICrif MSC rif FICI
OO
1 YQ ©Y 5200 50 12 075 <0188
NH, NH,
0. 0.
3 Y© g ©Y >200 125 12 0.38 <0.063
NH, NH,
21 p Q: >200 25 12 15 <0.188
o o
22 o Y@r QY"” >200 25 12 15 <0.188
NH, NH,
NH HN,
HN NH,
23b b . {; >200 50 12 0.75 <0.188
NH NH
HZNJ\@ dNH;
37 m@m 100 6.25 12 0.19 0.078
Br
38 °° 100 313 12 0.19 0.047
Q
43 b}}(dL >100 6.25 12 0.19 <0.047
44 b d 100 313 12 0.19 0.047
O
PMBN >200 12,5 12 0.75 <0.094
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Checkerboard assays and FICI data against E. coli EQASmcr-1 with rifampicin
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Figure S10. Checkerboard assays of compounds 1, 3, 21, 22, 23b, 37, 38, 43, 44, and PMBN in
combination with rifampicin versus E. coli EQASmcr-1. ODsoo values were measured using a plate
reader and transformed to a gradient: purple represents growth, white represents no growth. In
each case, the bounded box in the checkerboard assays indicates the minimal synergistic
concentration (MSC) of compound and antibiotic resulting in the lowest FICI.

Table S10. Synergistic data of compounds 1, 3, 21, 22, 23b, 37, 38, 43, 44, and PMBN of the
checkerboard results for E. coli EQASmcr-1 with rifampicin as shown in Figure S10. All minimal

inhibitory concentrations (MICs) and minimal synergistic concentrations (MSCs) are in pg/mL.

Structures MIC MSC MICrif MSC rif FICI
OO
1 YQ ©Y >200 50 12 15 <0.250
NH, NH,
0. 0.
3 Y© g ©Y >200 125 12 0.38 <0.063
NH, NH,
21 p Q: >200 25 12 0.75 <0.125
o o
22 " Y© QY"” 200 25 12 0.75 0.188
NH, NH,
NH HN,
HN NH,
23b b . {; >200 50 12 0.75 <0.188
NH NH
HZNJ\@ dNH;
37 oA@ﬂo 100 6.25 12 0.75 0.125
Br
38 °° 100 313 12 0.19 0.047
Q
43 b}}(dL 100 3.13 12 0.38 0.063
44 b d 200 125 12 0.19 0.078
O
PMBN >200 25 12 0.75 <0.125
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Checkerboard assays and FICI data against E. coli EQASmcr-2 with rifampicin
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Figure S11. Checkerboard assays of compounds 1, 3, 21, 22, 23b, 37, 38, 43, 44, and PMBN in
combination with rifampicin versus E. coli EQASmcr-2. ODeoo values were measured using a plate
reader and transformed to a gradient: purple represents growth, white represents no growth. In
each case, the bounded box in the checkerboard assays indicates the minimal synergistic
concentration (MSC) of compound and antibiotic resulting in the lowest FICI.

Table S11. Synergistic data compounds 1, 3, 21, 22, 23b, 37, 38, 43, 44, and PMBN of the checkerboard
results for E. coli EQASmcr-2 with rifampicin as shown in Figure S11. All minimal inhibitory
concentrations (MICs) and minimal synergistic concentrations (MSCs) are in pg/mL.

Structures MIC MSC MICrif MSC rif FICI
OO
1 w I Tl 200 50 6 075 0375
NH, NH,
0. 0.
3 ”'\/@ g @YNH >200 12.5 12 0.38 <0.063
NH, NH,

21 p Q: >200 25 12 0.75 <0.125
22 " Y© QY"” 100 6.25 12 3 0.313

NH, NH,
NH HN
HN NH,
23b bo 0{? >200 25 12 0.75 <0.125
NH NH

HZNJ\@
37 o

38 100 313 12 0.19 0.047
Q
43 b 6 200 6.25 12 0.38 0.063

NH,
Od 25 3.13 12 15 0.250

44 o~ 25 156 12 0.38 0.094
W

PMBN >200 12.5 6 0.75 <0.156
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Checkerboard assays and FICI data against E. coli EQASmcr-3 with rifampicin
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Figure S12. Checkerboard assays of compounds 1, 3, 21, 22, 23b, 37, 38, 43, 44, and PMBN in
combination with rifampicin versus E. coli EQASmcr-3. ODeoo values were measured using a plate
reader and transformed to a gradient: purple represents growth, white represents no growth. In
each case, the bounded box in the checkerboard assays indicates the minimal synergistic
concentration (MSC) of compound and antibiotic resulting in the lowest FICI.

Table S12. Synergistic data of compounds 1, 3, 21, 22, 23b, 37, 38, 43, 44, and PMBN of the
checkerboard results for E. coli EQASmcr-3 with rifampicin as shown in Figure S12. All minimal

inhibitory concentrations (MICs) and minimal synergistic concentrations (MSCs) are in pg/mL.

Structures MIC MSC MICrif MSC rif FICI
OO
1 YQ ©Y 5200 50 12 075 <0188
NH, NH,
0. 0.
3 Y© g ©Y >200 125 12 0.38 <0.063
NH, NH,
21 p Q: >200 25 12 0.75 <0.125
o o
22 o Y@r QY"” >200 50 12 0.75 <0.188
NH, NH,
NH HN,
HN NH,
23b b . {; >200 50 12 0.75 <0.188
NH NH
HZNJ\@ dNH;
37 m@m 100 6.25 12 0.19 0.078
Br
38 °° 200 313 12 0.19 0.031
Q
43 b}}(dL >200 125 12 0.19 <0.047
44 oy >100 313 12 0.19 <0.031
O
PMBN >200 12,5 12 0.75 <0.094
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Checkerboard assays and FICI data against E. coli RC00089 with rifampicin
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Figure S13. Checkerboard assays of compounds 1, 3, 21, 22, 23b, 37, 38, 43, 44, and PMBN in
combination with rifampicin versus E. coli RCO0089. ODeoo values were measured using a plate
reader and transformed to a gradient: purple represents growth, white represents no growth. In
each case, the bounded box in the checkerboard assays indicates the minimal synergistic
concentration (MSC) of compound and antibiotic resulting in the lowest FICI.

Table S13. Synergistic data of compounds 1, 3, 21, 22, 23b, 37, 38, 43, 44, and PMBN of the
checkerboard results for E. coli RCO0089 with rifampicin as shown in Figure S13. All minimal
inhibitory concentrations (MICs) and minimal synergistic concentrations (MSCs) are in pg/mL.

Structures MIC MSC MICrif MSC rif FICI
OO
1 HNY@ @YNH >200 100 >192 48 <0.375
NH, NH,
0. 0.
3 Y© g QY >200 25 >192 6 <0.078
NH, NH,

21 p Q: >200 50 5192 48 <0.250
22 HNY@V QY”” >200 50 5192 12 <0.156

HN NH,
23b bo 0{? >200 100 >192 48 <0.375

HZNJ\@
37 o

38 >200 6.25 >192 3 <0.023
Q

43 b d >200 25 >192 3 <0.070

NH,
Od >200 12.5 >192 6 <0.047

44 o~ >200 125 >192 6 <0.047
W

PMBN >200 50 >192 24 <0.188
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Checkerboard assays and FICI data against A. baumannii ATCC17978 with rifampicin
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Figure S14. Checkerboard assays of compounds 1, 3, 21, 22, 23b, 37, 38, 43, 44, and PMBN in
combination with rifampicin versus A. baumannii ATCC17978. ODsoo values were measured using a
plate reader and transformed to a gradient: purple represents growth, white represents no growth.
In each case, the bounded box in the checkerboard assays indicates the minimal synergistic
concentration (MSC) of compound and antibiotic resulting in the lowest FICI.

Table S14. Synergistic data of compounds 1, 3, 21, 22, 23b, 37, 38, 43, 44, and PMBN of the
checkerboard results for A. baumannii ATCC17978 with rifampicin as shown in Figure S14. All minimal
inhibitory concentrations (MICs) and minimal synergistic concentrations (MSCs) are in pg/mL.

Structures MIC MSC MICrif MSC rif FICI

OO
1 YQ ©Y 5200 25 3 019 <0125
0. 0.
3 Y© K\QY >200 125 3 005  <0.047
21 p QZ >200 25 3 0.09  <0.094
22 o Y@r QY"” >200 25 3 0.09 <0.094

HN NH,
23b b . {; >200 25 3 009  <0.094

HZNJ\@ dNH;
37 o/\©ﬂo >200 6.25 3 0.09 <0.047

38 >200 313 3 0.05 <0.023
Q
43 b 6 >200 6.25 15 0.05 <0.047

44 o~ >200 313 3 0.05  <0.023
W

PMBN >200 3.13 3 0.05 <0.023
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Checkerboard assays and FICI data against K. pneumoniae ATCC13883 with rifampicin
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Figure S15. Checkerboard assays of compounds 1, 3, 21, 22, 23b, 37, 38, 43, 44, and PMBN in
combination with rifampicin versus K. pneumoniae ATCC13883. ODeoo values were measured using
a plate reader and transformed to a gradient: purple represents growth, white represents no growth.
In each case, the bounded box in the checkerboard assays indicates the minimal synergistic
concentration (MSC) of compound and antibiotic resulting in the lowest FICI.

Table S15. Synergistic data of compounds 1, 3, 21, 22, 23b, 37, 38, 43, 44, and PMBN of the
checkerboard results for K. pneumoniae ATCC13883 with rifampicin as shown in Figure SI5. All
minimal inhibitory concentrations (MICs) and minimal synergistic concentrations (MSCs) are in

ug/mL.

Structures MIC MSC MICrif MSC rif FICI
OO
i ”"Y© ©YN” >200 25 >12 15 <0.125
NH, NH,
0. 0.
3 HNy©/ g @YNH >200 12.5 >12 0.38 <0.047
NH, NH;

21 p Q: >200 12.5 >12 1.5 <0.094

22 Y© ©Y >200 25 >12 038  <0.078
NH, NH,
NH HN,
HN NH,
23b J%}o . {; 5200 25 12 15 <0.125
NH NH

HoN NH,
37 )KCLO/\<>WO/©)k >200 6.25 >12 0.19 <0.023

38 >200 3.13 >12 0.19 <0.016
Q

43 b 6 >200 6.25 >12 0.38 <0.031

44 © ° >200 6.25 >12 0.19 <0.023
W

PMBN >200 3.13 >12 1.5 <0.070
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Checkerboard assays and FICI data against P. aeruginosa ATCC27853 with rifampicin
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Figure S16. Checkerboard assays of compounds 1, 3, 21, 22, 23b, 37, 38, 43, 44, and PMBN in
combination with rifampicin versus P. aeruginosa ATCC27853. ODsoo values were measured using a
plate reader and transformed to a gradient: purple represents growth, white represents no growth.
In each case, the bounded box in the checkerboard assays indicates the minimal synergistic
concentration (MSC) of compound and antibiotic resulting in the lowest FICI.

Table S16. Synergistic data of compounds 1, 3, 21, 22, 23b, 37, 38, 43, 44, and PMBN of the
checkerboard results for P. aeruginosa ATCC27853 with rifampicin as shown in Figure S16. All
minimal inhibitory concentrations (MICs) and minimal synergistic concentrations (MSCs) are in

ug/mL.

Structures MIC MSC MICrif MSCrif FICI
OO
i » Y© ©YN” >200 100 24 6 <0500
NH, NH,
0. 0.
3 Y© g ©Y >200 25 24 15 <0.125
NH, NH;

21 p QF >200 100 24 15 <0.313
22 o Y@r ©Y >200 50 >24 6 <0.250

NH, NH;
NH HN
HN NH,
23b J%}o O{? >200 100 24 3 <0.375
NH NH

HZNJ\@
37 o

38 100 25 24 6 0.500
Q
43 J@ 6 200 6.25 24 15 0.094

NH,
Od >200 25 24 0.38 <0.078

44 © ° 100 6.25 24 0.75 0.094
W

PMBN 50 0.78 24 0.38 0.031
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Hemolysis assay

100

50

Figure S17. Hemolytic activity of al compounds (200 pug/mL) after 1 hour of incubation. The
hemolysis assay was performed as described in materials and methods. Values below 10% were
defined as non-hemolytic.” Error bars represent the standard deviation based on n=3 technical
replicates.

100

Figure S18. Hemolytic activity of all compounds (200 pg/mL) after 20 hours of incubation. The
hemolysis assay was performed as described in materials and methods. Values below 10% were
defined as non-hemolytic.” Error bars represent the standard deviation based on n=3 technical
replicates.
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Table S17. Hemolytic activity of all compounds (200 ug/mL). The hemolysis assay was performed as
described in materials and methods. Values <10% were defined as non-hemolytic.”

Structures Hemolysis 1 hour (%) Hemolysis 20 hours (%)

SN
1 Hwﬁ OYNH 4.0 0.4
NH, NH,
N e
s L o
NH, NHz
o, o
3 HNY©/ g \©YNH 05 13
NH, NH;
o _~_O
9 HNY©/ \©YNH 04 0.6
NH; NH;
OO
10 HNY©/ \OYNH 0.3 9.2

NH,
1 Y© OWOOA 0.0 16
OO
12 YQ O\f 8.5 87

NH, NH,
O g0
15 HNY©/ \©YNH 0.2 0.0
NH, NH,
O g0
16 ““Y© o ©Y““ 0.2 0.1
NH, NH,

21 p QZ 1.7 0.5
22 " Y© O\f““ 0.9 11

23 Hi:@°@°@4::z 02 04
24 " Y©/ ©Y"H 2.6 75
1b *@ﬂm"@* 01 0.1

21b

HN\}_@ @_/{NH 0.1 04
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Outer membrane permeability assay
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Figure S19. Outer membrane permeabilization assay of compounds 1, 21, 22, and PMBN with E. coli
BW25113 using N-phenyl-napthalen-1-amine (NPN) (at 0.01 mM) as fluorescent probe. The read-out
was performed using a plate reader with Aex 355 nm and Aem 420 nm. The NPN uptake values shown
are relative to the uptake signal obtained upon treating the cells with 100 ug/mL colistin as
previously reported.®® Error bars represent the standard deviation based on n=3 technical replicates.
Of note is the maximum NPN fluorescence measured for pentamidine and bis-amidines 21 and 22 at
3.1 ug/mL (0.01 mM). At higher bis-amidines concentrations, NPN fluorescence decreases, an effect
not observed for PMBN.
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Abstract

The continued rise of antibiotic resistance threatens to undermine the utility of the
world’s current antibiotic arsenal. This problem is particularly troubling when it comes
to Gram-negative pathogens for which there are inherently fewer antibiotics available.
To address this challenge, recent attention has been focused on finding compounds
capable of disrupting the Gram-negative outer membrane as a means of potentiating
otherwise Gram-positive-specific antibiotics. In this regard, agents capable of binding to
the lipopolysaccharide (LPS) present in the Gram-negative outer membrane are of
particular interest as synergists. Recently, thrombin-derived C-terminal peptides (TCPs)
were reported to exhibit unique LPS-binding properties. We here describe investigations
establishing the capacity of TCPs to act as synergists with the antibiotics erythromycin,
rifampicin, novobiocin, and vancomycin against multiple Gram-negative strains
including polymyxin-resistant clinical isolates. We further assessed the structural
features most important for the observed synergy and characterized the outer
membrane permeabilizing activity of the most potent synergists. Our investigations
highlight the potential for such peptides in expanding the therapeutic range of antibiotics
typically only used to treat Gram-positive infections.
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1. Introduction

The rising tide of antibiotic resistance presents a clear threat to global health. This threat,
coupled with the well-documented dearth of new antibiotics in the development
pipeline, means that resistant pathogens are even more problematic.! Based on current
trends, the World Health Organization (WHO) predicts that infections due to resistant
bacteria will be the leading cause of death globally by 2050.2 The WHO recently published
its updated “pathogen threat list” of which three drug-resistant Gram-negative species
were assigned top priority: carbapenem-resistant Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacteriaceae.> The emergence and proliferation of
such resistant Gram-negative pathogens is concerning given the limited number of viable
treatment options available.?

It is well established that compared to Gram-positive pathogens, Gram-negative
bacteria are more difficult to kill with antibiotics due to the presence of an additional
barrier: the outer membrane (OM).**> The OM protects Gram-negative bacteria from a
large number of antibiotics that are used clinically to treat infections with Gram-positive
bacteria.* Disruption of the OM has been widely investigated and in some cases proven
to be an effective method to enable such antibiotics to function against Gram-negative
bacteria.5° In this regard, combinations of a membrane disruptor such as the well-
studied polymyxin B nonapeptide (PMBN, Figure 1) along with macrolides or rifamycin-
type antibiotics represent classic examples of such synergistic activity: the use of a
combination leads to better results than a sum of each of the separate components.®7!-
“ Notably, the polymyxin derivative SPR741 (Figure 1), a selective OM disruptor developed
by Spero Therapeutics, recently passed Phase I clinical trials.’1516

Ho_ 0
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Figure 1. Structures of: A) polymyxin B (PMB), polymyxin B nonapeptide (PMBN), and SPR741; B) Lipid
A component of the Gram-negative lipopolysaccharide (LPS).

Like its parent polymyxin B (Figure 1), SPR741 targets the bacterial
lipopolysaccharide (LPS), a major component on the OM outer leaflet.**" The core of LPS
consists of Lipid A, a heavily lipidated disaccharide bearing phosphate groups at the 1" and

154



4’ positions (Figure 1).* Small cations such as Mg®* and Ca*" bridge the negative charges of
the phosphate groups and in doing so contribute to the tight packing of LPS.6 It is
generally held that highly positively charged compounds such as PMBN bind the
negatively charged LPS with high affinity and in doing so interfere with LPS packing,
leading to OM permeabilization.”#-

Compounds that bind to LPS with high affinity are also often referred to as
endotoxin neutralizing compounds. Such compounds can demonstrate beneficial effects
in reducing the inflammatory responses associated with systemic LPS exposure as in the
case of sepsis.???® In recent years, an increasing number of reports have appeared
describing the synergistic effects of various positively charged small molecules and
peptide-based compounds that interact with LPS.%4-33

Given the apparent link between LPS binding, OM permeabilization, and
antibiotic potentiation, we set out to identify literature compounds described as having
affinity for LPS that had not yet been evaluated for synergy with Gram-positive specific
antibiotics. This led us to the family of thrombin-derived C-terminal peptides (TCPs)
reported by Schmidtchen and coworkers. In 2010, the Schmidtchen group first reported
that peptide fragments from the C-terminus of thrombin, a key enzyme in the
coagulation cascade, exhibit activity as host-defense peptides.?* Subsequent structure
activity studies by the same group identified peptide sequences with optimal
antibacterial activity and recent NMR studies have elucidated the structural basis for
their interaction with LPS.26:3536

In the present study we set out to assess the potential for TCPs to potentiate the
anti-Gram-negative activity of otherwise inactive Gram-positive specific antibiotics. To
do so, synergy assays were first conducted using the TCPs described in the literature in
combination with various antibiotics. Our initial studies revealed that, as we had
hypothesized, the TCPs do indeed exhibit synergy. Building from these results we then
prepared a number of new peptide analogues to assess the structural elements most
important for synergy. Notably, we found that synergistic activity does not necessarily
directly correlate with the inherent antibacterial activity of these peptides. We here
report several new peptides inspired by thrombin-derived C-terminal peptides that
display enhanced synergistic effects and reduced hemolytic activity.
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2. Results

2.1. Synergy with thrombin-derived C-terminal peptides

To begin, we selected four peptides previously described by the Schmidtchen group as
LPS-binding.?® The sequences of these peptides (1-4) are provided in Table 1 and range in
length from 12 to 25 amino acids. Common to all four is the core sequence previously
reported to be responsible for LPS binding.?¢ The peptides were readily synthesized using
solid-phase peptide synthesis (SPPS) and screened for synergistic activity using
checkerboard assays. Synergy was initially assessed in combination with erythromycin
(Figure 2, also see Supplementary data, Figure S1) and rifampicin (See Supplementary
data, Figure S2) in Lysogeny Broth (LB) using Escherichia coli BW25113 as the indicator
strain. Synergy is quantified by means of the fractional inhibitory concentration index
(FICI) where an FICI of <0.5 is defined as synergistic and the lower the value, the more
synergistic the combination.

Prior to assessing synergy, the minimum inhibitory concentrations (MICs) of the
peptides themselves were measured revealing that they exhibit little-to-no inherent
activity with MICs equal to, or above, the maximum 200 pg/mL concentration tested.
The MICs of the companion antibiotics erythromycin and rifampicin were measured to
be 100-200 pg/mL and 8 pg/mL, respectively (see Supplementary data, Tables S1
and S2). Using these parameters checkerboard assays were performed as illustrated in
Figure 2. The results of the checkerboard assays performed with peptides 1-4 reveal clear
differences in their synergistic potential. While the shortest peptide 1 exhibits potent
synergy with erythromycin, the longer peptides 2-4 demonstrate comparatively little or
no synergy (Table 1). In combination with rifampicin, peptides 1-4 all showed some
synergistic activity with FICIs ranging from 0.094 to 0.313, but with peptide 1 again
displaying the most potent synergy (see Supplementary data, Table S2). These
preliminary findings served to validate our hypothesis that LPS-binding peptides derived
from thrombin have the capacity to synergize with Gram-positive specific antibiotics. All
peptides were also screened for hemolytic activity which revealed a clear trend: while
the shorter peptides 1 and 2 showed no appreciable hemolytic activity, the longer peptide
3 and 4 were highly hemolytic (Table 1). This hemolysis data, combined with the
synergistic activity observed, led us to select peptide 1 for further investigation.

Erythromycin (pg/ml)
Erythromycin (pg/ml)
Erythromycin (pg/ml)

0 31 63 13 25 50 100 200 0 31 63 13 25 50 100 200 0 31 63 13 25 50 100 200
1 (ug/ml) 2 (pg/ml) 3 (ug/ml)
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0 31 63 13 25 50 100 200 0 08 16 31 63 13 25 50
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Erythromycin (ug/ml)

0 08 16 31 63 13 25 50 0 31 63 13 25 50 100 200
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Figure 2. Checkerboard assays of the peptides 1-7 and PMBN in combination with erythromycin
versus E. coli BW25113. In each case the bounded box in the checkerboard assays indicates the
combination of peptide and antibiotic resulting in the lowest FICI (see Table 1). ODgoo values were
measured using a plate reader and transformed to a gradient: purple represents growth, white
represents no growth. An overview of all checkerboard assays with erythromycin can be found in
the Supplementary data, Figure S1.

Table 1. Overview of the TCPs peptide sequence, synergistic and hemolytic activity.

Peptide sequence MIC MSCpeptidge FICI Hemolysis®
1 HoN-VFRLKKWIQKVI-OH 200 25 0.188 0%
2 HoN-HVFRLKKWIQKVIDQFGE-OH 200 50 0.375 9%
3 HoN-FYTHVFRLKKWIQKVIDQFGE-OH 200 50 0.500 43%
4  HN-GKYGFYTHVFRLKKWIQKVIDQFGE-OH  >200 12.5 >0.5? 70%
5 Ac-VFRLKKWIQKVI-OH >200 50 0.156 0%
6 HoN-VFRLKKWIQKVI-NH; 12.5 3.13 0.313 4%
7 Ac-VFRLKKWIQKVI-NH; 50 12.5 0.266 5%
PMBN >200 25 0.125 -

aSynergy defined as an FICI <0.5%; "Hemolysis was determined after a 20 hour incubation of the

compounds (200 pg/ml) with defibrinated sheep blood (see Supplementary data, Figure S4 and
Table S4).

Building on these findings and with peptide 1 as our lead synergist, we next
explored the impact of changes to the N- and C-termini of the peptide. To this end,
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peptides 5-7 were prepared to examine the impact of N-terminal acetylation and /or C-
terminal amidation. N-terminal acetylation alone as in peptide 5 was found to have
minimal effect on the inherent activity or synergistic potential of the peptide. By
comparison, C-terminal amidation as in peptides 6 and 7 led to a significant increase in
the inherent antibacterial activity with little impact on hemolytic activity. The reduced
MIC values thus achieved, particularly notable for peptide 6, provides a key advantage in
that a lower concentration of peptide is required to achieve synergy: peptide 6 has an
minimum synergistic concentration (MSC) of 3.125 ug/mL versus 25 pg/mL of its parent
peptide 1 (Table 1). To assess whether peptide 6 employs an LPS mediated mechanism of
action similar to peptide 1, an LPS competition assay was also performed. Notably, the
MIC of peptide 6 was found to increase from 12.5 ug/mL to 200 ug/mL in the presence
of 1 mg/mL of LPS (See Supplementary data, Figure S4 and Table S4). This finding
indicates that the antimicrobial activity of peptide 6 relies on LPS binding. Based on its
enhanced activity and confirmed LPS-dependent mechanism, we next took peptide 6
forward for additional structure-activity studies by means of an alanine scan.

2.2. Alanine scan of peptide 6

To assess the role of the individual amino acids in peptide 6 and their specific
contribution to both the inherent activity and synergistic activity of the peptide, an
alanine scan was performed. Like the parent peptide, peptides 8-19 (Table 2) were
synthesized as the C-terminus amides using microwave-assisted automated SPPS. As
summarized in Table 2, the MICs of the alanine scan peptides ranged from 12.5 ug/mL,
as for peptide 6, to above the maximum concentration tested of 200 ug/mL. After
establishing the individual MICs for peptides 8-19, checkerboard assays were performed
as shown in Figure 3. The FICI values thus obtained clearly show that the alanine
exchange introduced in peptides 12, 13, and 17 leads to a complete loss of synergistic
activity. Notably, the common feature in these three peptides is the replacement of a
lysine residue with alanine. Moreover, while no longer synergistic with erythromycin,
these peptides still have a relatively low MIC of 25 pg/mL. Hemolysis data offers insight
into this trend: the KAA peptides 12, 13, and 17 are all hemolytic, which suggests a
nonselective membrane disruption mode of action. By comparison, none of the other
alanine scan peptides show appreciable hemolytic activity (Table 2).

Erythromycin (ug/ml)
Erythromycin (ug/ml)
Erythromycin (ug/ml)

0 04 08 16 31 63 13 25 0 08 16 31 63 13 25 50 0 31 63 13 25 50 100 200
8 (ug/ml) 9 (ug/ml) 10 (ug/ml)
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Erythromycin (pg/ml)
Erythromycin (ug/ml)

0 31 63 13 25 50 100 200 0 31 63 13 25 50 100 200 0 04 08 16 31 63 13 25
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Erythromycin (ug/ml)

Erythromycin (ug/ml)
Erythromycin (ug/ml)
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17 (pg/ml) 18 (pg/ml) 19 (pg/ml)

Figure 3. Checkerboard assays of the Ala-scan peptides 8-19 in combination with erythromycin

versus E. coli BW25113. In each case the bounded box in the checkerboard assays indicates the

combination of peptide and antibiotic resulting in the lowest FICI (see Table 2). ODeoo values were

measured using a plate reader and transformed to a gradient: purple represents growth, white

represents no growth. An overview of all checkerboard assays with erythromycin can be found in
the Supplementary data, Figure S1.

Somewhat surprisingly, all of the other peptides prepared in the alanine scan
study were found to exhibit more potent synergistic activity than peptide 6. Notably,
these peptides all exhibit synergy at concentrations lower than required for PMBN (see
Table 1 and Table 2). In addition, an apparent trend emerges from the alanine scan data
where decreased antimicrobial activity is inversely proportional to the synergistic
activity of the peptides.
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Table 2. Overview of the Ala-scan peptide sequences, antimicrobial, synergistic and hemolytic
activity. MIC and FICI values were obtained from the checkerboard assay shown in Figure 3.

Peptide sequence MIC® FICI Hemolysis®

H N-VFRLKKWIQKVI-NH, 12.5 0.313 4%

H N-AFRLKKWIQKVI-NH, 12.5 0.188 29

H N-VARLKKWIQKVI-NH, 50 0.125 0%
10 H N-VFALKKWIQKVI-NH, 100 0.141 4%
1 H N-VFRAKKWIQKVI-NH, 200 0188 1%
12 H,N-VFRLAKWIQKVI-NH, 25 >0.5P 30%
13 H,N-VFRLKAWIQKVI-NH, 25 >0.5 19%
14 H,N-VFRLKKAIQKVI-NH, 5200 0.078 1%
15 H,N-VFRLKKWAQKVI-NH, 100 0.188 1%
16 H,N-VFRLKKWIAKVI-NH, 25 0.188 4%
17 H,N-VFRLKKWIQAVI-NH, 12.5 >0.5 21%
18 H,N-VFRLKKWIQKAT-NH, 50 0125 29
19 H,N-VFRLKKWIQKVA-NH, 100 0.094 1%

aMSC data can be found in Supplementary data, Table S1; ®Synergy defined as an FICI <0.5%,
‘Hemolysis determined after a 20 hour incubation of the compounds (200 pg/ml) with
defibrinated sheep blood. (see Supplementary data, Figure S4 and Table S4).

Among the non-hemolytic peptides generated in the alanine scan, only peptide
8 (V1AA) retains the same inherent antimicrobial activity as peptide 6 with an MIC of 12.5
ug/mL. It is, however, interesting to note that while replacement of other hydrophobic
amino acids in peptide 6 with alanine as for 9, 11, 14, 15, 18, and 19 did result in a decrease
of antimicrobial activity, it also led to significant enhancement of synergistic activity
(Table 2). Apparently, replacing the bulkier aromatic side-chains as in F2AA (9) and W7AA
(14) is an especially favorable exchange when it comes to potentiating the activity of
erythromycin. Notably, replacement of the C-terminal Ile residue as for I12AA (19) results
in a strongly synergistic peptide, while replacing Ile in the center of the peptide as in
I8AA (15) has a less profound effect. Moreover, while peptide 9 has the same FICI as PMBN
(Table 1), peptides 14 and 19 are even more potent synergists.

As mentioned above, the cationic side-chains of the Lys residues present in
peptide 6 are required for synergy and also serve to limit hemolysis. By comparison,
alanine replacement of the polar but neutral glutamine, as in Q9AA (16), appears to have
little effect. Moreover, the R3AA substitution in peptide 10: the only other case wherein
a positively charged side-chain was replaced by alanine, did not trigger hemolytic activity
and retained synergistic activity. We therefore decided to also take peptide 10 along as
part of a broader screening of the most potent synergistic peptides 14 and 19.
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2.3. Exploring the synergistic range

A well-studied example of synergy is the potentiation of erythromycin and rifampicin
against Gram-negative bacteria by PMBN. Clinically, erythromycin and rifampicin are
generally only used to treat infections due to Gram-positive pathogens as both exhibit
rather limited activity against Gram-negative strains.?¥4° Other Gram-positive specific
antibiotics, such as novobiocin and vancomycin, have also been shown to be capable of
killing Gram-negative pathogens if combined with outer membrane disruptors.’® To
ascertain the potentiation range of peptides 6, 10, 14, and 19 checkerboard assays with
rifampicin, novobiocin, and vancomycin were performed. PMBN was also included to
serve as a benchmark and to allow for comparison to other synergists described in
literature.

In addition to investigating a broader panel of Gram-positive antibiotics, we
were also curious to see how general the synergistic activity of peptides 6, 10, 14, and 19
is against different Gram-negative pathogens. In the initial synergy assays performed the
peptides were screened against the indicator strain E. coli BW25113. In the next phase of
our study we selected a broader panel of Gram-negative bacteria selected from the WHO
priority pathogen list. Specifically, we studied the capacity of peptides 6, 10, 14, and 19 to
enhance the activity of rifampicin against a range of E. coli strains including mcr-positive
polymyxin-resistant isolates and strains of A. baumannii, P. aeruginosa, and Klebsiella
pneumoniae.

2.3.1. Synergy with rifampicin, novobiocin, and vancomycin

As noted above (Section 2.1), the MIC of rifampicin against E. coli BW25113 was established
to be 8 pg/mL. By comparison, novobiocin and vancomycin showed no antimicrobial
activity against the same strain at concentrations as high as 200 ug/mL. However, when
these antibiotics were combined with peptides 6, 10, 14, and 19 a clear synergistic effect
was observed in all cases. As noted above, peptides 14 and 19 demonstrated the most
potent synergy when combined with erythromycin (Table 2). This effect was largely
maintained when 14 and 19 were tested with rifampicin, novobiocin, and vancomycin
(Figure 4 and Supplementary data Figures S5 and S6). Table 3 provides an overview of the
FICI values obtained for peptides 6, 10, 14, and 19 in combination with these antibiotics.
In general, peptide 19 was found to be the most potent synergist and notably was found
to be even more effective than PMBN in potentiating the activity of both novobiocin and
vancomycin against the indicator strain.

Table 3. FICI values of peptides 6, 10, 14, and 19 against E. coli BW25113 in combination with “Gram-
positive-specific” antibiotics rifampicin, novobiocin, and vancomycin.?

Peptides Rifampicin Novobiocin Vancomycin
6 0.156 0.188 0.188
10 0.141 0.078 0.156
14 0.141 0.031 0.250
19 0.078 0.039 0.078
PMBN 0.063 0.047 0.156

2MIC and MSC data can be found in the Supplementary data, Table S2, S5 and S6.
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Figure 4. Checkerboard assays of the peptides 14 and 19 in combination with A) Rifampicin; B)
Novobiocin; C) Vancomycin versus E. coli BW25113. In each case the bounded box in the
checkerboard assays indicates the combination of peptide and antibiotic resulting in the lowest FICI
(see Table 3). ODgoo values were measured using a plate reader and transformed to a gradient: purple
represents growth, white represents no growth. Checkerboard assays of peptide 6, 10 and PMBN in
combination with rifampicin, novobiocin and vancomycin are available in the Supplementary data,
Figure S2, S5 and S6.
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2.3.2. Synergy towards other E. coli strains including mcr-positive clinical isolates
Next, the synergistic activity of peptides 6, 10, 14, and 19 in combination with rifampicin
was tested against E. coli strains ATCC25922 and W3110. These strains were selected
given that E. coli ATCC25922 has a smooth LPS layer, while E. coli W3110 lacks the O-
antigen, giving it a rough LPS layer similar to E. coli BW25113.4#3 The susceptibility of
Gram-negative bacteria to antibiotics is known to be related to their LPS structure and
we therefore set out to assess whether this might affect the efficacy of the synergists as
well# While the four peptides exhibited MICs of 200 pug/mL or above against the
ATCC25922 strain (see Supplementary data, Table S7), all were found to be potent
synergists (Table 4 and Figure 5A). Interestingly, the ATCC25922 strain was found to be
more susceptible to these synergistic effects than the BW25113 indicator strain used in
our initial screens (Table 4). The results obtained with the W3110 strain provided an
interesting contrast: while peptides 6 and 10 exhibited some inherent antimicrobial
activity, neither showed any ability to synergize with rifampicin (see Table 4 and
Supplementary data, Table S8). Peptides 14 and 19, however, exhibited potent synergistic
activity in combination with rifampicin with peptide 19 resulting in FICI values equal-to
or lower than those obtained with the E. coli BW25113 indicator strain.

To examine the impact of structurally modified LPS on the synergistic activity of
peptides 6, 10, 14, and 19, the screening was continued with E. coli strains bearing mcr-1,
mer-2 and mer-3 genotypes known to confer polymyxin resistance. Specifically, mcr-
positive bacteria encode for a phosphoethanolamine transferase that modifies the
structure of lipid A leading to a loss of activity for polymyxin antibiotics.*>%¢ Synergy was
confirmed for all mer-positive strains with EQASmcr-1and EQASmcr-3 shown to be most
susceptible to synergy (Figure 5B,C, Table 4 and see Supplementary data, Tables S9-512).
Interestingly, potent synergy was observed for all four peptides with rifampicin
indicating that the structurally modified LPS present in these strains does not interfere
with the synergistic activity of peptides 6, 10, 14, and 19.

Table 4. FICI values of peptides 6, 10, 14 and 19 in combination with rifampicin against different E.
coli strains including mcr-resistant strains.?

Pathogen 6 10 14 19
E. coli BW25113 0.156 0.141 0.141 0.078
E. coli ATCC25922 0.047 0.031 0.031 0.031
E. coli W3110 >0.5° >0.5P 0.188 0.078
E. coli mcr-1 0.141 0.078 0.125 0.125
E. coli EQASmcr-1 0.078 0.078 0.094 0.094
E. coli EQASmcr-2 0.094 0.141 0.094 0.125
E. coli EQASmcr-3 0.078 0.078 0.047 0.031

aMIC and MSC data can be found in the Supplementary data, Tables S7-12; *Synergy is
defined in literature as a FICI <0.5.%
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Figure 5. Checkerboard assays of the peptides 14 and 19 in combination with rifampicin versus: A) E.
coli ATCC25922; and mecr-positive isolates B) EQASmcr-1 and C) EQASmcr-3. In each case the
bounded box in the checkerboard assays indicates the combination of peptide and antibiotic
resulting in the lowest FICI (see Table 4). ODsoo values were measured using a plate reader and
transformed to a gradient: purple represents growth, white represents no growth. Checkerboard
assays of peptide 6 and 10 of the strains shown above and all checkerboard assays of E. coli W3110,
mcr-1and EQASmcr-2 are available in the Supplementary data, Figure S7-12.
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2.3.3. Synergy towards A. baumannii, K. pneumoniae, and P. aeruginosa

After establishing the synergistic potential of peptides 6, 10, 14, and 19 in combination
with rifampicin against several E. coli strains, we turned our attention to other Gram-
negative pathogens. For this part of the study we elected to use laboratory strains
A. baumannii ATCC17978, K. pneumoniae ATCC13883, and P. aeruginosa ATCC27853.
Rifampicin was again used as the companion antibiotic and we began by establishing its
activity against these strains. While a relatively low MIC of 2 pg/mL was measured for
rifampicin against the A. baumannii ATCC17978 strain, a much lower activity was found
against K. pneumoniae ATCC13883 and P. aeruginosa ATCC27853 where the MICs
measured were 32 ug/mL and 16 ug/mL respectively (see Supplementary data, Tables
S13-S15).

As illustrated by checkerboard assays of 14 and 19 in Figure 6, all four peptides
exhibited potent synergy against the A. baumannii and K. pneumoniae strains (Table 5).
By comparison, significantly less synergy was observed with the P. aeruginosa strain with
peptide 14 displaying the most potent synergistic activity. The results obtained with
A. baumannii and K. pneumoniae were more in line with our previous findings where
again, peptides 14 and 19 resulted in the most potent synergistic combinations with
rifampicin. Impressively, a FICI of only 0.023 was detected for both peptides with the
K. pneumoniae strain tested.
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Figure 6. Checkerboard assays for peptides 14 and 19 in combination with rifampicin versus different
Gram-negative pathogens: A) A. baumannii ATCCI17978; B) K. pneumoniae ATCC13883; C)
P. aeruginosa ATCC27853. In each case the bounded box in the checkerboard assays indicates the
combination of peptide and antibiotic resulting in the lowest FICI (see Table 5). ODeoo values were
measured using a plate reader and transformed to a gradient: purple represents growth, white
represents no growth. Checkerboard assays of peptides 6 and 10 of the strains shown above are
available in the Supplementary data, Figures S13-15.

Table 5. FICI values of peptides 6, 10, 14, and 19 in combination with rifampicin against different
Gram-negative pathogens.?

Pathogen 6 10 14 19
A. baumannii ATCC17978 0.125 0.125 0.078 0.094
K. pneumoniae ATCC13883 0.063 0.063 0.023 0.023
P. aeruginosa ATCC27853 >0.5° 0.250 0.156 0.266

aMIC and MSC data can be found in the Supplementary data, Tables S13-15; "Synergy is defined in
literature as a FICI <0.5.%

2.4. Mechanistic studies

The potentiation of antibiotics like erythromycin, rifampicin, novobiocin and vancomycin
against Gram-negative bacteria is generally attained by disruption of the OM as
previously described for PMBN.!° The potent synergy observed for peptides 6, 10, 14, and
19 with these antibiotics, coupled with the finding that the peptides are largely non-
hemolytic, points to a mode of action involving selective permeabilization of the Gram-
negative OM. To further investigate this hypothesis, a permeabilization assay using N-
phenyl-napthalen-1-amine (NPN) on E. coli BW25113 was performed. This assay enables
monitoring of OM disruption based upon the ability of NPN to enter the phospholipid
layer which in turn results in a detectable increase in fluorescence.? As illustrated in
Figure 7, a clear dose-dependent effect was observed for peptides 6, 10, 14, and 19. Taken
along as a benchmark, PMBN was found to induce ca. 80% OM permeabilization at a
concentration of 3.13 ug/mL. By comparison, the peptides matched or surpassed this
effect at the higher concentrations tested.
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Figure 7. Permeabilization assay of E. coli BW25113 using N-Phenyl-1-naphthylamine (NPN) as
fluorescent probe. The read-out was performed after 60 minutes of incubation using a plate reader
with 2Aex 355 nm and 2Aem 420 nm. The NPN uptake values shown are relative to the uptake signal
obtained upon treating the cells with 100 pg/ml colistin as previously reported.® Error bars
represent the standard deviation based on n=3 technical replicates. A read-out was also performed
after 10 minutes of incubation (See Supplementary data, Figure 16).

2.5. Stereochemical studies

We next set out to probe the stereochemical parameters governing the OM disrupting
activity of peptides 6, 10, 14, and 19. The result of the LPS competition assay with peptide
6 (described above in Section 2.1) as well as the published NMR studies on related
thrombin-derived C-terminal peptides,? suggest that these peptides interact with LPS.
At the core of the LPS structure is the bacterial phospholipid lipid A. Given that lipid A is
a chiral biomolecule, we next prepared a series of stereochemical analogues of peptide 6
and characterized the impact on synergistic activity. These analogues included the all b-
amino acid enantiomeric species 20, the L-amino acid inverso peptide 21 and the all -
amino acid retro-inverso variant 22.

Peptide 6 and enantiomer 20 were both found to exhibit appreciable inherent
antimicrobial activity against E. coli BW25113, with MICs of 12.5 ug/mL and 6.25 pg/mL
respectively (Table 6). Inversion of these peptides to give 21 and 22 led to a significant
loss of antibacterial activity in both cases with MICs of >200 ug/mL and 100 pg/mL
respectively. Checkerboard assays were next performed with erythromycin as the
companion antibiotic using E. coli BW25113 as the indicator strain (Figure 8). Interestingly,
the enantiomeric peptide 20 was found to exhibit no synergistic activity suggesting that
the synergy observed for 6 is indeed stereospecific. Interestingly, the L-inverso peptide
21 did exhibit moderate synergistic activity, however, the D-retro-inverso peptide 22 was
a much more potent synergist. Give that retro-inverso peptides can assume a side chain
topology similar to that of the parent L-peptide,* these finding further support the
stereospecific mechanism of peptide 6. Similar results were obtained upon repeating the
synergy assays for peptides 6, 20-22 with rifampicin as the companion antibiotic (see
Supplementary data, Figure S2 and Table S2).
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Figure 8. Checkerboard assays of the peptides 6, and stereochemical analogues 20-22 in
combination with erythromycin versus E. coli BW25113. In each case the bounded box in the
checkerboard assays indicates the combination of peptide and antibiotic resulting in the lowest FICI
(see Table 1). ODsoo values were measured using a plate reader and transformed to a gradient: purple
represents growth, white represents no growth. An overview of all checkerboard assays with
erythromycin can be found in the Supplementary data, Figure SI.

Table 6. Overview of the TCPs peptide sequence, synergistic and hemolytic activity.

Peptide sequence® MIC MSCoeptide FICI Hemolysis®
6 HoN-VFRLKKWIOKVI-NH: 12.5 313 0.313 4%
20 HoN-vfrlkkwigkvi-NHe 6.25 3.13 >0.5P 3%
21 HoN-IVKQIWKKLREV-NH >200 50 0.250 2%
22 HoN-ivkgiwkklrfv-NH, 100 6.25 0.094 3%

aLower case letters indicate D-amino acids; *Synergy defined as an FICI <0.5%; “Hemolysis
determined after a 20 hour incubation of the compounds (200 pg/ml) with defibrinated sheep
blood (see Supplementary data, Figure S4 and Table S4).
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3. Discussion

The LPS-binding potential of the TCPs sparked our interest in these peptides as potential
synergists. Indeed, the synergistic activity of peptides 1, 2, and 3 validated this hypothesis
(See Table 2). Notably, this represents the first demonstration of the synergistic activity
for these peptides even though their antimicrobial activity has been well-studied.?63>3650-
52 Peptide 1 exhibits synergy comparable to PMBN (Table 1). Amidation of the C-terminus
of peptide 1 gave peptide 6 and led to a significant enhancement of inherent antibiotic
activity, an effect also known for other antimicrobial peptides.®® Most importantly,
peptide 6 maintained synergistic activity leading to the lowest MSC and was therefore
selected as a lead for further investigation.

While C-terminal amidation impacts the overall charge in peptide 6, LPS-binding is still
maintained as evidenced by the results of an LPS competition assay (Supplementary data,
Figure S4 and Table S4). Moreover, stereochemical studies with peptide 6 suggests that
synergistic activity is indeed stereospecific: loss of synergistic activity was observed for
the mirror image of peptide 6, D-peptide 20 (see Table 6). Similarly, in literature the
mirror image of PMBN was described to have no synergistic activity.>* Notable, however,
is the finding that retro-inverso peptide 22 displays potent synergistic activity, in line
with expectations given that the retro-inverso analogue features a topology similar to
parent peptide 6.%°

Another indication of a mechanism involving LPS-binding comes from the antimicrobial
activity observed for peptide 6 against wild-type and mcr-1 strains of E. coli: while MIC
values of 12.5 pg/mL and 6.25 pg/mL where measured against the reference BW25113
and W3110 strains, respectively, in the case of the mcr-1,2,3 clinical isolates tested the
MICs were much higher (50-100 pg/mL, see Supplementary data, Tables S2, S8-S12). A
similar trend is also observed for the established LPS-binding polymyxin class of
antibiotics.*5#¢ Interestingly, the synergistic activity of peptide 6, and the alanine-scan
derived analogues 10, 14, and 19 is well retained against mcr-type stains which is not the
case for PMBN (Table 4).3!

The alanine scan provided insight into the roles of each amino acid in peptide 6 and
resulted in the identification of three potent synergists: peptide 10, 14, and 19 (Table 2).
All three peptides potentiated erythromycin, rifampicin, novobiocin, and vancomycin
(Table 2 and Table 3). Peptide 19 was on par with PMBN and results in lower or equal FICIs
of synergists recently described in literature.®* Impressively, the potentiation of
rifampicin by peptide 14 and 19 was also seen against multiple E. coli strains including the
mer-clinical isolates, K. pneumoniae, P. aeruginosa, and A. baumannii also with very low
FICI values (Table 4 and Table 5). By comparison, peptide 10 displayed a slightly lower
synergistic activity than peptide 14 and 19, but was still equal to or better than peptide 6.
Interestingly, peptide 14 features the substitution of Ala for Trp, a residue often
associated with membrane binding and antimicrobial activity.**"® Indeed, a significant
loss of inherent antimicrobial activity is observed for peptide 14 relative to 6. However,
the finding that peptide 14 retains potent synergy suggests the Trp is not key for
synergistic activity or OM permeabilization (Figure 7).
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What is also clear from the alanine scan is the essentiality of the lysine side-chains, not
only for maintaining synergy, but also for limiting hemolytic activity (Table 2).
Comparable findings have been reported for PMB and PMBN which contain several
positively charged Dab resides and replacing them with uncharged amino acids leads to
a loss of antimicrobial activity for PMB and synergistic activity for PMBN.%

In summary, the peptides investigated in this study were found to exhibit potent and
targeted synergy with multiple Food and Drug Administration (FDA)-approved Gram-
positive-specific antibiotics. Importantly, this synergy was demonstrated against a range
of Gram-negative species including mcr-resistant strains. The selective OM disrupting
properties of these peptides and their potent synergy highlights the potential for such
compounds to expand the number of antibiotic classes that can be effectively employed
to kill Gram-negative bacteria.
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4. Experimental section

4.1. Manual Peptide Synthesis for Carboxylic Acid C-terminus

Chlorotrityl resin (5.0 g, 1.60 mmol-g-1) was loaded with Fmoc-Ile-OH (1, 5) or Fmoc-Glu(OtBu)-OH
(2-4). Resin loading was determined to be 0.44-0.57 mmol-g-1. Linear peptide encompassing the first
amino acid until the last amino acid were assembled manually via standard Fmoc solid-phase peptide
synthesis (SPPS) (resin bound AA:Fmoc-AA:BOP:DiPEA, 1:4:4:8 molar eq.) on a 0.1 mmol scale. DMF
was used as solvent and Fmoc deprotections were carried out with piperidine:DMF (1:4 v:v). Amino
acid side chains were protected as follows: tBu for Asp/Glu, Trt for Asn/Gln, Boc for Lys/Trp, Pbf
for Arg. Following coupling and Fmoc deprotection of the final amino acid, N-terminal acylation was
achieved for peptide 5 by coupling Ac20 using the same coupling conditions used for SPPS. The
resin-bound peptides were next washed with CH2CI2 and subsequently treated with TFA:TIS:H20
(95:2.5:2.5, 10 mL) for 90 min. Resin beads were filtered off and the reaction mixture was added to
cold MTBE:hexanes (I:1) and the resulting precipitate washed once more with MTBE:hexanes (1:1).
The crude peptide was lyophilized from tBuOH:H20 (1:1) and purified with reverse phase HPLC. Pure
fractions were pooled and lyophilized to yield the desired linear peptides as white powders, typically
in 10-20 mg quantities. For peptide characterization and analysis see Supplementary data, Table S16
and pages S26-S28.

4.2. Automated Peptide Synthesis for C-terminal Amides

Rink Amide resin (150 mg, 0.684 mmol-g-1) was loaded into the reaction vessel of the CEM liberty
blue peptide synthesizer for a 0.1 mmol scale. Linear peptides 6-22 were assembled using microwave
irradiation at 90 C (resin bound AA:Fmoc-AA:DIC:Oxyma, 1:5:5:5 molar eq.). DMF was used as solvent
and Fmoc deprotections were carried out with piperidine:DMF (1:4, v:v). Amino acid side chains were
protected as follows: tBu for Asp/Glu, Trt for Asn/Gln, Boc for Lys/Trp, Pbf, for Arg. Following
coupling and Fmoc deprotection of the final amino acid, N-terminal acylation was achieved for
peptide 7 by coupling Ac20 using microwave irradiation at 90 C. The linear peptides were removed
from the reaction vessel, washed with DCM and directly treated with TFA:TIS:H20 (95:2.5:2.5, 10 mL)
for 90 min. Resin beads were filtered off and the reaction mixture was added to cold MTBE:hexanes
(1:1) and the resulting precipitate washed once more with MTBE:hexanes (1:1). The crude peptides
was lyophilized from tBuOH:H20O (1:1) and purified with reverse phase HPLC. Pure fractions were
pooled and lyophilized to yield the desired linear peptides as white powders, typically in 20-60 mg
quantities. For peptide characterization and analysis see Supplementary data.

4.3. Antimicrobial Assays

All peptides were screened for antimicrobial activity against E. coli BW25113, E. coli ATCC25922, and
E. coli W3110. A select group of the peptides was further tested against E. coli mcr-1, E. coli
EQASmcr-1, E. coli EQASmcr-2, E. coli EQASmcr-3, K. pneumoniae ATCC13883, P. aeruginosa
ATCC27853, and A. baumannii ATCC17978. The antimicrobial assay was performed according to CLSI
guidelines. Bacteria were plated out directly from their glycerol stocks on blood agar plates,
incubated overnight at 37 °C, and then kept in the fridge. The blood agar plates were only used for 2
weeks and then replaced.

4.4. Minimum Inhibitory Concentration (MIC) Assay

A single colony from a blood agar plate was inoculated in Lysogeny Broth (LB) at 37 °C until a 0.5
optical density at 600nm (OD600) was reached (compared to the sterility control of LB). The
bacterial suspension was diluted in fresh LB to 2.0 x 108 CFU /mL. The serial dilutions were prepared
in polypropylene microtiter plates: a stock of the test compounds was prepared with a 2x final
concentration in LB. 100 ul of the stock was added to the wells of the top row of which 50 ul was
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used for the serial dilution. The bottom row of each plate was used as the positive (50 pl of LB) and
negative controls (100 pl of LB) (6 wells each). 50 pl of the 2.0 x 106 CFU/mL bacterial stock was
added to each well except for the negative controls, adding up to a total volume of 100 ul per well.
The plates were sealed with a breathable seal and incubated for 20 hours at 37 °C and 600 rpm. The
MIC was visually determined after centrifuging the plates for 2 minutes at 3000 rpm.

4.5. Checkerboard Assays

Dilution series of both the test compound and antibiotic to be evaluated was prepared in LB media.
To evaluate synergy, 25 uL of the test compound solutions were added to wells containing 25 pL of
the antibiotic solution. This was replicated in three columns for each combination so as to obtain
triplicates. To the resulting 50 pL volume of antibiotic + test compound was next added 50 pL of
bacterial stock and the plates sealed. After incubation for 20 hours at 37 °C while shaking at 600
rpm, the breathable seals were removed and the plates shaken using a bench top shaker to ensure
even suspension of the bacterial cells as established by visual inspection. The plates were then
transferred to a Tecan Spark plate reader and following another brief shaking (20 seconds) the
density of the bacterial suspensions measured at 600 nm (OD600). The resulting OD600 values were
transformed to a 2D gradient to visualize the growth /no-growth results. The FICI was calculated
using Equation 1 where a FICI <0.5 indicating synergy.’

MSCone | MSCopn

FICI =
MIC.pe  MICyyy @

Equation 1. Calculation of the FICI: Calculation of FICI. MSCan: = MIC of antibiotic in combination
with synergist; MICan = MIC of antibiotic alone; MSCsyn = MIC of synergist in combination with
antibiotic; MICsyn = MIC of synergist alone. In cases where the MIC of the antibiotic or synergist was
found to exceed the highest concentration tested, the next highest concentration in the dilution
series was used in determing the FICI and the result reported as < the calculated value.

4.6. Hemolysis Assay

The hemolytic activity of each analogue was assessed in triplicate. Red blood cells from defibrillated
sheep blood obtained from Thermo Fisher were centrifuged (400 g for 15 minutes at 4°C) and washed
with Phosphate-Buffered Saline (PBS) containing 0.002% Tween20 (buffer) for five times. Then, the
red blood cells were normalized to obtain a positive control read-out between 2.5 and 3.0 at 415 nm
to stay within the linear range with the maximum sensitivity. A serial dilution of the compounds (200
- 6.25 ug/mlL, 75 uL) was prepared in a 96-well plate. The outer border of the plate was filled with
75 pL buffer. Each plate contained a positive control (0.1% Triton-X final concentration, 75 pL) and
a negative control (buffer, 75 uL) in triplicate. The normalized blood cells (75 pL) were added and the
plates were incubated at 37 °C for 1 hour or 20 hours while shaking at 500 rpm. A flat-bottom plate
of polystyrene with 100 uL buffer in each well was prepared. After incubation, the plates were
centrifuged (800 g for 5 minutes at room temperature) and 25 pL of the supernatant was transferred
to their respective wells in the flat-bottom plate. The values obtained from a read-out at 415 nm
were corrected for background (negative control) and transformed to a percentage relative to the
positive control.

4.7. LPS Competition Assay

The same protocol as the MIC assay was used to prepare the serial dilution of the compounds in 96-
wells plates in duplicate resulting in two identical plates. A serial dilution of colistin was taken along
as a control. The inoculation and preparation of the bacteria stock was performed as described for
the MIC assay. The stock of bacteria was then split into two stocks. LPS (1 mg/mL final
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concentration) was added to one of the stocks and added to one of the duplicate plates as described
in the MIC assay. The normal bacteria stock was added to the remaining plate as described in the
MIC assay. The plates were sealed with a breathable seal and incubated for 20 h at 37 °C and 600
rpm after which the MIC was visually determined.

4.8. Membrane Permeability Assay Using N-phenylnaphthalen-1-amine (NPN)

The assay was performed based on protocols adapted from those described in literature.**® Bacteria
were inoculated overnight at 37 °C in LB, diluted the next day 50x in LB and grown to OD600 of 0.5.
The bacterial suspension was then centrifuged for 10 minutes at 1000 g at 25 °C. The pellet of
bacteria was suspended in 5 mM HEPES buffer containing 20 mM glucose to a final concentration
of OD600 of 1.0. The compounds were serial diluted (25 pL) in triplicate in a black ' area clear-
bottom 96-well plate. 100 pg/mL final concentration of colistin in triplicate served as the positive
control. Three wells were filled with 25 uL buffer to serve as the negative control. Additional controls
of the compounds were made in triplicate using 25 ul of the highest concentration to detect
interactions of the compounds with NPN in the absence of bacteria. A stock of 0.5 mM of NPN in
acetone was prepared and diluted 12.5x in the buffer. 25 pL of the NPN solution was added to each
well. 50 pL of the 1.0 ODsoo bacterial stock was then added to each well except for the controls of
the compounds with NPN. To these wells 50 pL of buffer was added. After 60 minutes the plate was
measured using Tecan plate reader with Aex 355 nm +20 nm and Aem 420 nm +20 nm. The fluorescence
values obtained were then transformed into a NPN uptake percentage using the following equation
2:

NPN uptake (%) = ( Fobs - Fo ) / ( Fio0 - Fo ) x 100%, (2)

Equation 2. consists of an observed value of fluorescence (Fobs), which is corrected for background
using the negative control (FO). This value is divided by the positive control corrected for background
(F100-F0) and multiplied by 100% to obtain the percentage.*85
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Supplementary data

General notes

All reagents employed were of American Chemical Society (ACS) grade or finer and were used
without further purification unless otherwise stated. For compound characterization HRMS analysis
was performed on a Shimadzu Nexera X2 UHPLC system with a Waters Acquity HSS C18 column (2.1
x 100 mm, 1.8 um) at 30 °C and equipped with a diode array detector. The following solvent system,
at a flow rate of 0.5 mL/min, was used: solvent A, 0.1 % formic acid in water; solvent B, 0.1 % formic
acid in acetonitrile. Gradient elution was as follows: 95:5 (A/B) for 1 min, 95:5 to 15:85 (A/B) over 6
min, 15:85 to 0:100 (A/B) over 1 min, 0:100 (A/B) for 3 min, then reversion back to 95:5 (A/B) for 3
min. This system was connected to a Shimadzu 9030 QTOF mass spectrometer (ESI ionisation)
calibrated internally with Agilent’s API-TOF reference mass solution kit (5.0 mM purine, 100.0 mM
ammonium trifluoroacetate and 2.5 mM hexakis(1H,1H,3H-tetrafluoropropoxy)phosphazine) diluted
to achieve a mass count of 10000. Purity of the peptides was confirmed to be > 95% by analytical
RP-HPLC using a Shimadzu Prominence-i LC-2030 system with a Dr. Maisch ReproSil Gold 120 C18
column (4.6 x 250 mm, 5 um) at 30 °C and equipped with a UV detector monitoring at 214 nm. The
following solvent system, at a flow rate of 1 mL/min, was used: solvent A, 0.1 % TFA in
water /acetonitrile, 95/5; solvent B, 0.1 % TFA in water /acetonitrile, 5/95. Gradient elution was as
follows: 95:5 (A/B) for 2 min, 95:5 to 0:100 (A/B) over 13 min, 0:100 (A/B) for 2 min, then reversion
back to 95:5 (A/B) over 1 min, 95:5 (A/B) for 2 min. The compounds were purified via preparative
HPLC using a BESTA-Technik system with a Dr. Maisch Reprosil Gold 120 C18 column (25 x 250 mm,
10 pm) and equipped with a ECOM Flash UV detector monitoring at 214 nm. The following solvent
system, at a flow rate of 12 mL/min, was used: solvent A, 0.1 % TFA in water/acetonitrile 95/5;
solvent B, 0.1 % TFA in water/acetonitrile 5/95. Gradient elution was as follows: 95:5 (A/B) for 2
min, 95:5 to 0:100 (A/B) over 30 min, 0:100 (A/B) for 2 min, then reversion back to 95:5 (A/B) over 1
min, 95:5 (A/B) for 2 min.

Peptide synthesis
Automated peptide synthesis. Peptides were synthesized by a microwave-assisted peptide
synthesizer (Liberty Blue HT-12, CEM) using the following cycles of deprotection and coupling.

1) Fmoc deprotection: 90 °C, 80 W, 65 s with 20% piperidine in DMF, 3 mL /deprotection

2) AA coupling: Fmoc-AA-OH (0.2M in 2.5 mL DMF, 5 eq), DIC (IM in 1 mL DM, 10 eq) and Oxyma (IM
in 0.5 mL DMF, 5 eq) at 76 °C, 80 W, 15 s before the temperature was increased to 90 °C, 80 W for
110s.

Synthesis of C-terminal acid peptides.

Chlorotrityl resin was loaded with the first Fmoc-AA-OH (depending on the sequence). Linear
peptide encompassing the first AA to the last AA was assembled manually via standard Fmoc solid-
phase peptide synthesis (SPPS) (resin bound AA:Fmoc-AA:BOP:DiPEA, 1:4:4:8 molar eq.) on a 0.25
mmol scale. DMF was used as solvent and Fmoc deprotections were carried out with piperidine:DMF
(1:4 vv). Amino acid side chains were protected as follows: tBu for Ser/Asp/Glu/Tyr, Trt for
Asn/Gln/His, Boc for Lys /Trp, and Pbf for Arg. Following coupling and Fmoc deprotection of the
final AA, the resin was directly treated with TFA:TIS:H20 (95:2.5:2.5, 10 mL) for 90 min. The reaction
mixture was added to cold MTBE:hexanes (1:1) and the resulting precipitate was centrifuged at 4500
rpm for 5 min, washed once more with MTBE:hexanes (1:1) and centrifuged at 4500 rpm for 5 min.
The crude peptides were lyophilized from tBuOH:H20O (1:1) and purified with reverse phase HPLC.
Pure fractions were pooled and lyophilized to yield the desired linear peptide products in >95%
purity as white powders.
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Synthesis of C-terminal amide peptides.

Rink Amide resin (150 mg, 0.684 mmol.g-1) was loaded into the CEM Liberty Blue peptide synthesizer
for a 0.Immol scale. Linear peptide encompassing the first amino acid to the last amino acid were
assembled using microwave irradiation (resin bound AA:Fmoc-AA:DIC:Oxyma, 1:5:10:5 molar eq.).
DMF was used as solvent and Fmoc deprotections were carried out with piperidine:DMF (1:4, v:v).
Amino acid side chains were protected as follows: tBu for Ser/Asp/Glu/Tyr, Trt for Asn/Gln/His,
Boc for Lys/Trp, and Pbf for Arg. Following coupling and Fmoc deprotection of the final AA, the
resin was directly treated with TFA:TIS:H20 (95:2.5:2.5, 10 mL) for 90 min. The reaction mixture was
added to cold MTBE:hexanes (1:1) and the resulting precipitate was centrifuged at 4500 rpm for 5
min, washed once more with MTBE:hexanes (1:1) and centrifuged at 4500 rpm for 5 min. The crude
peptides were lyophilized from tBuOH:H20 (1:1) and purified with reverse phase HPLC. Pure
fractions were pooled and lyophilized to yield the desired linear peptide products in >95% purity as
white powders.
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Checkerboard assays and FICI data against E. coli BW25113 with rifampicin
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Figure S1. Checkerboard assays of peptides 1-22 and PMBN in combination with erythromycin
versus E. coli BW25113. OD600 values were measured using a plate reader and transformed to a
gradient: purple represents growth, white represents no growth. In each case, the bounded box in
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the checkerboard assays indicates the minimal synergistic concentration (MSC) of compound and
antibiotic resulting in the lowest FICI.

Table S1. Synergistic data of peptides 1-22 and PMBN of the checkerboard assays with erythromycin
as shown in Figure S1. All minimal inhibitory concentrations (MICs) and minimal synergistic
concentrations (MSCs) are in pg/mL.

MICpep MSCpep MICery MSCery FICI
1 200 25 >100 12,5 0.1875
2 200 50 >100 25 0.3750
3 200 50 >100 50 0.5000
4 >200 125 >100 100 >0.5°
5 >200 50 >100 6.25 0.1563
6 12,5 3.125 >100 12,5 0.3125
7 50 125 >100 3.125 0.2656
8 12,5 1.563 >100 12,5 0.1875
9 50 3.125 >100 12,5 0.1250
10 100 125 >100 3.125 0.1406
1 200 25 >100 12,5 0.1875
12 25 125 >100 1563 >0.5°
13 25 125 >100 3.125 >0.5
14 >200 6.25 >100 12,5 0.0781
15 100 125 >100 12,5 0.1875
16 25 3.125 >100 12,5 0.1875
17 12,5 6.25 >100 6.25 >0.5
18 50 3.125 >100 12,5 0.1250
19 100 3.125 >100 12,5 0.0938
20 6.25 3.13 >100 3.125 >0.5
21 >200 50 200 25 0.2500
22 100 6.25 >100 6.25 0.0938
PMBN >200 25 200 12,5 0.1250

2 Synergy is defined as FICI <0.5.%
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Checkerboard assays and FICI data against E. coli BW25113 with rifampicin
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Figure S2. Checkerboard assays of peptides 1-22 and PMBN in combination with rifampicin versus
E. coli BW25113. OD600 values were measured using a plate reader and transformed to a gradient:
purple represents growth, white represents no growth. In each case, the bounded box in the
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checkerboard assays indicates the minimal synergistic concentration (MSC) of compound and
antibiotic resulting in the lowest FICI.

Table S2. Synergistic data of peptides 1-22 and PMBN of the checkerboard assays with erythromycin
as shown in Figure S2. All minimal inhibitory concentrations (MICs) and minimal synergistic
concentrations (MSCs) are in pg/mL.

MICpep MSCpep MICrit MSCrit FICI
1 200 125 8 0.25 0.0938
2 200 50 8 0.5 0.3125
3 >200 25 8 1 0.1875
4 >200 25 8 2 0.3125
5 >200 50 8 0.25 0.1563
6 25 3.125 8 0.25 0.1563
7 50 125 8 0.125 0.2656
8 125 1.563 8 0.125 0.1406
9 200 25 8 0.125 0.1406
10 100 125 8 0.125 0.1406
11 25 1.563 8 0.5 0.1250
12 25 125 8 0.125 >0.5%
13 25 6.25 8 2 0.5000
14 >200 50 8 0.125 0.1406
15 100 6.25 8 0.25 0.0938
16 25 6.25 8 0.125 0.2656
17 25 6.25 8 0.125 0.2656
18 50 3.125 8 0.125 0.0781
19 100 6.25 8 0.125 0.0781
20 125 3.125 8 0.25 0.2813
21 >200 50 8 2 0.3750
22 50 6.25 8 0.25 0.1406
PMBN >200 125 8 0.25 0.0625

aSynergy is defined as FICI <0.5.%
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LPS competition assay of peptide 6

NH,-VFR12-CONH, NH,-VFR12-CONH,

200

100

50

25

Controls (-/+) Controls (-/+)

MIC plate Effect of the addition of 1 mg/ml of LPS

Figure S3. LPS competition assay of 6 with E. coli BW25113 in LB as described in materials and
methods. A visual read-out was performed after centrifuging the plates for 2 minutes at 3000 rpm.

Table S3. Overview of LPS competition results using LB as medium. All results are obtained against
E. coli BW25113 as shown in Figure S4.

Peptide sequence MIC +1.0 mg/ml LPS

6 H N-VFRLKKWIQKVI-NH; 125 200
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Hemolysis assay

Hemolysis (%)
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1
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Figure S4. Hemolytic activity of peptides 1-22 (200 ug/ml). The hemolysis assay was performed as
described in materials and methods. Values above 10% were defined as hemolytic for the peptides
1-4 in a previous study.® Error bars represent the standard deviation based on n=3 technical
replicates.
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Table S4. Hemolytic activity of peptides 1-22 (200 ug/ml). The hemolysis assay was performed as
described in materials and methods. Values >10% were defined as hemolytic for the peptides 1-4 in
a previous study.®

Compound Peptide sequence Hemolysis (%)
1 H,N-VFRLKKWIQKVI-OH 0.1
2 H,N-HVFRLKKWIQKVIDQFGE-OH 8.7
3 H,N-FYTHVERLKKWIQKVIDQFGE-OH 434
4 HoN-GKYGFYTHVFRLKKWIQKVIDQFGE-OH 69.5
5 Ac-VFRLKKWIQKVI-OH 0.2
6 HoN-VFRLKKWIQKVI-NH, 4.0
7 Ac-VFRLKKWIQKVI-NH 4.6
8 HN-AFRLKKWIQKVI-NH, 1.5
9 H,N-VARLKKWIQKVI-NH, 0.1

10 HoN-VFALKKWIQKVI-NH, 3.8
1 HoN-VFRAKKWIQKVI-NH, 11
12 HoN-VFRLAKWIQKVI-NH, 30.2
13 HoN-VFRLKAWIQKVI-NH; 19.0
14 H,N-VFRLKKAIQKVI-NH; 0.9
15 HoN-VFRLKKWAQKV I -NH; 0.9
16 H,N-VFRLKKWIAKVI-NH; 35
17 HoN-VFRLKKWIQAVI-NH, 20.7
18 HoN-VFRLKKWIQKAI-NH, 2.3
19 HoN-VFRLKKWIQKVA-NH; 1.0
20 HoN-vErlkkwigkvi-NH; 3.2
21 HoN-IVKQIWKKLRFV-NH; 2.2
22 HoN-ivkgiwkklrfv-NH; 3.2
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Novobiocin (ug/ml)

Checkerboard assays and FICI data against E. coli BW25113 with novobiocin
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Figure S5. Checkerboard assays of the peptides 6, 10, 14, 19 and PMBN in combination with
novobiocin versus E. coli BW25113. OD600 values were measured using a plate reader and
transformed to a gradient: purple represents growth, white represents no growth. In each case, the
bounded box in the checkerboard assays indicates the minimal synergistic concentration (MSC) of
compound and antibiotic resulting in the lowest FICL

Table S5. Synergistic data of peptides 6, 10, 14, 19 and PMBN of the checkerboard results for E. coli
BW25113 with novobiocin displayed in Figure S5. All minimal inhibitory concentrations (MICs) and
minimal synergistic concentrations (MSCs) are in ug,/mL.

MICpeptice MSCpeptide MICrovo MSCrovo FICI
6 12.5 1.563 >200 25 0.1875
10 100 6.25 >200 6.25 0.0781
14 >200 6.25 >200 6.25 0.0313
19 200 6.25 >200 3.125 0.0390
PMBN >200 12.5 >200 6.25 0.0469
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Vancomycin (pg/ml)

Vancomycin (ug/ml)

Checkerboard assays and FICI data against E. coli BW25113 with vancomycin

Vancomycin (pg/ml)
Vancomycin (ug/ml)

0 02 04 08 16 31 63 13 0 16 31 63 13 25 50 100
6 (ug/m)) 10 (ug/ml)

0 31 63 13 25 50 100 200
14 (ug/ml)

Vancomycin (ug/ml)

0 16 31 63 13 25 50 100 0 31 63 13 25 50 100 200
19 (ugiml) PMBN (ug/ml)

Figure S6. Checkerboard assays of the peptides 6, 10, 14, 19 and PMBN in combination with
vancomycin versus E. coli BW25113. OD600 values were measured using a plate reader and
transformed to a gradient: purple represents growth, white represents no growth. In each case, the
bounded box in the checkerboard assays indicates the minimal synergistic concentration (MSC) of
compound and antibiotic resulting in the lowest FICL

Table S6. Synergistic data of peptides 6, 10, 14, 19 and PMBN of the checkerboard results for E. coli
BW25113 with vancomycin displayed in Figure S6. All minimal inhibitory concentrations (MICs) and
minimal synergistic concentrations (MSCs) are in ug,/mL.

MICpeptice MSCpeptide MICyanco MSCranco FICI
6 25 3.125 >200 25 0.1875
10 100 12.5 >200 12.5 0.1563
14 >200 50 >200 50 0.2500
19 200 12.5 >200 6.25 0.0781
PMBN >200 12.5 >200 50 0.1563

186




Checkerboard assays and FICI data against E. coli ATCC25922 with rifampicin

Rifampicin (ug/ml)
Rifampicin (ug/ml)

0 31 63 13 25 50 100 200 0 31 63 13 25 50 100 200
6 (ug/m)) 10 (ug/ml)

Rifampicin (ug/ml)
Rifampicin (ug/ml)

0 31 63 13 25 50 100 200
14 (ug/m)) 19 (ug/ml)

0 31 63 13 25 50 100 200

Figure S7. Checkerboard assays of the peptides 6, 10, 14, and 19 in combination with rifampicin
versus E. coli ATCC25922. OD600 values were measured using a plate reader and transformed to a
gradient: purple represents growth, white represents no growth. In each case, the bounded box in
the checkerboard assays indicates the minimal synergistic concentration (MSC) of compound and
antibiotic resulting in the lowest FICI.

Table S7. Synergistic data of peptides 6, 10, 14, and 19 of the checkerboard results for E. coli
ATCC25922 with rifampicin displayed in Figure S7. All minimal inhibitory concentrations (MICs) and
minimal synergistic concentrations (MSCs) are in ug,/mL.

MICpeptide MSChpeptide MIC:ig MSCris FICI
6 200 6.25 4 0.063 0.0469
10 >200 6.25 4 0.063 0.0313
14 >200 6.25 4 0.063 0.0313
19 >200 6.25 4 0.063 0.0313
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Checkerboard assays and FICI data against E. coli W3110 with rifampicin

Rifampicin (ug/ml)
Rifampicin (ug/ml)

0 01 02 04 08 16 3.1 63 0 02 04 08 16 31 63 13
6 (ug/m)) 10 (ug/ml)

Rifampicin (ug/ml)
Rifampicin (pg/ml)

0 31 63 13 25 50 100 200 0 08 16 31 63 13 25 50
14 (ug/ml) 19 (ug/ml)

Figure S8. Checkerboard assays of the peptides 6, 10, 14, and 19 in combination with rifampicin
versus E. coli W3110. OD600 values were measured using a plate reader and transformed to a
gradient: purple represents growth, white represents no growth. In each case, the bounded box in
the checkerboard assays indicates the minimal synergistic concentration (MSC) of compound and
antibiotic resulting in the lowest FICI.

Table S8. Synergistic data of peptides 6, 10, 14, and 19 of the checkerboard results for E. coli W3110
with rifampicin displayed in Figure S8. All minimal inhibitory concentrations (MICs) and minimal
synergistic concentrations (MSCs) are in ug/mL.

MICpeptide MSCpeptide MIC:is MSCris FICI
6 6.25 3.125 8 0.125 >0.5?
10 25 12.5 8 0.125 >0.5?
14 >200 50 8 0.5 0.1875
19 100 3.125 8 0.5 0.0782

aSynergy is defined as FICI <0.5.%
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Checkerboard assays and FICI data against E. coli mcr-1 with rifampicin

Rifampicin (ug/ml)
Rifampicin (ug/ml)

0 16 31 63 13 25 50 100 0 31 63 13 25 50 100 200
6 (ug/ml) 10 (ug/ml)

Rifampicin (ug/ml)
Rifampicin (ug/ml)

0 31 63 13 25 50 100 200 0 31 63 13 25 50 100 200

14 (ug/ml) 19 (ug/ml)

Figure S9. Checkerboard assays of the peptides 6, 10, 14, and 19 in combination with rifampicin
versus E. coli mcr-1. OD600 values were measured using a plate reader and transformed to a
gradient: purple represents growth, white represents no growth. In each case, the bounded box in
the checkerboard assays indicates the minimal synergistic concentration (MSC) of compound and
antibiotic resulting in the lowest FICI.

Table S9. Synergistic data of peptides 6, 10, 14, and 19 of the checkerboard results for E. coli mcr-1
with rifampicin displayed in Figure S9. All minimal inhibitory concentrations (MICs) and minimal
synergistic concentrations (MSCs) are in ug/mL.

MICpeptide MSCpeptide MIC:i¢ MSC:is FICI
6 100 12.5 12 0.188 0.1406
10 >200 25 12 0.188 0.0781
14 >200 25 12 0.75 0.1250
19 >200 25 12 0.75 0.1250
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Checkerboard assays and FICI data against E. coli EQASmcr-1 with rifampicin

Rifampicin (ug/ml)
Rifampicin (ug/ml)

0 16 31 63 13 25 50 100 0 31 63 13 25 50 100 200
6 (ug/m)) 10 (ug/ml)

Rifampicin (ug/ml)
Rifampicin (ug/ml)

0 31 63 13 25 50 100 200
14 (ug/ml) 19 (ug/ml)

0 31 63 13 25 50 100 200

Figure S10. Checkerboard assays of the peptides 6, 10, 14, and 19 in combination with rifampicin
versus E. coli EQASmcr-1. OD600 values were measured using a plate reader and transformed to a
gradient: purple represents growth, white represents no growth. In each case, the bounded box in
the checkerboard assays indicates the minimal synergistic concentration (MSC) of compound and
antibiotic resulting in the lowest FICI.

Table S10. Synergistic data of peptides 6, 10, 14, and 19 of the checkerboard results for E. coli
EQASmcr-1with rifampicin displayed in Figure S10. All minimal inhibitory concentrations (MICs) and
minimal synergistic concentrations (MSCs) are in pg/mL.

MICpeptide MSChpeptide MIC:it MSCris FICI
6 100 6.25 8 0.125 0.0781
10 200 12.5 8 0.125 0.0781
14 >200 12.5 8 0.5 0.0938
19 >200 12.5 8 0.5 0.0938
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Checkerboard assays and FICI data against E. coli EQASmcr-2 with rifampicin

Rifampicin (ug/ml)
Rifampicin (ug/ml)

0 08 16 31 63 13 25 50 0 16 31 63 13 25 50 100
6 (ug/m)) 10 (ug/ml)

Rifampicin (ug/ml)
Rifampicin (ug/ml)

0 31 63 13 25 50 100 200 0 31 63 13 25 50 100 200
14 (ug/ml) 19 (ug/ml)

Figure S11. Checkerboard assays of the peptides 6, 10, 14, and 19 in combination with rifampicin
versus E. coli EQASmcr-2. OD600 values were measured using a plate reader and transformed to a
gradient: purple represents growth, white represents no growth. In each case, the bounded box in
the checkerboard assays indicates the minimal synergistic concentration (MSC) of compound and
antibiotic resulting in the lowest FICI.

Table S11. Synergistic data of peptides 6, 10, 14, and 19 of the checkerboard results for E. coli
EQASmcr-2 with rifampicin displayed in Figure S11. All minimal inhibitory concentrations (MICs) and
minimal synergistic concentrations (MSCs) are in ug,/mL.

MICpepride MSCpeptide MICirit MSCrit FICI

6 100 6.25 8 0.25 0.0938
10 100 125 8 0.125 0.1406
14 >200 25 8 0.25 0.0938
19 200 125 8 0.5 0.1250

191



Checkerboard assays and FICI data against E. coli EQASmcr-3 with rifampicin

Rifampicin (ug/ml)
Rifampicin (ug/ml)

0 08 16 31 63 13 25 50 0 16 31 63 13 25 50 100
6 (ug/m)) 10 (ug/ml)

Rifampicin (ug/ml)
Rifampicin (ug/ml)

0 31 63 13 25 50 100 200
14 (ug/ml) 19 (ug/ml)

0 31 63 13 25 50 100 200

Figure S12. Checkerboard assays of the peptides 6, 10, 14, and 19 in combination with rifampicin
versus E. coli EQASmcr-3. OD600 values were measured using a plate reader and transformed to a
gradient: purple represents growth, white represents no growth. In each case, the bounded box in
the checkerboard assays indicates the minimal synergistic concentration (MSC) of compound and
antibiotic resulting in the lowest FICI.

Table S12. Synergistic data of peptides 6, 10, 14, and 19 of the checkerboard results for E. coli
EQASmcr-3 with rifampicin displayed in Figure S12. All minimal inhibitory concentrations (MICs) and
minimal synergistic concentrations (MSCs) are in pg/mL.

MICpeptide MSCpeptide MIC:it MSCris FICI
6 50 3.125 8 0.125 0.0781
10 200 12.5 8 0.125 0.0781
14 >200 12.5 8 0.125 0.0469
19 >200 6.25 8 0.125 0.3125
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Checkerboard assays and FICI data against A. baumannii ATCC17978 with rifampicin

Rifampicin (ug/ml)
Rifampicin (ug/ml)

0 04 08 16 31 63 13 25 0 08 16 31 63 13 25 50
6 (ug/m)) 10 (ug/ml)

Rifampicin (ug/ml)
Rifampicin (ug/ml)

0 31 63 13 25 50 100 200 0 1.6 31 63 13 25 50 100
14 (ug/ml) 19 (ug/ml)

Figure S13. Checkerboard assays of the peptides 6, 10, 14, and 19 in combination with rifampicin
versus A. baumannii ATCC17978. OD600 values were measured using a plate reader and transformed
to a gradient: purple represents growth, white represents no growth. In each case, the bounded box
in the checkerboard assays indicates the minimal synergistic concentration (MSC) of compound and
antibiotic resulting in the lowest FICI.

Table S13. Synergistic data of peptides 6, 10, 14, and 19 of the checkerboard results for A. baumannii
ATCC17978 with rifampicin displayed in Figure S13. All minimal inhibitory concentrations (MICs) and
minimal synergistic concentrations (MSCs) are in pg/mL.

MICpeptide MSCpeptide MIC:is MSC:ris FICI
6 50 3.125 2 0.125 0.1250
10 50 3.125 2 0.125 0.1250
14 >200 6.25 2 0.125 0.0781
19 100 6.25 2 0.063 0.0938
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Checkerboard assays and FICI data against K. pneumoniae ATCC13883 with rifampicin

Rifampicin (ug/ml)
Rifampicin (ug/ml)

0 31 63 13 25 50 100 200 0 31 63 13 25 50 100 200
6 (ug/m)) 10 (ug/ml)

Rifampicin (ug/ml)
Rifampicin (ug/ml)

0 31 63 13 25 50 100 200

0 31 63 13 25 50 100 200
14 (ug/ml) 19 (ug/ml)

Figure S14. Checkerboard assays of the peptides 6, 10, 14, and 19 in combination with rifampicin
versus K. pneumoniae ATCC13883. OD600 values were measured using a plate reader and
transformed to a gradient: purple represents growth, white represents no growth. In each case, the
bounded box in the checkerboard assays indicates the minimal synergistic concentration (MSC) of
compound and antibiotic resulting in the lowest FICL

Table S14. Synergistic data of peptides 6, 10, 14, and 19 of the checkerboard results for K. pneumoniae
ATCC13883 with rifampicin displayed in Figure S14. All minimal inhibitory concentrations (MICs) and
minimal synergistic concentrations (MSCs) are in pg/mL.

MICpeptide MSCpeptide MIC:is MSCris FICI
6 100 3.125 32 1 0.0625
10 >200 12.5 32 1 0.0625
14 >200 6.25 32 0.25 0.0234
19 >200 6.25 32 0.25 0.0234
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Checkerboard assays and FICI data against P. aeruginosa ATCC27853 with rifampicin

Rifampicin (ug/ml)
Rifampicin (ug/ml)

0 31 63 13 25 50 25 50 0 31 63 13 25 50 100 200
6 (ug/m)) 10 (ug/ml)
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Rifampicin (ug/ml)

0 31 63 13 25 50 100 200 0 31 63 13 25 50 100 200
14 (ug/ml) 19 (ug/ml)

Figure S15. Checkerboard assays of the peptides 6, 10, 14, and 19 in combination with rifampicin
versus P. aeruginosa ATCC27853. OD600 values were measured using a plate reader and
transformed to a gradient: purple represents growth, white represents no growth. In each case, the
bounded box in the checkerboard assays indicates the minimal synergistic concentration (MSC) of
compound and antibiotic resulting in the lowest FICL

Table S15. Synergistic data of peptides 6, 10, 14, and 19 of the checkerboard results for P. aeruginosa
ATCC27853 with rifampicin displayed in Figure S15. All minimal inhibitory concentrations (MICs) and
minimal synergistic concentrations (MSCs) are in pg/mL.

MICpeptide MSChpeptide MIC:it MSCris FICI
6 50 25 16 1 >0.5%
10 >200 100 16 4 0.2500
14 >200 50 16 0.5 0.1563
19 100 25 16 0.25 0.2656

2Synergy is defined as FICI <0.5.%
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Membrane permeability assay using NPN
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Figure S16. Outer membrane permeabilization assay of peptides 6, 10, 14, 19, 20, and PMBN with E.
coli BW25113 using N-phenyl-napthalen-1-amine (NPN) (at 0.01 mM) as fluorescent probe. The read-
out was performed using a plate reader with Aex 355 nm and Aem 420 nm. The NPN uptake values
shown are relative to the uptake signal obtained upon treating the cells with 100 pg/mL colistin as
previously reported.* Error bars represent the standard deviation based on n=3 technical replicates.
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Peptide characterization and analysis

HRMS characterization
Table S16. Overview of the HRMS results obtained using a Shimadzu Nexera X2 UHPLC system with
a Waters Acquity HSS C18 column (2.1 x 100 mm, 1.8 pm) at 30 °C and equipped with a diode array
detector. This system was connected to a Shimadzu 9030 QTOF mass spectrometer (ESI ionisation)
calibrated internally with Agilent’'s API-TOF reference mass solution kit (5.0 mM purine, 100.0 mM
ammonium trifluoroacetate and 2.5 mM hexakis(1H,1H,3H-tetrafluoropropoxy)phosphazine) diluted
to achieve a mass count of 10000.

Peptide sequence [M+H"] calculated [M+H"] found

1 HN-VFRLKKWIQKVI-COOH 1557.9998 1557.9993
2 HoN-HVFRLKKWIQKVIDQFGE-COOH 2271.2767 2271.2791
3 HN-FYTHVFRLKKWIQKVIDQFGE-COOH 2682.4561 2682.4579
4 HN-GKYGFYTHVFRLKKWIQKVIDQFGE-COOH 3087.6573 1544.3326*
5 Ac-VFRLKKWIQKVI-COOH 1600.0104 1600.0110
6 H N-VFRLKKWIQKVI-CONH. 1557.0158 1557.0153
7 Ac-VFRLKKWIQKVI-CONH: 1599.0263 1599.0259
8 H N-AFRLKKWIQKVI-CONH, 1528.9845 1528.9753
9 H N-VARLKKWIQKVI-CONH, 1480.9845 1480.9846
10 H N-VFALKKWIQKVI-CONH, 1471.9518 1471.9523
1 H N-VFRAKKWIQKVI-CONH, 1514.9688 1514.9685
12 H N-VFRLAKWIQKVI-CONH, 1499.9579 1499.9580
13 H N-VFRLKAWIQKVI-CONH, 1499.9579 1499.9578
14 H N-VFRLKKAIQKVI-CONH, 1441.9736 1441.9736
15 H N-VFRLKKWAQKVI-CONH, 1514.9688 1514.9696
16 H N-VFRLKKWIAKVI-CONH, 1499.9943 1500.0008
17 H N-VFRLKKWIQAVI-CONH, 1499.9579 1499.9646
18 H N-VFRLKKWIQKAI-CONH, 1528.9845 1528.9912
19 H N-VFRLKKWIQKVA-CONH, 1514.9688 1514.9753
20 H N-vfrlkkwiqgkvi-CONHz 1557.0158 1557.0156
21 H N-IVKQIWKKLREV-CONH, 1557.0158 1557.0151
22 H N-ivkgiwkklrfv-CONH: 1557.0158 1557.0222

21n this case only the [M+2H]* was observed
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Chapter 4

Exploring Gram-positive specific antibiotics
potentiation by human serum against Gram-
negative bacteria

Charlotte M.J. Wesseling, Nathaniel I. Martin, Suzan H.M. Rooijakkers, and Bart W.
Bardoel

Abstract

The rise of antibiotic resistance will lead to millions of deaths worldwide if left
unchecked. Especially Gram-negative bacteria are inherently harder to target due to the
outer membrane that functions as an additional barrier. Recent work has shown the
ability of human serum to potentiate Gram-positive specific antimicrobials nisin and
vancomycin against Gram-negative bacteria and thus expanding their range. Serum
contains proteins of the complement system that upon activation trigger the formation
of the membrane attack complex that damages the outer membrane of Gram-negative
bacteria. Damage to the outer membrane allows some Gram-positive specific
antimicrobial agents to reach their targets. In this study, the potential of human serum
for synergy with multiple classes of Gram-positive specific antibiotics was systematically
investigated via inner membrane permeability and bacterial viability assays. Three Gram-
negative bacteria were selected for screening: E. coli, K. pneumoniae and P. aeruginosa.
Inner membrane permeability was observed for most Gram-negative bacteria when
treated with a mixture of serum + nisin or serum + vancomycin. For E. coli the
combination of serum with daptomycin, telavancin, oritavancin, or dalbavancin also
resulted in a moderate increase of inner membrane permeability. The viability of E. coli
was significantly reduced when incubated with serum in combination with nisin,
erythromycin, quinupristin & dalfopristin, rifampicin, vancomycin, or dalbavancin
compared to serum or the antibiotics alone. By comparison, for K. pneumoniae only nisin,
rifampicin, and vancomycin displayed a significant synergistic effect when combined
with serum. Serum was also found to potentiate nisin, rifampicin, vancomycin, as well as
quinupristin & dalfopristin against P. aeruginosa. This study reveals that the immune
system can sensitize different Gram-negative bacteria toward several Gram-positive
specific antibiotics.
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1. Introduction

The rise of antimicrobial resistance, combined with the lowered discovery rate of new
antibiotic classes, has already led to the inability to treat infections in some patients.'™
Most notable is the growing resistance among Klebsiella pneumoniae, Escherichia coli,
Pseudomonas aeruginosa, and Acinetobacter baumannii against the few remaining
antibiotic treatments leading these multidrug resistant pathogens to be assessed at the
highest threat level by the World Health Organization.! Gram-negative bacteria are
inherently harder to target by antibiotics, due to the presence of an additional barrier:
the outer membrane (OM).257 Apart from the impermeable OM itself, the entry of
compounds for Gram-negative bacteria is highly restricted by porins and selective
uptake, for example, through siderophores.®° In addition, efflux pumps effectively
transport the few compounds that do gain entry out of the cell and upregulation of these
pumps is often directly related to resistance.®!

Disruption of the OM with adjuvants has the potential to counter this inherent
resistance and results in the potentiation of antibiotics normally excluded by the OM.5!
Several synergistic molecules have been well-described over the past decades even
leading to the first successful Phase I clinical trial with such a synergist (Chapter 1).5"
Human serum has also been reported to potentiate antibiotics against Gram-negative
bacteria.”™ In addition, human serum has been described to form pores in cell
membranes through the membrane attack complex (MAC)." Only recently these two
findings were combined and systematically investigated in a report describing the
potentiation of antimicrobial compounds nisin and vancomycin by the MAC pores.!®

The MAC consists of five different proteins (C5b67891s) and results from a step-
wise activation process called the complement cascade (Figure 1).!° The recognition of
the bacterial surface leads to activation of the classical pathway of the complement
system. This results in the deposition of surface-bound convertases.?-?? Then, cleavage
of component C3 into C3a and C3b occurs by the surface-bound convertases.?’ This leads
to the covalent linkage by a thioester of C3b to the membrane and the high density of
C3b deposition leads to the formation of a C5 convertase.?*?* The conversion of C5 to C5b
was found to be critical and this unstable C5b requires rapid binding of C6 or it tends to
aggregate.”>? The C5b6 complex recruits the C7 component and subsequently C8 to
result in the C5b-8 complex.??® The recruitment of 18 copies of C9 finalizes the
transmembrane MAC pore with an inner diameter of 11 nm. In addition to the
permeabilization of the outer membrane, human serum at higher concentrations is also
able to disrupt the inner membrane leading to bacterial killing.!®
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Figure 1. Overview of the step-wise formation of the membrane attack complex (MAC). Image by
Doorduijn (2019)*
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The difference in efficiency between outer and inner membrane
permeabilization creates a window in which antimicrobial compounds normally inactive
against Gram-negative bacteria such as nisin and vancomycin, can synergize with serum
(Figure 2).!® This leads to faster killing of bacteria and the killing occurs at lower serum or
antibiotic concentrations.”® The potentiation of other Gram-positive specific antibiotics
against Gram-negative bacteria has not yet been explored systematically. The
potentiation by serum could shine a new light on the range of antibiotic activity in the
human body and would contribute to understanding the interactions of human serum
with bacteria and antibiotics.
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Figure 2. Molecular structures of antimicrobial nisin (1) and antibiotic vancomycin (2)

Therefore, in this chapter, the inner membrane permeability and bacterial
viability of Gram-negative bacteria was analyzed in order to screen for synergy between
serum and selected Gram-positive specific antibiotics (Table 1 and Figure 3). The
selection of the specific antibiotics of the classes requires in some cases an additional
explanation. Of note is oxacillin, which is part of the first generation of semisynthetic
penicillins that do not have broad-spectrum activity (unlike the later generation
penicillins).®! The antimicrobial agent nisin and antibiotic vancomycin serve as controls
since their synergy with serum has already been established against E. coli,
K. pneumoniae, and P. aeruginosa.® Laspartomycin, apart from nisin, is the only
antibacterial in our study that is not clinically used, but like vancomycin, nisin, bacitracin
and oxacillin it targets the cell wall synthesis and was therefore included (Table 1).3233
Lastly, since vancomycin and serum were already reported as a potent synergistic
combination, telavancin, oritavancin and dalbavancin were included for a more in-depth
structure activity relationship study of glycopeptides with serum (Figure 3)."8
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Table 1. Overview of the antibiotics of each class screened for potentiation by human serum

Antibiotic Class Target Route of administration

1 Nisin Lantibiotic .Om: wall synthesis; pyrophosphate of Lipid II and pore formation Food preservative®
in the membrane

2 Vancomycin Glycopeptide Cell wall synthesis; D-Ala-D-Ala motif of Lipid II peptide IV /oral®
3 Daptomycin - Lipopeptide depolrization and permeabzation o the membrane e
4 Laspartomycin Lipopeptide Cell wall synthesis; undecaprenyl phosphate No clinical trials*
5 Bacitracin Polypeptide Cell wall synthesis; undecaprenyl pyrophosphate Topical /intramuscular#-46
6  Oxacillin Penicillins Cell wall synthesis; DD-transpeptidase IV /oral/intramuscular®
7 Fusidic acid Steroid antibiotics ~ Inhibition of protein synthesis; EF-G IV /oral /topical
8  Lincomycin Lincosamides 508 IV/intramuscular*®49
9 Linezolid Oxacolidinone 508 IV /oral®
10  Erythromycin Macrolide 50S IV /oral /topical(eye)™!
11 M:MMMWWMMM: Streptogramins 508 IV /topical®®?
12 Rifampicin Rifamycins RNA polymerase IV /oral*
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2. Results

2.1. Inner membrane permeability assay reveals glycopeptides, nisin, and daptomycin
as synergists

The inner membrane permeability assay used was based on the previous work that
reported the potentiation of nisin and vancomycin by MAC.® SYTOX Green functions as
the probe for inner membrane permeability, since this nucleic acid stain cannot
penetrate intact bacterial cells. Gram-positive specific antibiotics were screened against
E. coli, K. pneumoniae, and P. aeruginosa to establish their effectiveness in the presence
of serum. The intensity of the SYTOX Green signal was monitored over 2 hours
(Supporting information, Figure S1-S15). For the read-out, we selected the 2-hour time
point where the expected synergy of nisin and human serum is clearly visible and absent
when serum was heat-inactivated (Figure 4).
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Figure 4. Inner membrane permeability assay using SYTOX Green of E. coli following incubation with
buffer (control), 0.3% heat-inactivated serum, and 0.3% serum with or without 10 pg/mL nisin at
37°C. SYTOX Green intensity was measured every 3 minutes for 120 minutes in a microplate
fluorometer. Values were depicted as relative values to the control condition and represent mean +
SD of three independent experiments.

Next, E. coli was screened with a 0.3% serum concentration in combination with
the different antibiotics (Figure 5A). After 2 hours of incubation inner membrane
permeability increased when bacteria were treated with serum in combination with nisin
or vancomycin compared to serum only (Figure 5A). A moderate increase in inner
membrane permeability was observed for daptomycin, oritavancin, and dalbavancin
(Figure 5A).

For K. pneumoniae and P. aeruginosa, the concentration of serum was based on
a previous study (10% and 1% serum respectively).!® The bacteria were screened with
medium, serum, and heat-inactivated serum in the absence and presence of antibiotics.
At the 2-hour time point, serum alone already caused inner membrane damage for
K. pneumoniae and P. aeruginosa (Supporting information Figure S16). Therefore, a
different time point was taken for which the SYTOX Green signal for nisin in combination
with serum was higher as the serum control (Supporting information Figure S1). For
K. pneumoniae this was at 15 minutes and for P. aeruginosa at 90 minutes (Figure 5B-C).
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Figure 5. Inner permeability assay data with serum for A) E. coli at 2 hours; B) K. pneumoniae at 15
minutes; C) P. aeruginosa at 90 minutes. The antibiotics (10 pg/mL, except for erythromycin (5, 2.5,
5 pg/mL respectively) and rifampicin (5, 2.5, 2.5 pg/mL respectively) were screened in combination
with serum (0.3% for E. coli, 10% for K. pneumoniae, and 1% for P. aeruginosa). Values were depicted
as relative values to the buffer control conditions and represent mean + SD of three independent
experiments.
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In addition to the nisin and serum combination, only vancomycin in combination
with serum resulted in an increase in SYTOX Green signal for K. pneumoniae compared
to the serum control. Erythromycin, quinupristin & dalfopristin (Q&D), and rifampicin
combined with serum display a slight increase in inner membrane permeability compared
to the serum control, but this effect falls within the standard deviation (Figure 5C). These
screenings thus revealed the combinations of serum with nisin, daptomycin, or the
glycopeptides resulted in increased levels of inner membrane damage compared to
serum controls in at least one of the three Gram-negative strains.

2.2. Validation of the inner membrane permeability by a bacterial viability assay

The antibiotics that resulted in increased inner membrane permeability when combined
with serum were selected for further screening in a bacterial viability assay. This included
nisin, daptomycin, vancomycin, telavancin, oritavancin, and dalbavancin. Also, given the
unresolved effects on P. aeruginosa inner membrane permeability observed for
erythromycin, Q & D, and rifampicin when combined with serum, these antibiotics were
added to the screen. Bacitracin was also selected as a negative control. While the inner
membrane permeability assay used in the previous section provides a very sensitive read-
out, the bacterial viability assay here employed allows for the determination of whether
the combination of serum with antibiotic has a significant effect on bacterial viability.

Notably, bacterial viability was found to be affected by antibiotic concentration
of 10 ug/mL for rifampicin and erythromycin in the absence of serum (Supporting
information, Figure S17-18). To validate the effect of serum potentiation, inherent activity
of the antibiotics should preferable not be detected. For this reason, serial dilutions of
erythromycin and rifampicin were screened against the bacteria (Supporting
information, Figures S17-18) and the concentrations of both adjusted accordingly for
E. coli, K. pneumoniae, and P. aeruginosa.

Bacterial viability was measured under similar conditions as for the inner
membrane permeability assay. The combination of serum with antibiotics showed a
significant reduction in bacterial viability for nisin, rifampicin, Q & D, vancomycin, and
dalbavancin for E. coli (Figure 6A). The combinations of serum with daptomycin,
telavancin, and oritavancin, also led to reduced bacterial viability, but not significantly.
Bacitracin, which was taken along as an additional negative control, showed similar levels
of viability as the control. Additionally, heat-inactivated serum in combination with
antibiotics was also screened and these combinations had no effect on viability
(Supporting Information, Figure S19, S22, and S23).

For K. pneumoniae, a concentration of 10% serum was selected, which was found
to reduce bacterial viability by 90% (Figure 6B). However, addition of rifampicin, nisin,
and vancomycin further decreased viability significantly, while erythromycin and Q & D
resulted in a moderate decrease in viability compared to serum alone (Figure 6B). Heat-
inactivated serum in combination with these antibiotics did not display this effect
(Supporting information, Figure S20, S22, and S23). The effect of serum with bacitracin,
daptomycin, telavancin, oritavancin, and dalbavancin on bacterial viability was found to
be negligible.

Similar to K. pneumoniae, serum also resulted in more than one log reduction of
bacterial viability for P. aeruginosa when added at a concentration of 1% (Figure 6C). The
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Figure 6. Synergy between serum and antibiotics: viability of A) E. coli; B) K. pneumoniae; C)
P. aeruginosa. 2 hours of incubation with serum (0.3% for E. coli, 10% for K. pneumoniae, and 1% for
P. aeruginosa) with 10 pg/mL antibiotics (for erythromycin 5, 2.5, 5 ug/mL and rifampicin 5, 2.5, 2.5
ug/mL respectively) at 37 °C with shaking. CFU counts were normalized to buffer controls. Data
represent mean + SD of three independent experiments and were analyzed by an one-way ANOVA
and Dunnett test (*p < 0.05) using the serum as control group.
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combinations of serum with nisin, vancomycin, rifampicin, or Q & D significantly reduced
the bacterial viability compared to the serum control (Figure 6C). Again, this effect was
absent in the heat-inactivated serum with antibiotics combinations (Supporting
information, Figure S21, S22, and S23). Erythromycin with serum did lower the bacterial
viability visibly, but not significantly.

2.3. Potentiation by human serum differs among the glycopeptide antibiotics

In addition to vancomycin, the glycopeptides telavancin, oritavancin, and dalbavancin
were selected to investigate the potentiation with serum within a class of antibiotics. For
E. coli, a large increase in inner membrane permeability was observed for vancomycin,
while for oritavancin, dalbavancin, and telavancin only a moderate increase was detected
in the presence of serum (Figure 5A). In agreement with these findings, vancomycin
combined with serum resulted in a significant decrease in bacterial viability (Figure 7A)
while telavancin and oritavancin did not affect the viability. Notable, however, was the
finding that dalbavancin also resulted in a significant reduction of bacterial viability
(Figure 7A).

The combinations of telavancin, oritavancin, and dalbavancin with serum did not
affect the inner membrane permeability of K. pneumoniae, nor its bacterial viability
(Figure 5B and 7B). Vancomycin + serum resulted in both inner membrane permeability
and a significant reduction in bacterial viability (Figure 5B and 7B). For P. aeruginosa, the
inner membrane permeability was only slightly increased with the different
glycopeptides (Figure 5C) with only vancomycin + serum causing a reduction of bacterial
viability (Figure 7C).

These results were compared to different parameters of the glycopeptides
(Table 2). The inherent activity of vancomycin is the least potent against Gram-positive
bacteria, which seems contrary to our data on glycopeptide potentiation against Gram-
negative bacteria. The greater lipophilicity and/or serum protein binding of the next
generation glycopeptides relative to vancomycin could provide an explanation as to these
findings. However, the significant reduction of E. coli viability by dalbavancin would seem
to argue against this possibility.

Table 2. Inherent activity, (calculated) lipophilicity and protein binding of the glycopeptides

Glycopeptide MICyo (pg/mL)%56 XLogP3-AA Protein binding®5¢
Vancomycin 1 -2.6% 30-55%
Telavancin 0.06 -2.1%8 90%
Oritavancin 0.12 1.5% 85%
Dalbavancin 0.03 3.860 93%
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Figure 7. Synergy between serum and glycopeptide antibiotics. The viability of A) E. coli; B)
K. pneumoniae; and C) P. aeruginosa was screened after 2 hours of incubation with buffer, heat-
inactivated serum or serum with 10 ug/mL antibiotics at 37 °C with shaking. CFU counts were
normalized to buffer controls. Data represent mean + SD of three independent experiments and
were analyzed by an one-way ANOVA and Dunnett test (*p < 0.05) using the serum as control group.
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3. Discussion and conclusion

The potentiation of antibiotics towards Gram-negative bacteria can be achieved by the
addition of a chemical synergist capable of disrupting the outer membrane (Chapter 1).
Although this field has been widely explored, mainly the discovery of new synergists is
reported in addition to the work focused on the (clinical) development of the polymyxin
derived synergists (Chapter 1).° The previous work by Heesterbeek et al. already
illustrated that exogenous OM disruptors might not even be required in the presence of
serum.”® Based on the OM disruption mechanism of serum, an expanded screening of
antibiotics, such as rifampicin, clindamycin, and erythromycin, often described as the
antibiotic partners of the outer membrane disrupting chemical synergists, was suggested
in the previous study.® In our investigation we therefore systematically explored the
potentiation of many more Gram-positive specific antibiotic classes against E. coli,
K. pneumoniae, and P. aeruginosa.

The inner membrane permeability assay was employed as a screening tool and
clearly revealed the potentiation of nisin against three different Gram-negative bacterial
species. For E. coli and K. pneumoniae, inner membrane damage was enhanced when
serum was combined with vancomycin. Of note was the inherent activity of serum as a
result of the prolonged incubation time compared to the previous study.”® This effect was
particularly visible for both K. pneumoniae and P. aeruginosa: at the 2-hour time point
the effect of serum overshadowed the results with antibiotics. The inner membrane
permeability assay, however, does allow for a dynamic read-out and selection of different
time points. Still, ideally a serum concentration should be selected that results in no or a
minimal increase in inner membrane permeability.

Other aspects to consider in the selection of the optimal serum concentration is
the balanced nature of the choice: since on the one hand you pursue the minimal amount
of inner membrane permeability by serum itself, but on the other hand the potentiation
of antibiotics should be as potent as possible. Another aspect to consider is the length of
incubation, since length of exposure to serum plays a role in the permeabilization of the
inner membrane. While longer incubation might positively or negatively influence the
gap between the serum and serum in combination with antibiotic signals, the dynamic
read-out ensures that this effect can be monitored (Supporting information, Figure S1-
S15). Lastly, the mode-of-action of different antibiotics, and therefore the speed of
inhibition, should be considered in the selection of an incubation time and consequently
the serum concentration. In the case, a different type of assay, such as the bacterial
viability assay with an overnight incubation might prove more appropriate.

The effect of the 2-hour incubation with the selected serum concentration also
results in a reduction in bacterial viability for K. pneumoniae and P. aeruginosa in the
serum control. A lower serum concentration will reduce this effect. However, it is
questionable whether the synergistic effect will be more pronounced: a lower
concentration of serum will result in less pores and therefore lower influx of antibiotics.

Apart from screening different classes of antibiotics, several antibiotics of the
glycopeptide class (vancomycin, telavancin, oritavancin, and dalbavancin) were selected
to investigate their potentiation with serum. The reported synergy of vancomycin with
serum against all three strains was clearly visible in the bacterial viability data and in the
inner membrane permeability data of E. coli and K. pneumoniae. Also, the inner
membrane permeability data for E. coli showed a moderate increase in permeability for
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oritavancin, dalbavancin, and telavancin combined with serum (Figure 5A). Interestingly,
only the combinations of serum with vancomycin and dalbavancin resulted in a
significant reduction in bacterial viability for E. coli. When comparing the potentiation of
the glycopeptides by serum against Gram-negative bacteria to the inherent activity of
the glycopeptides against Gram-positive bacteria, the inherent activity of vancomycin is
the least potent, but vancomycin does show the most potent synergy with serum.
Characteristics such as lipophilicity and serum protein binding may explain the activity
of vancomycin. However, the synergy of dalbavancin with serum against E. coli counters
this hypothesis. In all assays a very low concentration of serum was employed and
equates to low number of pores. The rate of influx could therefore be an important factor
in potentiation by serum, since the accumulation of the glycopeptides in the periplasm
is key for their activity against Gram-negative bacteria.

In line with the previous study, the combination of nisin and vancomycin showed
a significantly reduced bacterial viability compared to the serum control (Figure 7 and
Supporting information, Figure S22A).® These antimicrobial compounds both target
bacterial cell wall synthesis, which resulted in the selection of bacitracin, another
inhibitor of this process, as a suitable negative control (Supporting information, Figure
S22B).34-3761 In addition to nisin and vancomycin, rifampicin also resulted in a significant
reduction in viability against all three Gram-negative bacteria screened at
concentrations of 5 ug/mL (Supporting information, Figure S23C). Of note, is the small
effect of rifampicin itself on the Gram-negative bacteria, which is slightly visible in the
P. aeruginosa data. Rifampicin, is known as an antibiotic partner to many outer
membrane disrupting synergists (Chapter 1) and synergy of rifampicin with serum has
been reported against an E. coli K-12.1

Two more antibiotics were significantly potentiated by serum against at least
one strain: erythromycin and Q & D (Supporting information, Figure S23A-B). The
macrolide antibiotic erythromycin targets the 50S subunit of the bacterial ribosome and
inhibits the protein synthesis.® Its activity has been described as bacteriostatic against
Gram-positive bacteria.®® Q & D are two peptides marketed as Synercid, a synergistic
combination, that also targets the bacterial protein synthesis.®*$> Contrarily to
erythromycin, Q & D is bactericidal against Gram-positive bacteria.5> Like rifampicin,
erythromycin has been widely described in synergy literature, specifically with outer
membrane disruptors (Chapter 1). Interestingly, the study reporting potentiation of
rifampicin by serum, also mentions that no synergy was found for erythromycin, contrary
to our results.” For Q & D, we did not manage to find literature describing potentiation
by serum against Gram-negative bacteria. A outer membrane disruptor derived of
polymyxin was reported to potentiate Q & D against E. coli.>5¢

Of interest is the lack of inner membrane permeability signal for erythromycin
and rifampicin, since in literature for rifampicin an increase in SYTOX Green was
reported for E. coli and the effect of erythromycin was also screened using SYTOX
Green against both Gram-positive and Gram-negative bacteria.®® Contrarily to
erythromycin and rifampicin, serum + daptomycin did display an increase in inner
membrane permeability, however, it did not impact bacterial viability significantly
(Supporting information, Figure S22C). The mechanisms of action of daptomycin is still
being ironed out in literature, the current consensus is the insertion into the membrane
after oligomerization results in depolarization leading to the inhibition of growth and
division of cells.#*6 The sensitivity of the SYTOX Green in combination with such a
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membrane-targeting mechanism could provide an additional explanation for this
difference between the two assays. The sensitivity of the inner membrane permeability
assay could be another explanation as there is a one-log reduction in viability for E. coli.
Daptomycin only seems to have an effect with serum on E. coli and it could be speculated
that the protein binding of daptomycin, could interfere with its inherent activity since
the serum concentration employed is higher for K. pneumoniae and P. aeruginosa
bacterial viability assays.%® Recently, a study also reported daptomycin tolerance in the
Gram-positive bacteria Staphylococcus aureus triggered by human serum.”

In conclusion, a systematic screening of Gram-positive specific antibiotics in
combination with serum against three different Gram-negative bacteria was performed.
A clear increase in inner membrane damage and bacterial viability is seen for nisin and
vancomycin in the presence of serum. However, for the other tested antibiotics increases
in inner membrane damage could not be validated with a significant change in bacterial
viability. An exception was the potentiation of human serum with dalbavancin against E.
coli as the moderate increase in SYTOX Green fluorescence correlated to a significant
reduction in bacterial viability. In addition, this study has revealed the need for
optimization of the serum concentration and identified the optimal concentrations of
rifampicin and erythromycin. Also, in the case of rifampicin, erythromycin, and Q & D,
only the bacterial viability assay revealed that these antibiotics were significantly
potentiated by serum. An alternative screening method might be more suitable for these
antibiotics than the inner membrane permeability assay using SYTOX Green. Most
importantly, this study reports new synergistic combinations of serum and Gram-
positive specific antibiotics, further revealing how the complement system can work
together with Gram-positive specific antibiotics to kill Gram-negative bacteria.
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4. Materials and methods

4.1. Antibiotics

All antibiotics employed were of American Chemical Society (ACS) grade or finer and were used
without further purification unless otherwise stated. Nisin was HPLC purified as this antibiotic was
not obtained in an ACS grade.

4.2. Serum preparation

For normal human serum preparation, blood was drawn from healthy volunteers and allowed to clot
for 15 minutes at RT. After centrifugation (10 min, 4000 rpm), serum was collected, pooled and stored
at -80 °C. Heat-inactivated serum was obtained by incubating serum for 30 min at 56 °C.

4.3. Bacterial inner membrane permeabilization assay using SYTOX Green

The assay was performed based on a protocol described in literature.” Bacteria were grown an
OD600nm of 0.5 in Lysogeny Broth (LB) medium, pelleted by centrifugation and resuspended to
OD600nm of 1.0 in RPMI 1640 (ThermoFisher) supplemented with 0.05% HSA. The bacteria were
diluted by a ten-fold, final concentration of OD600nm ~ 0.05. For E. coli the bacteria were incubated
with 0 or 0.3% serum or 0.3% heat-inactivated serum. For P. aeruginosa the selected concentration
was 1% and for K. pneumoniae 10%. Incubations were done in the presence of 1 uM SYTOX Green
Nucleic Acid stain (Thermofisher). Fluorescence was measured in a microplate reader (CLARIOstar,
Labtech) at 37 °C under shaking conditions for 2 hours. Synergy experiments were performed by
incubating bacteria with the antibiotics in a 10 ug/mL final concentration except for rifampicin and
erythromycin: erythromycin 5, 2.5, 5 pug/mL and rifampicin 5, 2.5, 2.5 pug/mL for E. coli,
K. pneumoniae and P. aeruginosa respectively

4.4. Bacterial viability assay

The assay was performed based on a protocol described in literature.'® Bacteria were prepared as
described above and incubated with buffer, serum or blood (drawn from healthy volunteers) in the
presence or absence of antibiotics (10 ug,/ml, except for rifampicin and erythromycin, as described
above). For CFU/ml determination, serial dilutions were made in PBS and bacteria were plated onto
agar plates followed by colony enumeration after overnight incubation. Relative viability was
calculated as the number of CFU/ml relative to the buffer control.

4.5. Statistical testing

Statistical analysis was performed using a one-way ANOVA and Dunnett test (*p < 0.05) using the
serum as control group in Graphpad. The tests and n-values used to calculate p-values are also
mentioned in the figure captions.

4.6. Ethics statement

Human blood was isolated after informed consent was obtained from all subjects in accordance
with the Declaration of Helsinki. Approval was obtained from the medical ethics committee of the
UMC Utrecht, The Netherlands.
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Figure S1. Dynamic read-out of the inner permeability assays for nisin with A) E. coli; B)
K. pneumoniae; C) P. aeruginosa. The bacteria were incubated with buffer (control), heat-inactive
serum, and serum with or without 10 ug/mL nisin at 37 °C. The concentrations of serum used were
0.3%, 10%, and 1.0% respectively. SYTOX Green intensity was measured every 3 minutes for 120
minutes in a microplate fluorometer. Values were corrected and represent mean + SD of three
independent experiments.
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Figure S2. Dynamic read-out of the inner permeability assays for bacitracin with A) E. coli; B)
K. pneumoniae; C) P. aeruginosa. The bacteria were incubated with buffer (control), heat-inactive
serum, and serum with or without 10 pg/mL bacitracin at 37 °C. The concentrations of serum used
were 0.3%, 10%, and 1.0% respectively. SYTOX Green intensity was measured every 3 minutes for
120 minutes in a microplate fluorometer. Values were corrected and represent mean + SD of three
independent experiments.
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Figure S3. Dynamic read-out of the inner permeability assays for daptomycin with A) E. coli; B)
K. pneumoniae; C) P. aeruginosa. The bacteria were incubated with buffer (control), heat-inactive
serum, and serum with or without 10 ug/mL daptomycin at 37 °C. The concentrations of serum used
were 0.3%, 10%, and 1.0% respectively. SYTOX Green intensity was measured every 3 minutes for
120 minutes in a microplate fluorometer. Values were corrected and represent mean + SD of three
independent experiments.
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Figure S4. Dynamic read-out of the inner permeability assays for laspartomycin with A) E. coli; B)
K. pneumoniae; C) P. aeruginosa. The bacteria were incubated with buffer (control), heat-inactive
serum, and serum with or without 10 ug/mL laspartomycin at 37 °C. The concentrations of serum
used were 0.3%, 10%, and 1.0% respectively. SYTOX Green intensity was measured every 3 minutes
for 120 minutes in a microplate fluorometer. Values were corrected and represent mean + SD of
three independent experiments.
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Figure S5. Dynamic read-out of the inner permeability assays for fusidic acid with A) E. coli; B)
K. pneumoniae; C) P. aeruginosa. The bacteria were incubated with buffer (control), heat-inactive
serum, and serum with or without 10 ug/mL fusidic acid at 37 °C. The concentrations of serum used
were 0.3%, 10%, and 1.0% respectively. SYTOX Green intensity was measured every 3 minutes for
120 minutes in a microplate fluorometer. Values were corrected and represent mean + SD of three
independent experiments.
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Figure S6. Dynamic read-out of the inner permeability assays for oxacillin with A) E. coli; B)
K. pneumoniae; C) P. aeruginosa. The bacteria were incubated with buffer (control), heat-inactive
serum, and serum with or without 10 pug/mL oxacillin at 37 °C. The concentrations of serum used
were 0.3%, 10%, and 1.0% respectively. SYTOX Green intensity was measured every 3 minutes for
120 minutes in a microplate fluorometer. Values were corrected and represent mean + SD of three
independent experiments.
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Figure S7. Dynamic read-out of the inner permeability assays for lincomycin with A) E. coli; B)
K. pneumoniae; C) P. aeruginosa. The bacteria were incubated with buffer (control), heat-inactive
serum, and serum with or without 10 ug/mL lincomycin at 37 °C. The concentrations of serum used
were 0.3%, 10%, and 1.0% respectively. SYTOX Green intensity was measured every 3 minutes for
120 minutes in a microplate fluorometer. Values were corrected and represent mean + SD of three
independent experiments.
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Figure S8. Dynamic read-out of the inner permeability assays for linezolid with A) E. coli; B)
K. pneumoniae; C) P. aeruginosa. The bacteria were incubated with buffer (control), heat-inactivate
serum, and serum with or without 10 pg/mL linezolid at 37 °C. The concentrations of serum used
were 0.3%, 10%, and 1.0% respectively. SYTOX Green intensity was measured every 3 minutes for
120 minutes in a microplate fluorometer. Values were corrected and represent mean + SD of three
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Figure S9. Dynamic read-out of the inner permeability assays for erythromycin with A) E. coli; B)
K. pneumoniae; C) P. aeruginosa. The bacteria were incubated with buffer (control), heat-inactive
serum, and serum with or without 5, 2.5, and 5 ug/mL erythromycin respectively at 37 °C. The
concentrations of serum were 0.3%, 10%, and 1.0% respectively. SYTOX Green intensity was
measured every 3 minutes for 120 minutes in a microplate fluorometer. Values were corrected and
represent mean + SD of three independent experiments.
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Figure S10. Dynamic read-out of the inner permeability assays for quinupristin & dalfopristin (Q &
D) with A) E. coli; B) K. pneumoniae; C) P. aeruginosa. The bacteria were incubated with buffer
(control), heat-inactive serum, and serum with or without 10 ug/mL Q & D at 37 °C. The
concentrations of serum used were 0.3%, 10%, and 1.0% respectively. SYTOX Green intensity was
measured every 3 minutes for 120 minutes in a microplate fluorometer. Values were corrected and
represent mean + SD of three independent experiments.
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Figure S11. Dynamic read-out of the inner permeability assays for rifampicin with A) E. coli; B)
K. pneumoniae; C) P. aeruginosa. The bacteria were incubated with buffer (control), heat-inactive
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represent mean + SD of three independent experiments.
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Figure S12. Dynamic read-out of the inner permeability assays for vancomycin with A) E. coli; B)
K. pneumoniae; C) P. aeruginosa. The bacteria were incubated with buffer (control), heat-inactive
serum, and serum with or without 10 ug/mL vancomycin at 37 °C. The concentrations of serum used
were 0.3%, 10%, and 1.0% respectively. SYTOX Green intensity was measured every 3 minutes for
120 minutes in a microplate fluorometer. Values were corrected and represent mean + SD of three
independent experiments
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Figure S13. Dynamic read-out of the inner permeability assays for telavancin with A) E. coli; B)
K. pneumoniae; C) P. aeruginosa. The bacteria were incubated with buffer (control), heat-inactive
serum, and serum with or without 10 pg/mL telavancin at 37 °C. The concentrations of serum used
were 0.3%, 10%, and 1.0% respectively. SYTOX Green intensity was measured every 3 minutes for
120 minutes in a microplate fluorometer. Values were corrected and represent mean + SD of three
independent experiments.
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Figure S14. Dynamic read-out of the inner permeability assays for oritavancin with A) E. coli; B)
K. pneumoniae; C) P. aeruginosa. The bacteria were incubated with buffer (control), heat-inactive
serum, and serum with or without 10 pg/mL oritavancin at 37 °C. The concentrations of serum used
were 0.3%, 10%, and 1.0% respectively. SYTOX Green intensity was measured every 3 minutes for
120 minutes in a microplate fluorometer. Values were corrected and represent mean + SD of three
independent experiments
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Figure S15. Dynamic read-out of the inner permeability assays for dalbavancin with A) E. coli; B)
K. pneumoniae; C) P. aeruginosa. The bacteria were incubated with buffer (control), heat-inactive
serum, and serum with or without 10 ug/mL dalbavancin at 37 °C. The concentrations of serum used
were 0.3%, 10%, and 1.0% respectively. SYTOX Green intensity was measured every 3 minutes for
120 minutes in a microplate fluorometer. Values were corrected and represent mean + SD of three
independent experiments
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SYTOX read-out of K. pneumoniae and P. aeruginosa at 2 hours
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Figure S16. Inner permeability assay data of K. pneumoniae and P. aeruginosa at 2 hours. The
antibiotics (10 ug/mL, except for erythromycin (2.5, 5 ug/mL respectively) and rifampicin (2.5, 2.5
ug/mL respectively) were screened in combination with serum (10% for K. pneumoniae, and 1% for
P. aeruginosa). Values were depicted as relative values to the control condition and represent mean
+ SD of three independent experiments.

233



CFU/mL

CFU/mL

Erythromycin concentrations vs. CFU/mL

E. coli E. coli
Erythromycin 10 ug/mL Erythromycin 5 ug/mL

K. pneumoniae
Erythromycin concentrations

P. aeruginosa
Erythromycin concentrations

1074 103 103 103

10°3 10°3 10%3 10°3

1073 1073 1074 1073

10°5 10°3 10°3 10°3

10°3 10°3 10°3 10°%

10*- 10*- 10°- 0*-
X v > v > » \» » S > v Y > ¥
& @& s & FEE LYY e

$ SRS SRS, o &

Figure S17. Bacterial viability assay for establishing inherent activity of erythromycin. The viability
of the bacteria was screened after 2 hours of incubation with buffer with concentrations of 10, 5 or
10 to 1.25 pg/mL at 37 °C with shaking. Data represent mean + SD of 2 technical replicates from a
single experiment.
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Figure S18. Bacterial viability assay for establishing inherent activity of rifampicin. The viability of
the bacteria was screened after 2 hours of incubation with buffer with concentrations of 10, 5, or 10
to 1.25 pg/mL at 37 °C with shaking. Data represent mean + SD of 2 technical replicates from a single
experiment.
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Overview results of bacterial viability assay
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Figure S19. Synergy between serum and antibiotics in the bacterial viability assay. The viability of
E. coli was screened after 2 hours of incubation with buffer, 0.3% heat-inactivated serum or 0.3%
serum with 10 pug/mL antibiotics at 37 °C with shaking. CFU counts were normalized to buffer
controls. Dashed line represent detection limit. Data represent mean + SD of three independent.
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Figure S20. Synergy between serum and antibiotics in the bacterial viability assay. The viability of
K. pneumoniae was screened after 2 hours of incubation with buffer, 10% heat-inactivated serum or
10% serum with 10 ug/mL antibiotics at 37 °C with shaking. CFU counts were normalized to buffer
controls. Dashed line represent detection limit. Data represent mean + SD of three independent.
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Figure S21. Synergy between serum and antibiotics in the bacterial viability assay. The viability of
P. aeruginosa was screened after 2 hours of incubation with buffer, 1.0% heat-inactivated serum or
1.0% serum with 10 ug/mL antibiotics at 37 °C with shaking. CFU counts were normalized to buffer
controls. Dashed line represent detection limit. Data represent mean + SD of three independent.
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Figure S22. Synergy between serum and antibiotics A) nisin; B) daptomycin; C) bacitracin. The
viability of E. coli, K. pneumoniae, and P. aeruginosa was screened after 2 hours of incubation with
buffer, heat-inactivated serum (HI) or serum with 10 pg/mL antibiotics at 37 °C with shaking.
Concentrations of serum differed per pathogen and were 0.3%, 10% and 1.0% respectively. CFU

counts were normalized to buffer controls. Data represent mean

+ SD of three independent

experiments and were analyzed by an one-way ANOVA and Dunnett test (*p < 0.05) using the serum

as control group.
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Figure S23. Synergy between serum and antibiotics A) erythromycin; B) quinupristin & dalfopristin;
C) rifampicin. The viability of E. coli, K. pneumoniae, and P. aeruginosa was screened after 2 hours of
incubation with buffer, heat-inactivated serum or serum with antibiotics at 37 °C with shaking.
Concentrations of serum differed per pathogen and were 0.3%, 10% and 1.0% respectively.
Erythromycin and rifampicin concentrations had to be lowered due to their inherent activity at the
10 pg/mL. Erythromycin was dosed at 5, 2.5, and 5 pg/mL for the pathogens respectively and
rifampicin concentrations were 5, 2.5, and 2.5 pg/mL respectively. CFU counts were normalized to
buffer controls. Data represent mean + SD of three independent experiments and were analyzed by
an one-way ANOVA and Dunnett test (*p < 0.05) using the serum as control group.
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1. Introduction

Antimicrobial resistance (AMR) is on the rise. In the 5 year period between 2014 and 2019,
annual deaths worldwide due to AMR rose from 700k to 1.27 million.!* The rightly coined
“overlooked pandemic” requires attention, not only by controlling and reducing the use
of antibiotics, but also by developing new antibiotics to revive the dried-up pipeline.?3>
In addition to developing new antibiotics, another strategy for addressing the threat of
AMR is by examining the potential for repurposing approved drugs as antimicrobial
agents.>®

Pentamidine (1, Figure 1) is a simple bis-amidine, was first synthesized in the
1930s, and is an effective antiparasitic drug. Pentamidine is on the WHO's list of essential
medicines and it freely distributed in developing countries where parasitic diseases are
endemic.”!® Beyond its antiparasitic activity, pentamidine has also been investigated as
an anti-cancer agent and shows inhibition of Escherichia coli and Staphylococcus aureus
growth, exhibiting moderate antimicrobial activity against Gram-positive bacteria.!
181019-24 Tt adverse side-effects are also well-documented and include nephrotoxicity,
tachycardia, hypotension, hypoglycaemia, and local reactions to the injection.?10252
Efforts are being made to reduce the nephrotoxicity of pentamidine, such as employing
nanotechnology.”’ Pentamidine is seen as a promising repurposing candidate as
exemplified by the wide range of therapeutical applications proposed and /or approved.?

Recently, the possibility to repurpose pentamidine as a potentiator of Gram-
positive antibiotics against Gram-negative bacteria was reported by Brown and
coworkers.!! Compelling in vivo data from systemic murine models with colistin-sensitive
and -resistant Acinetobacter baumannii strains showed pentamidine to be highly
effective in enhancing the antibacterial activity of novobiocin." The results of this study
highlight the potential of repurposing pentamidine as a combination treatment against
Gram-negative bacteria.>®! In addition, this study explored the structure-activity
relationship (SAR) of pentamidine and commercially available analogues." Building on this
work, our group recently conducted a follow-up SAR study wherein a number of novel
bis-amidines inspired by pentamidine (Figure 1) were synthesized and assessed for
antibiotic synergy (see Chapter 2 of this thesis).”?

A number of the bis-amidines prepared in our earlier study showed strong
potentiation of several Gram-positive analogues.? Disruption of the Gram-negative outer
membrane (OM) was established as the mode of potentiation for these compounds and
for this reason the selectivity of membrane disruption was also explored by means of a
hemolysis assay.® Several analogues proved to be hemolytic when tested under
stringent conditions including high concentrations and long incubation times (20
hours).” From these studies however, compounds 3 and 4 emerged as having potent OM
disrupting ability and low hemolytic activity (Figure 1).22 Still, a question remained, while
compounds 3 and 4 showed the highest OM disruption, compounds 6-9 displayed lower
OM disruption (data not shown), but potentiated the activity of antibiotics even
stronger.”” This finding prompted us to also perform a preliminary screen of these
analogues for inherent antibacterial activity against a selected S. aureus strain.
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In literature several SAR studies of pentamidine analogues against S. aureus have
been reported.??8-30 As mentioned before, the development of new antibiotics is key in
combating AMR.33! A systematic analysis of the AMR numbers of 2019 revealed that of the
Gram-positive bacteria S. aureus and Streptococcus pneumoniae were each responsible
for more than 250.000 deaths in 2019, while deaths associated with AMR Enterococcus
faecium lay between 100.000 and 250.000 deaths.! According to the WHO’s priority list,
vancomycin-resistant E. faecium and methicillin- and vancomycin-resistant S. aureus are
classified as priority 2 “high”, while S. pneumoniae is classified as priority 3 “medium”.*!
The work described in this chapter work aimed to assess and improve the inherent
activity of our new pentamidine analogues towards Gram-positive bacteria, specifically
S. aureus and E. faecium.
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Figure 1. Overview of pentamidine (1) and the bis-amidines described as potentiators by the group
of Brown (2)" and from our previous publication (1b, 1c, and 3-9) (see Chapter 2).1?
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2. Results and Discussion

The inherent antibacterial activity of the pentamidine-inspired bis-amidines from our
previous study (Figure 1), were establish by determining the minimum inhibitory
concentration (MIC) of each compound against S. aureus (ATCC 29213) grown in lysogeny
broth (LB). Table 1 provides a summary of the MIC values thus obtained, along with the
FICI values for each compound (based on the synergy observed when combined with
erythromycin and tested against E. coli) as well as the hemolytic activity determined for
each compound.

Table 1. Overview of the antimicrobial and hemolytic activity of the previously described bis-
amidines. The minimal inhibitory concentration (MIC) is determined against S. aureus ATCC 29213
(ug/mL). The hemolytic activity is determined at 128 pg/mL after 20 hours of incubation. The
hemolytic activity is normalized to the positive control (0.1% Triton X-100) and a value of <10% is
considered non-hemolytic.*

MIC (pg/mL) FICI % Hemolysis

Pentamidine (1) 8-16 0.500 0.0
1b 16 <0.375 0.0
1c >128 >0.5% 0.0

2 <0.063 6.6
3 16 <0.125 0.0

3b 32 <0.313 0.5
3c >128 >0.5% 0.0
4 16 <0.094 0.0

4b 4 <0.250 0.9

4c 128 >0.5% 0.2

5 8 <0.313 0.5

5b 8 <0.250 0.3

5¢ 128 >0.5° 0.1

6 4 <0.063 13

7 1 <0.047 10

8 1 <0.094 14

9 1 <0.078 78

Vancomycin 1 - <5%*

aThe fractional inhibitory concentration index (FICI) values were taken from Table 1 of the previous
SAR study with bis-amidines (See Chapter 2).2 These values were calculated from checkerboard
assays with erythromycin against E. coli BW25113 in LB."?

The effect of the bis-amidine geometries on inherent activity roughly reflected
the trends observed for their synergistic activity.” For example, when the amidine
moieities are located at the ortho position as 1c, 3¢, 4¢, and 5c, a significant reduction of
inherent activity results is noted relative to the corresponding para-amidine analogues
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1, 3, 4, and 5. Similarly, these ortho analogues were found to also been largely devoid of
synergistic potential with a fractional inhibitory concentration index (FICI) above 0.5.%2
Conversely, in the case of the meta-amidine analogues prepared (1b, 3b, 4b and 5b), the
antibacterial activities measured where found to be similar to para-substituted
compounds. Notably, the compound with the most potent in vitro antibacterial activity
among the ortho-, meta-, para- series of analogues prepared was meta analogue 4b which
was found to exhibit a 2- to 4-fold enhancement compared to pentamidine (Table 1).

Overall, the lowest MICs were observed for the bis-amidines 7-9 (Table 1), which
showed a significant 16-fold improvement compared to pentamidine. Notable in this
regard are a previously reported SAR studies that yielded pentamidine analogues which
in some cases showed enhanced activity against MRSA strains.?’ A closer look at these
reports revealed the use of Mueller-Hinton broth (MHB) as medium.?® MHB is a medium
that is normally adjusted with cations, Mg? and Ca*, and the absence of cations could
hypothetically improve MIC values of positively charged bis-amidines. Re-evaluation of a
selection of our analogues in MHB and cation-adjusted MHB (CAMHB) resulted in lower
MIC for a majority of the analogues (Table 2). For instance, the MIC of pentamidine,
originally 8-16 ug/mL in LB, dropped to 2 pg/mL in MHB and 4 pg/mL in CAMHB. By
comparison, the MICs of the most potent compounds 7 and 9 dropped to 0.5 ug/mL in
MHB, while for 8 the MIC did not change when screening in different media.

Table 2. The effect of different media on the antimicrobial activity of bis-amidines 1-4 and 6-9. The
minimal inhibitory concentration (MIC) is determined against S. aureus ATCC29213 (ug/mL).

LB MHB CAMHB

Pentamidine (1) 8-16 2 4
2 2 1 1
3 16 4 8
4 16 4 8
6 4 1 1

7 1 0.5 0.5
8 1 1 1
9 1 0.5 1
Vancomycin 1 0.5 1

Analogues 7-9 exhibited the most potent antibacterial activity and were not
impacted by the use of different growth media conditions. However, assessment of
hemolytic activity clearly reveals bis-amidines 6-9 to be hemolytic (Table 1). As
mentioned in our previous SAR study (Chapter 2), an increase in lipophilicity is often
associated with an increase in hemolysis.? However, lipophilicity alone does not explain
the high difference in hemolytic activity between 7 and 9 (10% and 78%, respectively,
Table 1) with our data clearly showing that the geometry of the aromatic linker plays a
role. To further explore this effect, the meta-oriented bis-amidine analogues 6b, 7b, 8b,
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and 9b were synthesized (Scheme 1). The synthetic routes used in their preparation were
largely based on the reported syntheses of analogues 6, 7, 8, and 9 as described in Chapter
3.2 In the case of 6b and 7b compound 11 served as a common intermediate.’>34% In the
subsequent Williamson ether synthesis, however, 3-cyanophenol instead of 4-
cyanophenol was used to yield 12."*% Transformation to the bis-amidine products was
then performed as for 6 and 7 as described in Chapter 2.1 Likewise, the first three steps
in the synthesis of 8b and 9b were identical to their parent compounds 8 and 9 with the
only difference being the use the 4-cyanophenol for 3-cyanophenol.’?¥” As for bis-
amidine 8, the use of LHMDS resulted in the loss of the bromo-group in bis-amidine 8b.!
Therefore, the same three-step reaction used to obtain 8 was employed and yielded
8b.238 The aforementioned Suzuki coupling was performed on bis-nitrile 16 as for bis-
nitrile 12.394! Bis-amidine 9b was obtained from 16 using LHMDS as described before.!

The newly obtained analogues 6b, 7b, 8b, and 9b were then screened for
antimicrobial activity against S. aureus (ATCC 29213) and their hemolytic activity also
assessed. The compounds were compared to their parent compounds 6, 7, 8, 9 (Table 3).
Bis-amidine 2 was also included, due to its relatively low MIC values in all media (see
Table 2) and its low hemolytic activity. Based on the values thus obtained for antibacterial
and hemolytic activity, an estimate for the therapeutic window of the compounds was
calculated (Table 3). The calculate therapeutic wind was based on the difference between
MIC and the concentration at which the hemolytic activity was below 10% (see caption
Table 3). It should be noted that these estimated therapeutic window values should only
be see as indicative given that they are based on in vitro assays. Nonetheless, such an
analysis can provide an indication of selectivity of the compounds for bacterial cells vs
erythrocytes.

Table 3. MIC values of pentamidine analogues 2 and 6-9b in LB broth for S. aureus ATCC 29213. The
therapeutic window is calculated from the highest non-hemolytic concentration divided by the MIC
(ug/ml). If the compound is still hemolytic at 32 pg/ml, the value <16 ug/ml was used in the
calculation. The MIC values, the percentage of hemolysis at different concentrations, and the
therapeutic window for the other bis-amidines can be found in the Supplementary data, Table S1.

MIC % Hemolysis % Hemolysis % Hemolysis Therapeutic
(ug/ml) (128 pg/ml) (64 pg/ml) (32 ug/ml) window

6.6 0.6 0.0 64
6 4 13 18 0.0 16
6b 1 4.2 0.6 0.0 128
7 1 10 3.6 2.3 64
7b 0.5 84 49 1 <32
8 1 14 34 0.7 64
8b 1 4.8 0.8 0.0 128
9 1 78 54 22 <16
9b 4 61 44 21 <4
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Interestingly, the newly synthesized compounds 6b, 7b, 8b, and 9b exhibit both
a greater range of hemolytic activity (4.2-84%) and antibacterial activity (0.5 - 4 ug/mL)
compared to the para-amidine analogues 6, 7, 8, and 9 (Table 3). Again, the relation
between hemolytic activity and antibacterial activity doesn’t seem to be directly
correlated: 6b and 8b are non-hemolytic and have MIC values of 1 ug/mL, whereas 9b is
hemolytic and has a MIC of 4 ug/mL. In contrast, the more potent analogue, 7b, with an
MIC of 0.5 pg/mL also exhibits the highest hemolytic activity. The therapeutic window
calculations here provide a convenient means of comparing all analogues revealing 6b
and 8b as the most selective.

In addition to S. aureus ATCC 29213, several other strains of S. aureus and E.
faecium were selected for MIC assays to establish the range of activity of the bis-amidines
(Table 4). The selected strains include vancomycin-resistant strains (S. aureus LIM2
(intermediate-resistant) and VRS3b and E. faecium EI155 and 7314) and methicillin-
resistant S. aureus (MRSA) strains (COL and USA300) to further establish the activity of
bis-amidines against drug resistant oragnisms. The MIC values shown in Table 4 were
obtained using LB broth as growth media. The same assays were also run in MHB and
CAMHB (Supplementary data, Table S3-4). In the case of E. faecium strains, TSB was also
employed as medium for the MIC assays (Supplementary data Table S5). Based on the
therapeutic window of the bis-amidines (Table 3), a selection of the bis-amidines is
displayed in Table 4 (therapeutic window = 64).

Table 4. MIC values (ug/ml) of pentamidine (1) and bis-amidines with a therapeutic window = 64 (2,
6b, 7, 8, and 8b) in LB broth for S. aureus and E. faecium strains. The maximum concentration tested
for pentamidine (1) was 64 ug/ml and for vancomycin 128 pg/ml. Results of the other bis-amidines
is located in Supplementary data, Table S2.

S. aureus E. faecium
ATCC 29213 LIM2 VRS3b COL USA300 E155 7314
1 8-16 >64 8 8 16 >64 64
2 2 32 2 2 4 16 16
6b 1 16 0.5 0.5 2 32 16
1 4 0.25 0.5 1 4 16
8 1 16 1 1 2 16 16
8b 1 32 2 4 8 32 32
Vancomycin 1 4 128 2 <2 >128 128

Of this selection, bis-amidine 7 clearly displays the most potent overall
antibacterial activity (Table 4). Only against the E. faecium strains and S. aureus LIM2,
were MIC values for 7 above 4 pg/ml. This compound was assessed as beingh borderline
hemolytic at 128 ug/ml (10%, Table 3). The most selective bis-amidines 6b and 8b, based
on the therapeutic window as determined for S. aureus ATCC 29213, display even less
activity against E. faecium and S. aureus LIM2 (<16 pug/ml, Table 4). However, against the
other strains, 6b displays similar MIC values (maximum a 2-fold difference) to those
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measured for 7. Given that these values were obtained in LB, the effects of other growth
media on the MIC values of bis-amidines 6b and 7 were assessed. To this end, the
activities of 6b and 7 were established against S. aureus strains in LB, MHB, and CAMHB
and for E. faecium also in TSB (Table 5). Interestingly, in the other growth media, the S.
aureus LIM2 and E. faecium 7314 strains aooeared to more susceptible to bis-amidine 7.
While for 6b no such enhancement of activity was observed. There was, however, an
improvement seen for 6b in CAMHB against the E. faecium strain E155. In some cases 6b
even shows 2-fold lower MIC values in MHB and CAMHB compared to 7. Still, overall, bis-
amidine 7 is clearly the more potent compound.

A final detail that does require some attention is the overall trend seen for S.
aureus LIM2 and E. faecium E155 and 7314: in general these strains seem less susceptible
to pentamidine and bis-amidine analogues compared to the other strains tested (Table 4
and 5, See supplementary data, Table S2-S5). In the case of S. aureus LIM2 this could be
the results of a thickened cell wall, often seen for vancomycin intermediate-resistant S.
aureus strains.**#* E. faecium E155 and 7314 carry the VanA and VanB resistance gene
responsible for their vancomycin-resistance, similar to S. aureus VRS3b, which is
susceptible to the bis-amidines.

Possibly, the E. faecium strains are harder to target because of other factors
contributing to their inherent insensitivity to the bis-amidines. In terms of resistance, in
the literature there is mention of MDR efflux pumps that result in increased resistance
to pentamidine**~*, The chromosomally-encoded NorA or the plasmid-encoded QacA
and QacB are most commonly reported for S. aureus, but a QacA/B plasmid has also been
found in an isolated E. faecium strain.*-> Given that there is no literature reporting the
presence of this gene or plasmids in the aforementioned strains, we cannot draw a firm
conclusion as of yet. Still, future studies to address this point could include strains with
either the QacA, QacB, and QacC plasmid or with the NorA gene. #5055
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Table 5. MIC values (ug/ml) of bis-amidines 6b and 7 for S. aureus and E. faecium strains in different
broths. The maximum concentration tested for vancomycin was 128 ug/ml. Results of the other bis-
amidines is located in Supplementary data, Table S2-S5.

S. aureus E. faecium
ATCC 29213 LIM2 VRS3b COL USA300 E155 7314
LB
6b 1 16 0.5 0.5 2 32 16
7 1 4 0.25 0.5 1 4 16
Vancomycin 1 4 128 2 <2 >128 128
MHB
6b 0.5 8 0.5 0.125 0.5 8 8
7 0.5 2 0.25 0.25 1 2 2
Vancomycin 0.5 4 128 2 1 >128 >128
CAMHB
6b 0.5 16 0.5 0.25 0.5 2 16
7 0.5 4 0.5 0.5 1 2 2
Vancomycin 1 4 128 2 1 >128 >128
TSB
6b - - - - - 32 16
7 - - - - - 4 4
Vancomycin - - - - - 64 128
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3. Conclusion

In this study we examined the inherent antibacterial activity of the bis-amidines
previously investigated as antibiotic synergists (see Chapter 2). This revealed bis-amidine
7 to have potent antibacterial activity against S. aureus and E. faecium strains (majority of
the MIC values <2 pg/ml). An estimation of the selectivity of 7 and the other bis-amdine
studied was achieved by comparing the concentrations at which they exhibit hemolytic
activity versus their MIC values. This revealed compound 7 to have relatively large
therapeutic window (64-fold difference between hemolytic activity concentration and
MIC against S. aureus ATCC 29213 screened in LB).

A focused SAR study also revealed the optimal positioning of the amidine group
to be para and meta-in terms of antibacterial activity, while the ortho-amidine analogues
displayed little-to-no activity. In addition, increasing the linker hydrophobicity,
increased both the inherent activity and hemolytic activity. However, the positioning of
the linker relative to the amidines clearly also plays a role given that a direct correlation
of lipophilicity to hemolytic activity couldn't be made when comparing bis-amidines 6-
9b. These trends are similar to the trends observed for the synergistic potential of the
same bis-amidines in the previous SAR study focused on potentiation of Gram-positive
antibiotics against Gram-negative bacteria.!*?

Based on the results from the SAR study reported in Chapter 2, it appeared that
the bis-amidines studied might have a secondary mode of action that contributed to their
synergistic activity; the disruption of the OM alone, could not explain the trends seen in
the FICL'? The trends observed for the inherent in vitro activity of the bis-amidines
towards Gram-positive bacteria suggest that this is indeed the case, especially since
Gram-positive bacteria don’t have an OM.
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4. Materials and methods

General procedures. All reagents employed were of American Chemical Society (ACS) grade or finer
and were used without further purification unless otherwise stated. For compound characterization,
1H NMR spectra were recorded at 400 MHz with chemical shifts reported in parts per million (ppm)
downfield relative to CHCI3 (7.26) or DMSO (8 2.50). '"H NMR data are reported in the following order:
multiplicity (s, singlet; d, doublet; t, triplet; q, quartet and m, multiplet), coupling constant (J) in hertz
(Hz) and the number of protons. Where appropriate, the multiplicity is preceded by br, indicating
that the signal was broad. ®C NMR spectra were recorded at 101 MHz with chemical shifts reported
relative to CDCls (8 77.16) or DMSO (8 39.52). HRMS analysis was performed on a Shimadzu Nexera
X2 UHPLC system with a Waters Acquity HSS C18 column (2.1 x 100 mm, 1.8 um) at 30 °C and
equipped with a diode array detector. The following solvent system, at a flow rate of 0.5 mL/min,
was used: solvent A, 0.1 % formic acid in water; solvent B, 0.1 % formic acid in acetonitrile. Gradient
elution was as follows: 95:5 (A/B) for 1 min, 95:5 to 15:85 (A/B) over 6 min, 15:85 to 0:100 (A/B) over
1min, 0:100 (A/B) for 3 min, then reversion back to 95:5 (A/B) for 3 min. This system was connected
to a Shimadzu 9030 QTOF mass spectrometer (ESI ionisation) calibrated internally with Agilent’s
API-TOF reference mass solution kit (5.0 mM purine, 100.0 mM ammonium trifluoroacetate and 2.5
mM hexakis(1H,1H,3Htetrafluoropropoxy) phosphazine) diluted to achieve a mass count of 10000.
Purity of the final compounds 6b, 7b, 8b, and 9b was confirmed to be > 95% by analytical RPHPLC
using a Shimadzu Prominence-i LC-2030 system with a Dr. Maisch ReproSil Gold 120 C18 column
(4.6 x 250 mm, 5 um) at 30 °C and equipped with a UV detector monitoring at 214 nm. The following
solvent system, at a flow rate of 1 mL/min, was used: solvent A, 0.1 % TFA in water/acetonitrile,
95/5; solvent B, 0.1 % TFA in water /acetonitrile, 5/95. Gradient elution was as follows: 95:5 (A/B)
for 2 min, 95:5 to 0:100 (A/B) over 30 min, 0:100 (A/B) for 1 min, then reversion back to 95:5 (A/B)
over 1 min, 95:5 (A/B) for 3 min. The compounds were purified via preparative HPLC using a BESTA-
Technik system with a Dr. Maisch Reprosil Gold 120 C18 column (25 x 250 mm, 10 pm) and equipped
with a ECOM Flash UV detector monitoring at 214 nm. The following solvent system, at a flow rate
of 12 mL/min, was used: solvent A, 0.1 % TFA in water/acetonitrile 95/5; solvent B, 0.1 % TFA in
water/acetonitrile 5/95. Unless stated otherwise in the protocol, the gradient elution was as
follows: 70:30 (A/B) to 0:100 (A/B) over 25 min, 0:100 (A/B) for 3 min, then reversion back to 70:30
(A/B) over 1 min, 70:30 (A/B) for 1 min.

4.1. Synthesis

(5-bromo-1,3-phenylene)dimethanol (10) Protocol as described in literature.** Dimethyl 5-
HO oH bromoisophthalate (2.3 g, 8.3 mmol) was dissolved in dry DCM (25 mL) under argon
/\Qﬁ atmosphere. The solution was then cooled to 0 °C using an ice bath and DIBALH
Br (40 mL, 1M hexane solution, 4.8 eq.) was added dropwise. The mixture was stirred
from 0 °C to room temperature for 1 hour. The reaction was quenched with Rochelle salt (60 mL,
sat. aq.) and the biphasic mixture was stirred at room temperature overnight. The layers were
separated and the aqueous layer was two times extracted with diethyl ether. The organic layers were
combined, washed with water and brine, dried over Na>SO4 and concentrated in vacuo. The crude
product was purified using column chromatography (DCM /EtOAc = 1:1) and afforded compound 18
(1.8 g,96%). 'H NMR (400 MHz, MeOD) § 7.42 (s, 2H), 7.28 (s, 1H), 4.58 (s, 4H), 3.35 (s, 2H). *C NMR (101
MHz, MeOD) & 145.51, 129.42, 124.82, 123.31, 64.29.

1-bromo-3,5-bis(bromomethyl)benzene (11) Protocol as described in literature.>® To a solution of

Br Br  compound 10 (1.0 g, 4.6 mmol) in dry DCM (50 mL) was added PPh; (2.5 g, 9.7 mmol,
2.1 eq.) and CBrs (3.2 g, 9.7 mmol, 2.1 eq.) and the mixture was stirred at room
Br temperature for two hours under argon atmosphere. The reaction was quenched
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with water (30 mL) and the product was extracted from the aqueous layer with DCM three times.
The combined organic layers were washed with water and brine, dried over Na:SO.s and
concentrated in vacuo. The crude product was purified by column chromatography (petroleum
ether 100%) to give compound 19 (0.87 g, 55%). 'H NMR (400 MHz, CDCls) § 7.51 - 7.45 (m, 2H), 7.34
(s, 1H), 4.53 (d, J = 4.0 Hz, 1H), 4.41 (d, J = 4.2 Hz, 3H). ®C NMR (101 MHz, CDCls) § 140.42, 140.11, 132.11,
132.09, 131.64, 128.40, 127.90, 122.83, 44.89, 31.64, 31.59.

3,3'-(((5-bromo-1,3-phenylene)bis(methylene))bis(oxy))dibenzonitrile (12) These conditions were
/@\ /@\ based on literature protocols.*® 3-cyanophenol (0.49 g, 4.1 mmol,
NC o CN

o 2.4 eq.) was suspended in dry DMF (6 mL) under argon
atmosphere. The suspension was cooled to 0 °C using an ice bath
Br and NaH (160 mg, 60% dispersion in mineral oil, 2.4 eq.) was slowly

added. The reaction was stirred for 30 minutes, the ice bath was removed and compound 11 (0.59 g,
1.7 mmol) was added. The reaction mixture was heated to 80 °C, stirred for 1 hour, and then cooled
to room temperature. Water (18 mL) was added to the mixture to obtain precipitation and give
compound 12 (0.72 g, quant.). 'H NMR (400 MHz, CDCls) § 7.58 - 7.54 (m, 2H), 7.43 - 7.37 (m, 3H), 7.29
(dt,J=7.6,1.2 Hz, 2H), 7.21 - 7.17 (m, 4H), 5.07 (s, 4H). *C NMR (101 MHz, CDCls) § 158.45, 138.79, 130.69,
130.23, 125.33, 124.61, 123.34, 120.16, 118.68, 117.88, 113.54, 69.27.

3,3'-(([1,1'-biphenyl]-3,5-diylbis(methylene))bis(oxy))dibenzonitrile (13) Conditions were based on
protocols described in literature.*** Dibenzonitrile intermediate

NC o} O o} cn 12 (0.15 g, 0.36 mmol) was dissolved in a 3:1 mixture of THF and 2
M Na2COs (aq.) of 4 mL, respectively. Phenylboronic acid (65 mg,

0.54 mmol, 1.5 eq.) and Pd(dppf)Cl-DCM (26 mg, 0.03 mmol, 0.1eq.)

O were added. The reaction mixture was heated to 65 °C for 18 hours

and then partitioned between DCM and NaHCOs (sat. aq.). The
aqueous layer was three times extracted with DCM, the organic layers were combined and dried
over Na:SOs. The solvent was evaporated under reduced pressure and the crude product was
purified using column chromatography (petroleum ether /EtOAc = 4:1) to obtain compound 13 (0.12
g, 83%). 'H NMR (400 MHz, CDCls) § 7.70 - 7.61 (m, 4H), 7.54 - 7.48 (m, 3H), 7.47 - 7.40 (m, 3H), 7.34 -
7.24 (m, 6H), 5.21 (s, 4H). *C NMR (101 MHz, CDCls) § 158.77, 142.63, 140.34, 137.22,130.63, 129.07, 128.01,
127.38, 126.33, 125.23, 125.14, 120.25, 118.79, 117.96, 113.47, 70.22.

3,3'-(((5-bromo-1,3-phenylene)bis(methylene))bis(oxy))dibenzimidamide (6b) This protocol was

based on the synthesis of structurally similar amidine

HNYQ\O O/QYNH containing compounds previously described in literature.’5”-
NH, /\QA NH, 69 Compound 12 (100 mg, 0.24 mmol) was dissolved in a

Br solution of LHMDS (2.0 mL, 1 M THF solution, 8.0 eq.)under

argon atmosphere. The reaction was stirred at room temperature for 48 hours or longer until
complete conversion to the bis-amidine (monitored by LCMS). The solution was cooled to 0 °C and
quenched with HCI (3.6 mL, 4 M dioxane solution, 60 eq.). The mixture was stirred at room
temperature for 30 minutes, then diluted with diethyl ether and filtered. The precipitate was purified
by preparative HPLC with the gradient 30-100% in 30 minutes to give compound 6b (23 mg, 21%). 'H
NMR (400 MHz, DMSO) § 9.28 (s, 4H), 9.16 (s, 4H), 7.62 (d, J = 1.4 Hz, 2H), 7.56 - 7.48 (m, 3H), 743 (t,J
=2.1Hz, 2H), 7.39 - 7.29 (m, 4H), 5.18 (s, 4H). *C NMR (101 MHz, DMSO) § 165.26, 158.15, 139.57, 130.51,
129.92, 129.52, 125.78, 121.87, 120.64, 119.92, 114.66, 68.65. HRMS (ESI): calculated for C22H2BrN4O:
[M+H]+ 453.0926, found 453.0921.
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3,3'-(([1,1'-biphenyl]-3,5-diylbis(methylene))bis(oxy))dibenzimidamide =~ (7b)  Following the
procedure as described above for compound 6b, using

HN o o NH " compound 13 (110 mg, 0.26 mmol), LHMDS (2.5 mL, 1 M THF
NH, O NH,  solution, 9.4 eq.) and HCI (4.5 mL, 4 M dioxane solution, 68 eq.),
afforded the crude product. The crude product was purified

O using HPLC with a 30-100% gradient for 30 minutes to obtain

the pure compound 7b (112 mg, 93%). 'H NMR (400 MHz,
DMSO) & 9.36 (s, 4H), 9.28 (s, 4H), 7.68 (d, ] = 1.6 Hz, 2H), 7.64 - 7.58 (i, 2H), 7.52 - 7.39 (m, 7H), 7.38 -
7.31 (m, 5H), 5.22 (s, 4H). 13C NMR (101 MHz, DMSO) & 165.46, 158.42, 140.80, 139.61, 137.69, 130.49,
129.56, 129.15, 127.93, 126.84, 126.12, 125.93, 120.49, 120.06, 114.57, 69.59. HRMS (ESI): calculated for
C2sH26N4O2 [M+H]+ 451.2135, found 451.2129.

(4-bromo-1,2-phenylene)dimethanol (14) Conditions were based on protocol reported in
Br on literature.’! LAH (15 mL, 1 M THF solution, 2 eq.) and ZnClz (0.61 g, 4.5 mmol, 0.6 eq.)

\©COH were suspended in dry THF (30 mL) and cooled to 0 °C, then 4-bromophthalic
anhydride (1.7 g, 7.5 mmol) was slowly added. The mixture was stirred at room temperature for 6
hours under argon atmosphere. The mixture was cooled to 0 OC and quenched with Rochelle salt
(30 mL, sat. aq.) and the biphasic mixture was stirred at room temperature overnight. The layers
were separated and the aqueous layer was extracted with diethyl ether two times and the combined
organic layers were washed with water and brine, dried over Na2SO4 and concentrated in vacuo.
The crude product was purified by column chromatography (DCM /EtOAc = 1:1) to give compound
24 (1.5 g, 95%). 'H NMR (400 MHz, CDCls) 6 7.48 (d, J = 2.1 Hz, 1H), 7.42 (dd, J = 8.0, 2.1 Hz, 1H), 7.18 (d,
J =8.0 Hz, 1H), 4.62 (d, J = 2.6 Hz, 4H), 3.20 (s, 2H). ®*C NMR (101 MHz, CDCls) § 141.49, 138.18, 129.88,
128.77,127.92, 122.30, 64.53, 64.40, 64.31, 63.49, 63.47, 31.08, 23.80.

4-bromo-1,2-bis(bromomethyl)benzene (15) Following the procedure described for compound 11,
Br gr using compound 14 (1.5 g, 7.0 mmol) as starting material, afforded compound 40 (1.8

\©Csr g, 74%). 'H NMR (400 MHz, CDCls) § 7.52 (d, ] = 2.1 Hz, 1H), 7.43 (dd, ] = 8.2, 2.1 Hz, 1H),
7.24 (d, J = 8.2 Hz, 1H), 4.59 (s, 2H), 4.58 (s, 2H). ®*C NMR (101 MHz, CDCls) § 138.65, 135.67, 134.02,
132.69, 132.58, 131.24, 129.60, 123.17, 66.00, 42.46, 42.32, 30.14, 29.32, 29.12, 29.00, 28.83, 15.43.

3,3'-(((4-bromo-1,2-phenylene)bis(methylene))bis(oxy))dibenzonitrile (16) Following the procedure

CN  as described above for compound 13, using compound 15 (0.84 g, 2.4 mmol),

afforded compound 16 as a crude product. After the precipitation, the weight of

B’\@Co the precipitate was too high. The precipitate was then dissolved in DMF, water

o was added, and the precipitated compound 16 was collected (1.2 g, quant.). 'H

\© NMR (400 MHz, CDCls) 6 7.68 (d, J = 2.1 Hz, 1H), 7.55 (dd, J = 8.1, 2.1 Hz, 1H), 7.44 -

cN  7.34(m,4H),7.31-7.25 (m, 3H), 7.20 - 7.14 (m, 2H), 5.12 (d, ] = 6.6 Hz, 4H). ®C NMR

(101 MHz, CDCls) & 158.38, 136.48, 132.95, 132.13, 132.07, 131.07, 130.77, 130.75, 129.53, 129.21, 125.50,
125.44, 123.21, 120.12, 120.11, 118.60, 117.71, 117.70, 113.60, 113.58, 67.95, 67.62.

3,3'-(([1,1- blphenyl] -3,4-diylbis(methylene))bis(oxy))dibenzonitrile (17) Following the procedure as
described above for compound 13, using compound 16 (150 mg, 0.36 mmol)

O /@ afforded compound 17 (0.12 g, 81%). '"H NMR (400 MHz, CDCls) § 7.80 (s, 1H),
o 7.73 - 7.63 (m, 3H), 7.59 - 7.42 (m, 5H), 7.37 - 7.32 (m, 3H), 7.30 - 7.22 (m, 4H),
0 5.37 - 5.22 (m, 4H). ®C NMR (101 MHz, CDCls) § 158.65, 142.30, 140.16, 134.77,
134.27,133.08, 130.70, 130.66, 130.17, 129.54, 129.21, 129.07, 128.36, 127.99, 127.78,

on 12730, 125.28, 125.25, 125.21, 120.20, 120.16, 118.71, 117.78, 117.75, 113.52, 77.48,
77.16, 76.84, 68.63, 68.55, 68.37.
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3,3'-(((4-bromo-1,2-phenylene)bis(methylene))bis(oxy))dibenzimidamide (8b) Conditions were

HNg NH,  based on literature.® To a suspension of compound 16 (130 mg, 0.31 mmol)

/5 and DIPEA (0.28 mL, 1.6 mmol, 5 eq.) in EtOH (5.0 mL) was added NH.OH-HCl

Br (104 mg, 1.5 mmol, 4.8 eq.). The reaction mixture was stirred at 85 °C overnight.

o ; . . . .

\©C° The mixture was concentrated in vacuo and the residue was dissolved in

AcOH (3.0 mL) and Ac20 (0.14 mL, 1.5 mmol, 4.8 eq.) was added. The reaction

\S? was stirred overnight and then concentrated in vacuo. The residue was co-

HN”"NH, evaporated with toluene three times and then suspended in AcOH (4.0 mL)

under argon atmosphere. Zinc powder (30 mg, 0.92 mmol, 1.5 eq.) was added and the mixture was

stirred at 35 °C for 6 hours. Upon completion, the reaction mixture was filtered through Celite®,

the Celite® was rinsed with acetone and all collected fractions were concentrated in vacuo. The

crude product purified by preparative HPLC (gradient 30-100%, 30 minutes) to afford the final

compound 8b (14.7 mg, 10%). '"H NMR (400 MHz, DMSO) § 9.25 (s, 4H), 8.99 (s, 4H), 7.72 (d, ] = 2.1 Hz,

1H), 7.62 - 7.40 (m, 6H), 7.40 - 7.32 (m, 4H), 5.28 (d, J = 10.6 Hz, 4H). HRMS (ESI): calculated for
C22H21BrN4O2 [M+H]+ 453.0926, found 453.0919.

3,3'-(([1,1'-biphenyl]-3,4-diylbis(methylene))bis(oxy))dibenzimidamide = (9b)  Following the

HNS-NH2 - procedure as described above for compound 6b, using compound 17 (110

/g/) mg, 0.26 mmol), LHMDS (2.5 mL, 1 M THF solution, 9.4 eq.) and HCl (4.6 mL,

o 4 M dioxane solution, 68 eq.), afforded the crude product. The crude

O o product was purified using HPLC with a 30-100% gradient for 30 minutes

to obtain the pure compound 9b (64 mg, 53%). 'H NMR (400 MHz, DMSO)

§9.27(dd, ] =15.0, 2.7 Hz, 8H), 7.80 (d, ] = 1.9 Hz, 1H), 7.68 - 7.54 (m, 4H), 7.49

HN""NH,  —7.38 (m, 6H), 7.37 - 7.28 (m, 5H), 5.32 (d, ] = 9.1 Hz, 4H). ®*C NMR (101 MHz,

DMSO) 6 165.42, 165.39, 158.28, 140.24, 139.43, 135.39, 134.01, 130.45, 129.51, 129.11, 127.87, 127.28, 126.77,

126.64, 120.52, 119.99, 114.78, 114.68, 67.67, 67.31. HRMS (ESI): calculated for CasH2N4O2 [M+H]+

451.2135, found 451.2128.

4.2. Antimicrobial assays

All compounds were screened for antimicrobial activity against S. aureus ATCC29213. A select group
of the pentamidine analogues was further tested against S. aureus LIM2, S. aureus VRS3b, S. aureus
MRSA Col, S. aureus USA300, E. faecium EI155, and E. faecium 7314. The antimicrobial assay was
performed according to CLSI guidelines. Bacteria were plated out directly from their glycerol stocks
on blood agar plates, incubated overnight at 37 °C, and then kept in the fridge. The blood agar plates
were only used for 2 weeks and then replaced.

4.3. Minimal inhibitory concentration (MIC) assay using Lysogeny Broth (LB)

A single colony from a blood agar plate was inoculated in LB at 37 °C until a 0.5 optical density at
600nm (ODsoo) was reached (compared to the sterility control of LB). The bacterial suspension was
diluted in fresh LB to 2.0 x 10 CFU/mL. The serial dilutions were prepared in polypropylene
microtiter plates: a stock of the test compounds was prepared with a 2x final concentration in LB.
100 pl of the stock was added to the wells of the top row of which 50 ul was used for the serial
dilution. The bottom row of each plate was used as the positive (50 ul of LB) and negative controls
(100 pl of LB) (6 wells each). 50 pl of the 2.0 x 10° CFU/mL bacterial stock was added to each well
except for the negative controls, adding up to a total volume of 100 pl per well. The plates were
sealed with a breathable seal and incubated for 20 hours at 37 °C and 600 rpm. The MIC was visually
determined after centrifuging the plates for 2 minutes at 3000 rpm.
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4.4. MIC using Mueller Hinton Broth (MHB), cation-adjusted MHB (CAMHB), and tryptic soy broth
(TSB).

Protocol identical to the MIC assays with LB except for the use of TSB as broth for the inoculation
and the use of MHB, CAMHB, or TSB for the bacterial suspensions and serial dilutions.

4.5. Hemolysis assays.

The hemolytic activity of each analogue was assessed in triplicate. Red blood cells from defibrinated
sheep blood obtained from Thermo Fisher were centrifuged (400 g for 15 minutes at 4°C) and washed
with Phosphate-Buffered Saline (PBS) containing 0.002% Tween20 (buffer) for five times. Then, the
red blood cells were normalized to obtain a positive control read-out between 2.5 and 3.0 at 415 nm
to stay within the linear range with the maximum sensitivity. A serial dilution of the compounds (128
-4 ug/mL, 75 uL) was prepared in a 96-well plate. The outer border of the plate was filled with 75
uL buffer. Each plate contained a positive control (0.1% Triton-X final concentration, 75 uL) and a
negative control (buffer, 75 uL) in triplicate. The normalized blood cells (75 pL) were added and the
plates were incubated at 37 °C for 1 hour or 20 hours while shaking at 500 rpm. After incubation, the
plates were centrifuged (800 g for 5 minutes at room temperature). A flat-bottom plate of
polystyrene with 100 puL buffer in each well was prepared. To this plate 25 pL of the supernatant was
transferred to their respective wells in the flat-bottom plate. The values obtained from a read-out
at 415 nm were corrected for background (negative control) and transformed to a percentage
relative to the positive control.
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Figure S1. Hemolytic activity of all compounds after 20 hours of incubation. Concentration tested:
A) 128 pug/mL; B) 64 ug/mL; C) 32 pg/mL. The hemolysis assay was performed as described in
materials and methods. Values below 10% were defined as non-hemolytic.* Error bars represent the
standard deviation based on n=3 technical replicates.

262



Table S1. MIC values (ug/ml) of pentamidine analogues in LB broth for S. aureus ATCC29213.
Hemolytic activity of all compounds (128-32 pg/mL). The hemolysis assay was performed as
described in materials and methods. Values below 10% were defined as non-hemolytic (see gray
background for > 10%).32 Values are the average of on n=3 technical replicates. The therapeutic
window is calculated by dividing the highest non-hemolytic concentration by the MIC.

MIC % Hemolysis % Hemolysis % Hemolysis Therapeutic
(ug/ml) (128 pg/ml) (64 ug/ml) (32 ug/ml) window
1 8-16 0.0 0.0 0.0 16-8
1b 16 0.0 0.0 0.0 8
1c >128 0.0 0.0 0.0 -
2 6.6 0.6 0.0 64
3 16 0.0 0.0 0.0
3b 32 0.5 0.1 0.0 4
3c >128 0.0 0.0 0.0 -
4 16 0.0 0.0 0.0 8
4b 4 0.9 0.0 0.0 32
4c 128 0.2 0.0 0.0 1
5 8 0.5 0.0 0.1 16
5b 8 0.3 0.1 0.0 16
5c 128 0.1 0.1 0.0 1
6 4 13 1.8 0.0 16
6b 1 4.2 0.6 0.0 128
7 1 10 3.6 2.3 64
7b 0.5 84 49 11 <32
8 1 14 34 0.7 64
8b 1 4.8 0.8 0.0 128
9 1 78 54 22 <16
9b 4 61 44 21 <4
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Table S2. MIC values (ug/ml) of pentamidine analogues 1-4 and 6-9b in LB broth for S. aureus and
E. faecium strains. The maximum concentration tested for the bis-amidines was 32 pg/ml and
vancomycin 128 ug/ml.

S. aureus E. faecium
ATCC 29213 LIM2 VRS3b COL USA300 E155 7314
1 8-16 >64 8 8 16 >64 64
2 2 32 2 2 4 16 16
3 16 >32 8 8 16 >32 >32
4 16 >32 16 16 16 16 32
6 4 16 2 2 2 16 32
6b 1 16 0.5 0.5 2 32 16
7 1 4 0.25 0.5 1 16
0.5 4 0.125 0.25 1 8 8
8 1 16 1 1 2 16 16
8b 1 32 2 4 8 32 32
9 1 4 0.25 <0.5 1 2 4
9b 4 1 0.5 <2 4 8
Vancomycin 1 4 128 2 <2 >128 128

Table S3. MIC values (jg/ml) of pentamidine analogues 1-4 and 6-9b in MHB broth for S. aureus and
E. faecium strains. The maximum concentration tested for the pentamidine analogues was 32 ug,/ml
and vancomycin 128 ug/ml.

S. aureus E. faecium
ATCC 29213 LIM2 VRS3b COL USA300 E155 7314
1 2 >32 8 4 8 32 32
2 1 16 2 0.5 1 8 16
3 4 >32 4 8 >32 >32
4 4 32 4 8 8 >32
6 1 4 0.5 0.5 1 2 8
6b 0.5 8 0.5 0.125 0.5 8 8
7 0.5 2 0.25 0.25 1 2 2
0.5 2 0.25 0.125 0.5 2 2
8 1 4 0.25 0.5 1 4 8
8b 0.5 2 0.5 0.25 1 2 4
9 0.5 2 0.5 0.5 1 1 1
9b 1 8 1 1 2 16 16
Vancomycin 0.5 4 128 2 1 >128 >128
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Table S4. MIC values (ug/ml) of pentamidine analogues 1-4 and 6-9b in CAMHB broth for S. aureus
and E. faecium strains. The maximum concentration tested for the bis-amidines was 32 pg/ml
(except for pentamidine with the E. faecium strains) and vancomycin 128 ug/ml.

S. aureus E. faecium
ATCC 29213 LIM2 VRS3b  MRSA Col USA300 E155 7314
1 4 >32 8 4 8 >64 64
2 1 32 1 1 2 16 32
3 8 >32 8 4 8 32 32
4 8 >32 4 4 8 32 32
6 1 8 1 1 1 >32 16
6b 0.5 16 0.5 0.25 0.5 2 16
7 0.5 0.5 0.5 1 2
0.5 0.25 0.5 1 2
8 1 16 0.5 0.25 1 8
8b 1 32 1 1 2 2 16
9 1 0.5 0.5 1 2 2
9b 0.5 0.5 0.5 2 1 4
Vancomycin 1 128 2 1 >128 >128

Table S5. MIC values (ug/ml) of pentamidine analogues 1-4 and 6-9b in TSB broth for E. faecium
E155 and 7314. The maximum concentration tested for the bis-amidines was 128 pg/ml and
vancomycin 128 ug/ml.

E. faecium
E155 7314
1 128 128
2 >2 >2
3 >128 >128
4 64 128
6 16 32
6b 32 16
7
7b
8 16 16
8b 8 8
9 <2 <2
9b 64 32
Vancomycin 64 128
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1. Summary

Extending our current arsenal of antibiotics is key in winning the arms-race between
humans and resistant bacteria. Classes of antibiotics otherwise limited to the treatment
of Gram-positive pathogens may be potentiated to Gram-negative bacteria by disruption
of their additional outer membrane. The work described in this thesis focusses on the
development of novel synergists designed to selectively disrupt the outer membrane of
Gram-negative bacteria.

In Chapter 1 an overview is presented of the current literature on outer
membrane disrupting synergistic compounds. This overview includes linear and cyclic
cationic peptides, positively charged peptide-mimics, small molecules, either chelating,
lipophilic, or positively charged, cationic steroids, and derivatives of aminoglycoside
antibiotics. Synergy is defined by a fractional inhibitory concentration index (FICI) of <0.5
(Equation 1). The FICI functions as a numerical representation of potentiation: the lower
the number, the stronger the synergistic combination. However, the drawback of
focusing on FICI is that one loses sight of the concentration at which the synergy occurs.
Selectivity for the outer membrane over membranes of human cells is vital and often
overlooked in literature reports. A red blood cell based hemolysis assay can provide
insight into this selectivity. This review aims to provide an assessment of the body of
literature which facilitates the comparison of published synergistic agents and therefore
aid the optimization and development of synergists.

MSCae | MSCyn 1)
MIC,pe  MICyy,

Equation 1. Calculation of FICI. MSCan: = MIC of antibiotic in combination with synergist; MICant =
MIC of antibiotic alone; MSCsyn = MIC of synergist in combination with antibiotic; MICsyn = MIC of
synergist alone.

FICI =

In Chapter 2 the synergistic potential of bis-amidines was explored.
Pentamidine, an anti-parasitic drug, has been reported to potentiate Gram-positive
specific antibiotics against Gram-negative bacteria and a limited structure-activity
relationship (SAR) study was described using a commercially available set of pentamidine
analogues. In Chapter 2, this SAR was expanded with synthesized bis-amidines allowing
for specific modifications to be compared. A screening using checkerboard assays
revealed hits with improved FICI values. However, a hemolysis assay revealed that the
most potent hits resulted in high percentages of hemolysis. Our focus shifted towards
bis-amidines 21 and 22 containing a xylene linker which showed no hemolytic activity
(Figure 1). A wide range of potentiation was confirmed by screening of compounds 21 and
22 in combination with several antibiotics: erythromycin, rifampicin, vancomycin, and
novobiocin. Synergy was first assessed in E. coli and subsequently established for
K. pneumoniae, A. baumannii, P. aeruginosa, and resistant E. coli strains.
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Figure 1. Molecular structures of the most potent, non-hemolytic bis-amidines 21 and 22

Thrombin-derived peptides have been reported to bind to lipopolysaccharide
(LPS), a major component of the outer membrane of Gram-negative bacteria. We
hypothesized that LPS-binding results in outer membrane disruption by these peptides
as seen for other synergists. In Chapter 3 screening of four thrombin-derived peptides
confirmed this hypothesis through potentiation of erythromycin and rifampicin against
E. coli. Optimization of the lead peptide was achieved through amidation of the C-
terminus followed by an alanine scan. Of the 12 alanine scan peptides, the peptides with
the highest synergy and lowest hemolytic activity are presented in Table 1. The range of
potentiation was investigated as reported for the bis-amidines in Chapter 2. Again, the
synergistic activity for the optimized peptides extended to multiple antibiotics, resistant
E. coli strains and other Gram-negative bacteria.

Table 1. Overview of the thrombin-derived peptides sequence, synergistic and hemolytic activity.

Peptide Peptide sequence MIC® MSCpeptide” FICI® Hemolysis?
6 H N-VERLKKWIQKVI-NH, 12.5 3.13 0.313 4%
14 H N-VFRLKKAIQKVI-NH, >200 6.25 0.078 1%
19 H,N-VFRLKKWIQKVA-NH, 100 313 0.094 1%

aMinimum inhibitory concentration (MIC); "Minimum synergistic concentration (MSC); “Fractional
inhibitory concentration index (FICI); “Hemolysis after 20 hours of incubation of the compounds
(200 pg/ml) with defibrinated sheep blood.

Recently, human serum was reported to potentiate both vancomycin and nisin
against Gram-negative bacteria. The membrane-attack complex (MAC) present in human
serum was found to be responsible for this potentiation through pore formation in
bacterial membranes. This finding was further supported by the loss of synergy upon
inhibition of MAC. The potentiation of other Gram-positive specific antibiotics by human
serum was explored in Chapter 4. The inner membrane permeability assay produced
nisin and vancomycin as hits against E. coli, while only modest activity was observed for
daptomycin and the other glycopeptide antibiotics tested; telavancin, oritavancin, and
dalbavancin. The bacterial viability assay functioned as a validation of these hits: the
viability of E. coli was significantly reduced by nisin, vancomycin, and dalbavancin in the
presence of serum. The bacterial viability assay also revealed other antibiotics with a
significant effect on bacterial viability on E. coli in combination with serum:
erythromycin, quinupristin & dalfopristin, and rifampicin. Unfortunately, the serum
concentrations employed resulted in a reduction of viability for K. pneumoniae and
P. aeruginosa, which overshadowed the results of the antibiotics. Prolonged exposure or
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high concentration of human serum leads to inner membrane permeabilization and
subsequent bactericidal activity by serum alone. Therefore, further optimization of the
serum concentration would be recommended. Still, the current data clearly indicates
that nisin, rifampicin, and vancomycin are potentiated against K. pneumoniae and nisin,
quinupristin & dalfopristin, rifampicin, and vancomycin synergize with serum against
P. aeruginosa.

Pentamidine has been reported as moderately active against Gram-positive
bacteria. Therefore, the bis-amidines described in Chapter 2 were screened for their
antibacterial activity against Gram-positive bacteria in Chapter 5. The lowest minimum
inhibitory concentration (MIC) observed was 0.25 pg/mL. However, like in Chapter 2, the
most potent bis-amidines were found to be hemolytic. The range of hemolytic activity
was quite broad even though several bis-amidines had similar lipophilic structures. To
investigate whether the orientation of the linker compared to the amidine-position could
be responsible for the difference in hemolysis, a set of bis-amidines was synthesized with
altered amidine positions. Of the four novel bis-amidines synthesized, bis-amidine 6b
was found to be non-hemolytic whilst retaining activity (Figure 2). Together with the
slightly hemolytic bis-amidine 7, the antibacterial activity was evaluated against multiple
Gram-positive strains in different growth media. Overall, bis-amidine 7 was found to be
more potent than compound 6b. A therapeutic window has been proposed based on the
large difference between the concentration resulting in hemolysis (128 ug/mL) and the
MIC values (0.25-4 pg/mL) for bis-amidine 7.

NH NH
HzN)K©\ /©)LNH2
HN NH (0] (6]
o >
NH, NH,
Br O

6b 7

Figure 2. Chemical structures of the most potent bis-amidines 6b and 7

274



2. Future outlook

1.1. Bis-amidines

Both SARs performed on the bis-amidines have revealed clear and important trends; their
hemolytic activity is driven by the compounds’ lipophilicity as well as the orientation of
the linker and positioning of the amidine moiety. Using CLogP as a measure of
lipophilicity, the CLogP values of the bis-amidines were plotted against both the FICI
values and the percentage of hemolysis (Figure 3).
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Figure 3. CLogP values of screened bis-amidines plotted vs. the FICI values or hemolysis percentages

The graphs indicate that a CLogP of 3.0 to 3.3 could be the ideal lipophilicity for
minimal hemolysis and potent synergy. The lipophilicity of lead compound 22 (CLogP
2.809, Figure 1) could be slightly increased by the introduction of a methyl group (Figure
4A). The ideal position of the methyl group can be investigated through the synthesis of
three analogues and, if successful, the same approach could be applied to the other two
lead compounds: bis-para-amidine 21 (Figure 1) and bis-meta-amidine 23b (Chapter 2).

A) NH NH

B
) O\/\N/\/O
H,N NH, w/Ej/ Q(
HoN NH,
O O
/\é/\ T @ I

. CLogP: 3.2336
CLogP: 3.208 NH NH

(0] (O)
C) NH NH
NH ny  CLogP: 3.258 HZN)K©\ /O)LNHZ
(0] ‘N\ (0)
=

CLogP: 3.308 CLogP: 3.2

Figure 4. Structures of proposed bis-amidines and their ClogP values calculated by Chemdraw. A)
Proposed methylation of compound 22 (Figure 1) to increase its lipophilicity; B) Optimized lead by
the Brown group; C) Introduction of the nitrogen group in compound 7 (Figure 3) to reduce its
lipophilicity.
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A recent paper by the Brown group, which initially reported the synergistic
potential of pentamidine, revealed a new lead compound based off of their original SAR
study (Figure 4B).}* The introduction of a nitrogen in the lead compound reduces its
lipophilicity. In our own SAR study we had reported the parent compound of this
analogue to be hemolytic (Chapter 2), while the new analogue was reported to be non-
hemolytic (after 45 minutes of incubation).! The CLogP value calculated for this
compound is 3.2, well within the proposed optimal range proposed and the nitrogen
could also be implemented in our most potent, but hemolytic, bis-amidine 7 (Figure 2 and
4C).

While bis-amidines represent interesting leads as antibiotic synergists, the
clinical history of pentamidine offers important insights into the side-effects,
nephrotoxicity, hypotension, and hypoglycaemia associated with such compounds.®* In
addition to standard cytotoxicity screens (i.e. with HEK293 cells), the ADME and PK
profile of the new analogues will certainly also need to be determined. Recent work from
the Brown group provides not only a convenient ADME screening roadmap, but also
assays tailored for the specific side-effects of pentamidine (QT prolongation and cell
cycle arrest with HepG2 cells).! The PK profile of the new bis-amidines is also highly
relevant since the clinical efficacy is dependent on how well this profile matches that of
the antibiotics it potentiates. In literature in vivo potentiation of novobiocin with both
pentamidine and the new lead compound has been established in mouse models.}? It
could be predicted that other structurally similar bis-amidines are likely to exhibit similar
PK profiles.

1.2. Synergistic peptides

The original paper describing thrombin-derived peptides as LPS-binding is part of the
research field focusing on sepsis and endotoxin-neutralization.’ LPS is an endotoxin,
binding LPS can lead to endotoxin-neutralization, and sepsis research could therefore
provide a wealth of new leads for outer membrane disrupting synergists. Vice-versa, this
field could also benefit from the LPS-binding outer membrane synergists reported.

The thrombin-derived peptides reported in Chapter 3 can be further optimized
by investigating truncations of the C- and N-termini and preparation of the mirror-image
enantiomers using bD-amino acids as D-peptides are more resistant to proteolysis.

Another experimental approach could be a systematic modification of the
peptide sequence: to evaluate which set of amino acids needs to be kept intact as a group
(for example, from VFRLKKWIQKVI to IVFRLKKWIQKYV). A strongly synergistic peptide
with a similar sequence was reported by the Kuipers group’ in which the RLKKW
sequence shifted towards the C-terminal end of the peptide (Table 2).

Table 2. Overview of the thrombin-and cathelicidin-derived peptides sequences.

Peptide sequence

6 H N-VFRLKKWIQKVI-NH,

L-1 H,N-RIVORTKKWLR-NH,
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While peptide based synergists have in some cases shown potent in vitro
activity, their in vivo efficacy is hampered by degradation and rapid clearance. In this
regard, serum/plasma stability assays can provide insight into the stability and the sites
of proteolytic degration. Given the clinical potential of peptide-based therapeutics, a
variety of modification have been investigated as a means of improving their stability.
These strategies include replacing specific L-amino acids with D-amino acids, capping
the termini, as well as completely transforming the peptide to its mirror image as was
reported for L-11.7" The plasma stability of this peptide was greatly improved upon
transforming this peptide to its mirror image D-11.7 Notably, while the mirror image form
of our most potent peptide synergist 6 was not synergistic (see Chapter 3), the
enantiomeric peptide did display antimicrobial activity suggesting the possibility to
further optimize its inherent and /or synergistic activity.

1.3. Synergy with human serum

As described in both the summary and in Chapter 4, the optimal serum concentration for
K. pneumoniae and P. aeruginosa needs further investigation. Subsequently, the
screening of antibiotics and synergists can be repeated with these two strains. In
addition, preliminary data was obtained for A. baumannii indicating that 25% of serum
could potentiate nisin, although the data was hard to reproduce and the serum
concentration needs further optimization.

With an optimal serum concentration established, the screening could be
expanded to include more Gram-positive specific antibiotics. For example, from the
macrolides only erythromycin was screened, while reports of potentiation of
clarithromycin by chemical outer membrane disruptors has been reported.’ This could
result in new hits, as the potentiation of antibiotics by human serum is not equal for every
member of an antibiotic class. This is evident from the data obtained for several
glycopeptides: while dalbavancin and vancomycin resulted in a significant reduction in
viability for E. coli in the presence of serum, no effect was observed for telavancin and
oritavancin.

After screening with a fixed concentration of antibiotic, the antibiotic
concentration required for potentiation can be investigated and optimized. The
screenings could also be followed-up with time-kill assays. This would provide insight
into the bacteriostatic or bactericidal activity of the serum and antibiotic combination.
Resistance assay are also recommended as the resistance against the Gram-positive
antibiotics is only known for Gram-positive species.

Traditional antibiotic susceptibility assays have generally neglected to consider
the potential for serum proteins, including those of the innate immune system, to
enhance the activity of antibiotics. While the in vitro research in Chapter 4 points toward
this intriguing possibilty, it remains to be seen if in vivo assays would corroborate this
synergistic effect, since the synergy is dependent on a window of time and serum
concentration. Furthermore, it should be noted that the synergistic effect is limited to
bacterial cells that are in contact with serum. With this in mind, the formation of biofilms,
known to reduce the efficacy of antibiotics, could also limit the synergistic activity of
serum. Further studies are needed to more fully elucidate the extent to which serum
proteins can effectively potentiate antibiotics.
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Samenvatting

Het uitbreiden van het huidige repertoire aan antibiotica is essentieel om de
wapenwedloop tussen mens en resistente bacterién te winnen. Klassen van antibiotica
die qua behandeling gelimiteerd zijn tot Grampositieve pathogenen kunnen ook worden
ingezet tegen Gramnegatieve bacterién mits de integriteit van het buitenmembraan
verstoord is. Het onderzoek beschreven in deze dissertatie omvat de ontwikkeling van
nieuwe synergetische additieven aan antibiotica die ontworpen zijn om selectief de
structurele integriteit van het buitenmembraan van Gramnegatieve bacterién te
verstoren.

In Hoofdstuk 1 wordt een overzicht van de huidige literatuur op het gebied van
buitenmembraan verstorende synergetische moleculen gepresenteerd. Dit overzicht
omvat lineaire en cyclische, positief geladen peptiden, positief geladen peptidenmimics,
kleine moleculen met chelerende of lipofiele eigenschappen of positief ladingen, positief
geladen steroiden en derivaten van aminoglycosiden antibiotica. Synergie wordt
gedefinieerd door een fractioneel remmende concentratie-index (FICI) kleiner dan 0.5
(Vergelijking 1). De FICI fungeert als een numerieke representatie van de potenti€ring:
hoe kleiner het getal, hoe sterker de synergetische combinatie. Een bezwaar tegen een
eenzijdige focus op FICI is dat men de concentratie waarmee de synergie plaatsvindt uit
het oog verliest. Een ander belangrijk aspect in de evaluatie van buitenmembraan
verstorende moleculen is de selectiviteit voor dit specifieke membraan. In de literatuur
kan dit aspect over het hoofd worden gezien terwijl slechts een simpel hemolyse
experiment met rode bloedcellen al enig inzicht in deze selectiviteit verschaft. Dit
overzicht van de huidige literatuur heeft als doel om een vergelijking tussen
gepubliceerde synergetische chemische verbindingen te faciliteren en kan derhalve
bijdragen aan de optimalisatie en ontwikkeling van synergetische moleculen.

MSCane ~ MSCsyn 0
MICape  MICgyn

Vergelijking (1). FICI berekening. MSCant = minimale remmende concentratie (MIC) van
een antibioticum in combinatie met de synergist; MICane = MIC van het antibioticum zelf;
MSCsn = MIC van de synergist in combinatie met het antibioticum; MICsyn = MIC van de
synergist zelf.

FICI =

In Hoofdstuk 2 wordt het synergetische potentieel van bis-amidines
onderzocht. Recentelik onderzoek toonde aan dat pentamidine, een anti-parasitair
medicijn, ook het gebruik van Grampositieve antibiotica tegen Gramnegatieve bacterién
faciliteerde. Daarnaast werd ook een structuur-activiteit relatie (SAR) studie beschreven
gelimiteerd tot commercieel verkrijgbare pentamidine analogen. In Hoofdstuk 2 werd
deze SAR studie verder uitgebreid met de synthese van bis-amidines waardoor een
directe vergelijking van specifieke modificaties mogelijk werd. Screening middels
checkerboard testen resulteerde in hits met verbeterde FICI waardes. Echter, de
hemolyse screening toonde aan dat de meest potente hits ook hoge percentages van
hemolyse veroorzaakten. Door deze bevinding verschoof onze aandacht naar bis-
amidines 21 en 22 die een xyleen linker bevatten en niet in hemolyse resulteerden.
(Afbeelding 1). Het brede spectrum van synergie van de chemische verbindingen 21 en 22
werd bevestigd in combinatie met verschillende antibiotica: erythromycine, rifampicine,
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vancomycine en novobiocine. Synergie werd eerst vastgesteld met Escherichia coli en
vervolgens ook aangetoond tegen Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa en resistente E. coli stammen.

OQO o\/@\/o
HN 21 NH NH, 22 NH,
HoN

NH;,

Afbeelding 1. Moleculaire structuren van de potente, niet-hemolytische bis-amidines 21 en 22

In de literatuur werd de binding van peptiden, afgeleid van trombine, met
lipopolysacharide (LPS), een essentiéle component van het Gramnegatieve
buitenmembraan, gerapporteerd. Wij veronderstelden dat het binden van deze peptiden
met het LPS zou kunnen leiden tot een verstoring van het buitenmembraan aangezien dit
principe ook geldt voor andere synergetische moleculen. In Hoofdstuk 3 bevestigde een
screening van vier peptiden afgeleid van trombine deze hypothese aangezien er synergie
met erythromycine en rifampicine voor E. coli werd geobserveerd. De optimalisatie van
de lead peptide werd bereikt met een C-terminus amidatie gevolgd door een alanine
scan. Van de 12 alanine scan peptiden zijn de peptiden resulterend in de hoogste synergie
en laagste hemolyse weergeven in Tabel 1. Het spectrum van synergie werd op een
vergelijkbare wijze onderzocht zoals beschreven voor de bis-amidines in Hoofdstuk 2.
Opnieuw was er sprake van een brede synergistische activiteit: ditmaal bij de
geoptimaliseerde peptiden in combinatie met meerdere antibiotica en voor resistente E.
coli stammen en andere Gramnegatieve bacterién.

Tabel 1. Overzicht van de peptiden afgeleid van het eiwit trombine: sequentie, synergetische en
hemolytische activiteit.

Peptide Peptide sequentie MIC® MSCpeptide” FICI® Hemolyse %
6 H,N-VFRLKKWIQKVI-NH, 12.5 313 0.313 4%
14 H N-VFRLKKAIQKVI-NH, >200 6.25 0.078 1%
19 H N-VERLKKWIQKVA-NH, 100 313 0.094 1%

aMinimale remmende concentratie (MIC); "Minimale synergistische concentratie (MSC); Fractionele
remmende concentratie-index (FICI); ‘Hemolyse percentage na 20 uur incubatie van de chemische
verbindingen (200 pg/ml) met gedefibrineerd schapenbloed.

Recentelijk werd de synergie tussen human serum met zowel vancomycine en
nisine voor Gramnegatieve bacterién gerapporteerd. Het membraan-aanval complex
(MAC) aanwezig in humaan bloed bleek verantwoordelijk voor deze synergie door het
vormen van porién in bacteriéle membranen. Deze bevinding werd verder ondersteund
doordat inhibitie van het MAC leidde tot een verlies van synergie. De synergie van andere
Grampositieve antibiotica met humaan serum werd verder onderzocht in Hoofdstuk 4.
Een cytoplasmamembraan permeabiliteitstest resulteerde in nisine en vancomycine als
hits voor E. coli, terwijl alleen een bescheiden effect werd geobserveerd voor
daptomycine en de overige geteste glycopeptide-antibiotica; telavancine, oritavancine
en dalbavancine. Een bacteriéle levensvatbaarheid test had als rol om deze hits te
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valideren: de levensvatbaarheid van de E. coli cellen werd significant gereduceerd met
nisine, vancomycine en dalbavancine in de aanwezigheid van serum. Daarnaast onthulde
de bacteriéle levensvatbaarheid test ook dat andere antibiotica in combinatie met serum
een significant effect hadden op de levensvatbaarheid van E. coli cellen: erythromycine,
quinupristine & dalfopristine en rifampicine. Helaas resulteerden de serum concentraties
voor K. pneumoniae en P. aeruginosa zelf al in een reductie van levensvatbaarheid. Dit
effect overschaduwde de resultaten met antibiotica. Langdurige blootstelling of
blootstelling aan hoge concentraties humaan serum leidt tot de permeabilisatie van het
bacteriéle cytoplasmamembraan met een bacteriedodende activiteit tot gevolg. De
optimalisatie van de serum concentratie is daarom raadzaam. Desalniettemin is de
huidige data al een sterke indicatie dat nisine, rifampicine en vancomycine synergie
vertonen met serum voor K. pneumoniae. Nisine, quinupristine & dalfopristine,
rifampicine en vancomycine demonstreren synergie met serum tegen P. aeruginosa.

Een bescheiden activiteit van pentamidine tegen Grampositieve bacterién was
reeds bekend in de literatuur. Om deze reden volgde een screening van de bis-amidines
uit Hoofdstuk 2 voor antibacteriéle activiteit tegen Grampositieve bacterién in
Hoofdstuk 5. De laagste minimale remmende concentratie (MIC) die werd geobserveerd
was 0.25 pg/mL. Zoals tevens het geval in Hoofdstuk 2, bleken de meest potente bis-
amidines hemolytisch te zijn. Het was echter opmerkelijk dat de hemolytische waardes
aanzienlijk uit elkaar lagen, terwijl meerdere bis-amidines een overeenkomstig lipofiele
structuur hadden. Om te onderzoeken of de oriéntatie van de linker ten opzichte van de
amidine positie een rol speelde, werd er een nieuwe set van bis-amidines gesynthetiseerd
met een aangepaste amidine positie. Van de vier nieuwe gesynthetiseerde bis-amidines
was bis-amidine 6b niet hemolytisch met het behoud van de inherente activiteit
(Afbeelding 2). Tezamen met de minimaal hemolytische bis-amidine 7 werd de
antibacteriéle activiteit geévalueerd voor meerdere Grampositieve stammen in
verschillende groeimedia. Over het geheel bleek bis-amidine 7 potenter te zijn dan bis-
amidine 6b. Dit leidde tot het voorstel voor een therapeutisch venster aangezien de
verschillen tussen de concentratie die hemolyse veroorzaakten (128 pg/mL) en de MIC
waardes (0.25-4 pg/mL) voor bis-amidine 7 zeer groot waren.

NH NH
T T <V o
o o
HN o o NH O
NH, NH,
B, 5

6b 7

Afbeelding 2. Chemische structuren van de meest potente bis-amidines 6b en 7
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Sources of bacterial strains
Utrecht University Medical Center (UMC), Microbiology department, Heidelberglaan 100, 3584 CX
Utrecht, The Netherlands

E. coli BW25113

E. coli 552060.1
E. coli mcr-1

S. aureus USA300
E. faecium E7314
E. faecium E155

Utrecht University, Molecular Pharmacy, Universiteitsweg 99, 3584 CG Utrecht, the Netherlands

S. aureus ATCC29213

Leiden University Medical Center (LUMC), Department of Medical Microbiology, Albinusdreef 2,
2333 ZA Leiden, The Netherlands

A. baumannii ATCC17978
E. coli ATCC25922

K. pneumoniae ATCC13883
P. aeruginosa ATCC27853

Wageningen Bioveterinary Research, Bacteriology and Epidemiology, Houtribweg 39, 8221 RA
Lelystad, The Netherlands

E. coli EQASmcr-1/EQAS 2016 412016126
E. coli EQASmcr-2 /EQAS 2016 KP37
E. coli EQASmcr-3 /EQAS 2017 2013-SQ352

BEI resources

S. aureus COL
S. aureus LIM2
S. aureus VRS3b
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