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Amphiphilic nebramine analogs synergize with
β-lactam/β-lactamase inhibitor combinations,
including cefepime–taniborbactam and
meropenem–xeruborbactam against metallo-β-
lactamase-carrying Pseudomonas aeruginosa†

Christian Lozeau, a Danzel Ramirez,a Danyel Ramirez,a Gulshan Kumar,a

Rajat Arora, a George Zhanel,b Gilbert Arthurc and Frank Schweizer *ab

Cefepime–taniborbactam (FEP–TAN) and meropenem–xeruborbactam (MEM–XER) are β-lactam–β-

lactamase inhibitor (BL–BLI) combinations currently in development and both projected to treat

metallo-β-lactamase (MBL)-producing Gram-negative pathogens. Among Gram-negative pathogens, the

low permeability of the outer membrane of Pseudomonas aeruginosa poses unique challenges to drug

discovery in general and to BL–BLIs in particular. This study set out to augment β-lactam antibiotic

potency by enhancing outer membrane permeability of P. aeruginosa using novel amphiphilic

aminoglycoside-based outer membrane permeabilizers. Amphiphilic nebramines acting as outer

membrane permeabilizers, were synthesized and evaluated in combination with β-lactam antibiotics

and BL–BLIs against P. aeruginosa clinical isolates harbouring a number of resistance determinants,

including MBLs. Dually guanidinylated and C-5-alkylated analogs of nebramine were able to sensitize

MBL-carrying P. aeruginosa to various BL–BLIs. The amphiphilic nebramine derivative, compound 4,

synergized with multiple β-lactam antibiotics and BL–BLIs including aztreonam–avibactam (ATM–AVI),

FEP–TAN and MEM–XER against multidrug-resistant P. aeruginosa isolates. In particular, compound 4 +

ATM–AVI, restored susceptibility to all nine β-lactamase (including MBL)-harbouring P. aeruginosa

strains that were previously resistant to aztreonam. Compound 4 was found to be less toxic than both

polymyxin B and its corresponding amphiphilic tobramycin counterpart (compound 7) in human renal

cell lines, RPTEC and HK-2. Overall, our study suggests that addition of compound 4 alongside next-

generation BL–BLIs such as FEP–TAN, MEM–XER as well as the recently approved ATM–AVI

combination can overcome intrinsic and acquired in vitro P. aeruginosa resistance determinants that

confer high-level resistance to β-lactam antibiotics.

Introduction

Pseudomonas aeruginosa is a difficult to treat pathogen in
hospital settings in part due to its comparatively low outer
membrane permeability amongst Gram-negative bacilli.
Recently, the World Health Organization deemed

carbapenem-resistant P. aeruginosa (CRPA) a high priority
pathogen.1 CRPA are often multidrug-resistant (MDR) which
means they are resistant to three or more antibiotic classes
used for routine treatment. MDR P. aeruginosa infections can
leave few or no treatment options available. Since
carbapenems are an antibiotic drug class of last resort, the
rise of CRPA and MDR P. aeruginosa is concerning. Like all
β-lactam antibiotics, carbapenems mimic the D-alanyl-D-
alanine dipeptide which normally binds to penicillin-binding
proteins (PBPs) in peptidoglycan crosslinking.2,3 The binding
of carbapenems to PBPs inhibit cell wall synthesis and leads
to rapid lysis of the bacteria. To circumvent the action of
β-lactam antibiotics, P. aeruginosa utilizes various resistance
mechanisms including PBP modifications, multidrug efflux
pumps, reduced porin expression and the overproduction of
β-lactamases.4 β-Lactamases hydrolyze the lactam ring of the
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β-lactam antibiotic via a catalytic serine residue present in the
enzyme active site.3 β-Lactamases are recognized widely as
being classified by amino acid sequence into classes A
through D by the Ambler system.5,6 The earliest β-lactamase
inhibitor (BLI) is the natural product clavulanic acid, which
was originally partnered with the aminopenicillin,
amoxicillin.7 Later, other 1st generation BLIs appeared
including penicillanic acid sulfones: sulbactam and
tazobactam.8,9 It was not until 2015 that 2nd generation
broader-spectrum inhibitors, such as the diazabicyclooctane,
avibactam (AVI), were approved. AVI is able to inhibit the
intrinsic Ambler class C Pseudomonas-derived
cephalosporinase (PDC).10 PDC is the major inducible
cephalosporinase contributing to β-lactam resistance and is
encoded by the chromosomal ampC gene.10–12 Recently,
β-lactamases of a significantly different type (class B), called
metallo-β-lactamases (MBLs), are gaining research
spotlight.13 MBLs are a major resistance factor that pose a
formidable treatment obstacle in P. aeruginosa infections.
Alarmingly, MBLs have broad substate specificity, with
aztreonam (ATM) being the only β-lactam antibiotic
resistant to hydrolysis.14 MBLs carry either one (class B2) or
two zinc centres (class B1 and B3) in their active site which
house a catalytic hydroxide to initiate the attack on the
carbonyl carbon within the β-lactam ring.15 Currently, there
are no FDA-approved BLIs for this class of enzyme.
However, there has been a push within the last decade to
develop small molecules with the capability to inhibit even
MBLs, such as the bicyclic boronates taniborbactam (TAN;
formerly VNRX-5133) and xeruborbactam (XER; formerly
QPX-7728).16,17 Cefepime (FEP) used in combination with
TAN has recently cleared phase III clinical trials and is
awaiting FDA approval. On the other hand, XER has cleared
phase I studies in combination with meropenem (MEM)
and was reported to be safe and well tolerated in healthy
adults.18 A notable advantage of TAN and XER over other
BLIs, is their ability to inhibit most clinically relevant class
B1 MBLs with Ki values in the nanomolar range.18 Another
anti-MBL combination is aztreonam–avibactam (ATM–AVI).
ATM avoids the fate of MBLs but is still prone to hydrolysis
by extended-spectrum β-lactamases in class A, C and D, of
which AVI can conveniently inhibit (except OXA-23).19 ATM–

AVI is currently approved in Europe for complicated urinary
tract infections and hospital-acquired pneumonia and is
awaiting FDA approval (expected in June 2025).20

Unfortunately, the potency of all β-lactam–β-lactamase
inhibitor (BL–BLI) combinations in P. aeruginosa can be
compromised by reduced expression of porins and
overproduction of multidrug efflux systems, such as MexAB–
OprM.17,21,22 Therefore, a permeability enhancer such as an
outer membrane permeabilizer that can increase the
intracellular accumulation of BL–BLIs may be useful, even
in MBL-producing strains.

Our group has explored amphiphilic aminoglycoside-
based outer membrane permeabilizers capable of synergizing
with BL–BLIs against P. aeruginosa.23–27 Recently, both

guanidinylation of the amino functions and O-alkylation to
covalently attach various hydrophobic groups at the C-5
position of tobramycin was explored.27 The modifications
afforded dual-modified amphiphilic tobramycin that could
synergize with ceftazidime–avibactam (CAZ–AVI) and ATM–

AVI, in MDR and β-lactamase-harbouring P. aeruginosa.27

However, tobramycin bears considerable cationicity at
physiological pH due to its five amino groups, and is
therefore known to be ototoxic and nephrotoxic.28,29

Nebramine is a pseudo-disaccharide segment of tobramycin
missing the amino sugar, kanosamine (Fig. 1). Modified
nebramine analogs have shown the potential to retain
synergy with β-lactam antibiotics and offer reduced cytotoxic
properties.30–32 This property is rationalized by one reduced
positively charged amine when comparing the structure of
nebramine to tobramycin.33 Hence, our interests directed us
towards the synthesis of dual-modified nebramines bearing
guanidinylated amino functions and C-5 O-alkylation as
shown in analogs 1–6 (Fig. 1) and their synergistic effects
with BL–BLIs, such as ATM–AVI, FEP–TAN and MEM–XER
against clinical P. aeruginosa isolates including MBL
producing strains.

Results and discussion
Chemistry

Synthesis of amphiphilic Nebramine analogs. The strategy
for the synthesis of the amphiphilic nebramine analogs (1–6)
is summarized in Scheme 1–3. Alkylation of the C-5 hydroxyl
was achieved by phase-transfer catalysis conditions using
tetrabutylammonium sulfate as the catalyst following
previous published procedures.23,34 For compounds 1 and 2
(Scheme 1), tobramycin was used as the starting material and
the amino groups were protected using di-tert-butyl
dicarbonate (Boc2O). The hydroxyl groups were protected
using tert-butyldimethylsilyl chloride (TBDMSCl) to afford
compound 8 which leaves the C-5 hydroxyl available for
alkylation in the succeeding step.23 After the phase-transfer
catalyzed alkylation producing compound 9, kanosamine was
removed by exposing the tobramycin intermediate 9 to HCl
and heat as previously described.35 Subsequently, the
TBDMS- and Boc-groups from 9 were removed in the same
step to produce target compound 1 following established
procedures.30,33 The free amino groups were then subjected
to guanidinylation conditions using N,N′-di-Boc-N″-
triflylguanidine as the guanidine source in modest yield
(48%).36 Boc-protecting groups were then removed by
trifluoroacetic acid (TFA) to yield target compound 2
(Scheme 1). The synthesis of compounds 3 and 4 (Scheme 2)
introduced a challenge since the methylene–biphenyl ether
moiety is acid-labile and could not survive 12 M HCl nor 1.5
M H2SO4 treatment required to hydrolyze the ether linkage
between 2-deoxystreptamine and kanosamine in
tobramycin.27,31 Therefore, a novel strategy was implemented
wherein the sugar cleavage of kanosamine was performed
first, followed by Boc-protection of the amines to generate 10
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and selective silyl protection of the 6 and 4′ hydroxyl groups
to produce 11 in 80% yield. Alkylation of 11 using
4-(bromomethyl)biphenyl afforded compound 12, which was

deprotected using standard conditions to produce target
compound 3. Guanidinylation of 3, then TFA treatment
afforded compound 4 (Scheme 2) in the same manner as

Fig. 1 Chemical structure of the amphiphilic nebramine derivatives 1–6 and previously studied lead compound 7.

Scheme 1 Strategy for the synthesis of amphiphilic nebramine compounds 1 and 2.
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compound 2. Similarly, control compounds 5 and 6 were
produced from compound 10 using the same strategy
(Scheme 3).

Standalone activity of nebramine analogs against P.
aeruginosa clinical isolates. The minimum inhibitory
concentration (MIC) is a metric used to describe in vitro
antibacterial activity. The MIC is defined as the lowest
concentration of antibiotic to inhibit visible growth of

bacteria.37 MICs are often used to determine if a bacterium is
susceptible or resistant to an antibiotic by comparing the
antibiotic's MIC to susceptibility breakpoints set by national
standards and guideline organizations, such as the Clinical
and Laboratory Standards Institute (CLSI).38 The CLSI
susceptibility breakpoints of β-lactam antibiotics comprising
this study are included in the ESI† in Table S1. Apart from
the wild-type strain (PAO1), all strains displayed high-level

Scheme 2 Strategy for the synthesis of amphiphilic nebramine compounds 3 and 4.

Scheme 3 Strategy for the synthesis of compounds 5 and 6.
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resistance to β-lactam antibiotics and were designated as
CRPA (MICMEM > 2 μg mL−1). These clinical isolates were also
designated as MDR.39 A more detailed antibiotic
susceptibility profile of all P. aeruginosa strains is also
available in the ESI† (Table S2). All modified nebramine
analogs 1–4 and 6 when used alone were inactive versus the
strains tested (MIC > 128 μg mL−1), which is consistent with
previous findings that indicated alkylated aminoglycosides
lose ribosomal binding abilities due to loss of hydrogen
bonding and steric hindrance.25,31 Similarly, nebramine 5
(MIC5 = 32 μg mL−1) does not possess potent standalone
activity against PAO1. The 32-fold increase in MIC relative to
tobramycin (MICTOB = 1 μg mL−1) suggests that nebramine
loses significant ribosomal binding capabilities upon removal
of the kanosamine sugar. This observation demonstrates that
the kanosamine segment of tobramycin is important for
ribosomal binding in PAO1, likely through the additional
hydrogen bonding interactions the segment can participate
in with bacterial 16S rRNA.40 While all CRPA were susceptible
to colistin (MICCST ≤ 2 μg mL−1), with the exception of
PA101243 and PA114228 (Table S2†), colistin is unfortunately
considered a suboptimal treatment in most clinics due to
nephro- and neurotoxicity.41

Synergy of nebramine analogs with β-lactam antibiotics
against wild-type P. aeruginosa. P. aeruginosa utilize a myriad
of resistance mechanisms against β-lactam antibiotics,
including multidrug efflux pumps and porin reduction to
reduce uptake.17,21,22 It is surmised that adding an outer
membrane permeabilizer would lower the MIC of β-lactam
antibiotics by disrupting the outer membrane. Therefore, the
susceptibility of wild-type P. aeruginosa (PAO1) to the
β-lactam antibiotics, ATM and ceftazidime (CAZ), were tested
in a dual combination with sub-MIC concentrations (8 μg
mL−1) of each of the six nebramine analogs via checkerboard
assays (Table 1). While assessing antibiotic combinations, the
fractional inhibitory concentration (FIC) index is generally
accepted to represent the interactions (synergy, additive or
antagonism) between antibiotic agents. An FIC index ≤ 0.5

indicates synergy between the agents. Whereas FIC indices,
0.5 > x ≤ 1 and 1 > x ≤ 4 indicates additive and antagonistic
interactions, respectively.42 Among the derivatives,
compounds 2 and 4 stood out, proving to have the highest
degree of synergy with ATM and CAZ (Table 1). Moreover, it
appeared that both guanidinylation and C-5 alkylation was
the optimal combination of chemical modifications to
efficiently potentiate β-lactam antibiotics in PAO1 when
compared to compounds 1, 3 and 6 bearing single
modifications. Interestingly, unmodified nebramine 5 could
synergize with ATM and CAZ, but further checkerboard
studies were not pursued, as nebramine 5 demonstrated
moderate standalone activity (MIC5 = 32 μg mL−1) which
could interfere with the interpretation of the β-lactam MICs.
Based on these results, compounds 2 and 4 were chosen to
pursue in further checkerboard studies against MDR P.
aeruginosa clinical isolates.

Compound 4 synergizes with β-lactam antibiotics against
MDR P. aeruginosa clinical isolates. MDR P. aeruginosa are
resilient and are often associated with life-threatening
infections. They carry an assortment of resistance features to
counter β-lactams and other classes of antibiotics. Thus,
compounds 2 or 4 were tested in a dual combination with
several β-lactam agents against a panel of CRPA which were
also MDR (Table 2). Interestingly, 4 potentiated β-lactams
such as CAZ, MEM and FEP which are typically inactive
against MBL-carrying P. aeruginosa, by 4- to 16-fold in the
MBL-carrying strains (PA86046, PA93654, PA259-96918 and
PA106046). This finding demonstrates that 4 synergizes a
broad panel of resistance phenotypes and MBL genotypes in
P. aeruginosa. Importantly, all isolates except PA101243 and
PA114228 remained susceptible to ATM upon addition of
adjuvant 4. The additive effects of 4 with PA101243 and
PA114228 are likely the result of outer membrane
modifications, such as aminoarabinose or
phosphoethanolamine bonded to lipid A phosphates, that
confer resistance to positively charged membrane-active
antibiotics such as colistin.43,44 Therefore, repulsive

Table 1 Synergy of nebramine analogs (1–6) with β-lactam antibiotics against PAO1

Analog β-Lactam

MIC (μg mL−1) Fold
reduction FIC index Interpretationβ-Lactam Analog + β-lactam

Compound 1 CAZ 4 4 1 1 < x < 1.06 Additive
ATM 4 4 1 1 < x < 1.06 Additive

Compound 2 CAZ 4 0.5 8 0.125 < x < 0.188 Synergy
ATM 4 1 4 0.25 < x < 0.313 Synergy

Compound 3 CAZ 4 4 1 1 < x < 1.06 Additive
ATM 4 4 1 1 < x < 1.06 Additive

Compound 4 CAZ 4 0.5 8 0.125 < x < 0.188 Synergy
ATM 8 1 8 0.125 < x < 0.188 Synergy

Compound 5 CAZ 4 1 4 0.5 Synergy
ATM 4 1 4 0.5 Synergy

Compound 6 CAZ 4 2 2 0.5 < x < 0.56 Additive
ATM 4 2 2 0.5 < x < 0.56 Additive

Compound concentration = 8 μg mL−1; for compounds 1–4 and 6: MIC > 128 μg mL−1; for compound 5: MIC5 = 32 μg mL−1; FIC index ≤ 0.5
indicates synergy.
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interactions could be the factor that limits interaction
between the outer membrane and the cationic compound
4. The synergy of compound 2 with β-lactam antibiotics
were comparable to that of the dual combinations with
compound 4 (Table S3–S5†). However, 2 never
outperformed 4 in any case. Therefore, compound 4 was

chosen as the lead compound and tested alongside BL–BLIs
against β-lactamase producing P. aeruginosa. Select triple
combinations including compound 2 against the
β-lactamase producers are available in the ESI† and were
completed for comparison purposes (Tables S3–S9 and Fig.
S1 and S2†).

Table 2 Synergy of compound 4 + β-lactam antibiotic dual combinations against MDR P. aeruginosa

MDR P. aeruginosa
strain β-Lactam

MIC (μg ml−1) Fold
reduction FIC index Interpretationβ-Lactam 4 + β-lactam

PA101243a CAZ 512 512 1 1 < x < 1.06 Additive
ATM 256 256 1 1 < x < 1.06 Additive
MEM 16 8 2 0.5 < x < 0.56 Additive
FEP 64 32 2 0.5 < x < 0.56 Additive

PA114228a CAZ 8 4 2 0.5 < x < 0.56 Additive
ATM 16 8 2 0.5 < x < 0.56 Additive
MEM 16 8 2 0.5 < x < 0.56 Additive
FEP 4 4 1 1 < x < 1.06 Additive

PA262-101856 CAZ 16 4 4 0.25 < x < 0.313 Synergy
ATM 32 8 4 0.25 < x < 0.313 Synergy
MEM 32 8 4 0.25 < x < 0.313 Synergy
FEP 32 8 4 0.25 < x < 0.313 Synergy

PA264-104354 CAZ 64 16 4 0.25 < x < 0.313 Synergy
ATM 64 8 8 0.125 < x < 0.188 Synergy
MEM 64 8 8 0.125 < x < 0.188 Synergy
FEP 64 8 8 0.125 < x < 0.188 Synergy

PA86052b CAZ 256 8 32 0.031 < x < 0.094 Synergy
ATM 64 1 64 0.016 < x < 0.078 Synergy
MEM 16 1 16 0.063 < x < 0.125 Synergy
FEP 64 8 8 0.125 < x < 0.188 Synergy

PA88949b CAZ 128 32 4 0.25 < x < 0.313 Synergy
ATM 32 8 4 0.25 < x < 0.313 Synergy
MEM 32 8 4 0.25 < x < 0.313 Synergy
FEP 32 16 2 0.5 < x < 0.56 Additive

PA107092b CAZ 64 16 4 0.25 < x < 0.313 Synergy
ATM 128 8 16 0.063 < x < 0.125 Synergy
MEM 64 8 8 0.125 < x < 0.188 Synergy
FEP 64 16 4 0.25 < x < 0.313 Synergy

PA108590b CAZ 64 2 32 0.031 < x < 0.094 Synergy
ATM 64 2 32 0.031 < x < 0.094 Synergy
MEM 16 1 16 0.063 < x < 0.125 Synergy
FEP 32 1 32 0.031 < x < 0.094 Synergy

PA109084b CAZ 128 32 4 0.25 < x < 0.313 Synergy
ATM 128 16 8 0.125 < x < 0.188 Synergy
MEM 16 4 4 0.25 < x < 0.313 Synergy
FEP 32 16 2 0.5 < x < 0.56 Additive

PA86056c CAZ 512 32 16 0.063 < x < 0.125 Synergy
ATM 16 2 8 0.125 < x < 0.188 Synergy
MEM 128 16 8 0.125 < x < 0.188 Synergy
FEP 128 16 8 0.125 < x < 0.188 Synergy

PA93654c CAZ 128 32 4 0.25 < x < 0.313 Synergy
ATM 16 4 4 0.25 < x < 0.313 Synergy
MEM 512 128 4 0.25 < x < 0.313 Synergy
FEP 128 32 4 0.25 < x < 0.313 Synergy

PA259-96918c CAZ 512 64 8 0.125 < x < 0.188 Synergy
ATM 32 8 4 0.25 < x < 0.313 Synergy
MEM 1024 128 8 0.125 < x < 0.188 Synergy
FEP 512 64 8 0.125 < x < 0.188 Synergy

PA106046c CAZ 128 16 8 0.125 < x < 0.188 Synergy
ATM 32 8 4 0.25 < x < 0.313 Synergy
MEM 4 0.25 16 0.063 < x < 0.125 Synergy
FEP 64 8 8 0.125 < x < 0.188 Synergy

Compound 4 concentration = 8 μg mL−1; MIC4 > 128 μg mL−1. a Colistin resistant. b PDC producing (negative for carbapenemases: GES, KPC,
NDM, IMP, VIM and OXA-48).24 c MBL-carriers (detected by PCR for notable carbapenemases: PA86056 [VIM-2, IMP-18], PA93654 [VIM-4],
PA259-96918 [IMP-18], PA106046 [VIM-4]).45
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Compound 4 synergizes with BL–BLIs against PDC- and
MBL-producing P. aeruginosa. Hyperproduction of PDC
(ampC) is the major resistance determinant for β-lactam
antibiotics with respect to P. aeruginosa.46 Similarly, MBLs
pose a unique hurdle because they inactivate penicillins,
cephalosporins and carbapenems. In addition to
β-lactamases, other factors such as porin alterations and
overexpression of efflux pumps, can render many β-lactams
ineffective.4 Thus, compound 4 was evaluated against CRPA
that produce β-lactamases, in combination with the following
modern BL–BLIs: ATM–AVI, CAZ–AVI, FEP–TAN, FEP–XER,
MEM–VAB (meropenem–vaborbactam) and MEM–XER.
Overall compound 4 synergized with all except one BL–BLI
versus the selected isolates resulting in 4- to 128-fold
potentiation of antibiotic activity (Table 3). Similar synergistic
potentiation of compound 4 with ATM–AVI, CAZ–AVI, FEP–
TAN, FEP–XER, MEM–VAB and MEM–XER were seen with
MBL-carrying P. aeruginosa (Table 4). Strikingly, the triple
combination of 4 + ATM–AVI re-sensitized all PDC- and MBL-
carriers to the monobactam antibiotic, ATM, and displayed
coverage against the P. aeruginosa strains presumed to
express PDCs (Fig. 2). Overall, the nine β-lactamase
harbouring isolates were largely resistant to the dual
combination of ATM–AVI, but all were made susceptible to
ATM when exposed to the triple combination. The success of

4 + ATM–AVI in the MBL-carrying strains is likely three-fold.
Firstly, MBLs are unable to hydrolyze ATM. Additionally, co-
expressed β-lactamases can be inhibited by AVI.46 Lastly,
compound 4 presumably increases the periplasmic
accumulation of ATM–AVI by destabilizing the outer
membrane.

Time-kill kinetics in PA107092. The time-dependent
killing of select triple combinations in the PDC-producing
strain PA107092 was assessed according to previously
published methods.47 Bactericidal activity is defined as a ≥3
log10 decrease in CFU mL−1 compared to the initial time
point inoculum, which is equivalent to 99.9% cell killing
after 24-hours.48 Whereas bacteriostatic activity is a <3 log10
decrease from the initial inoculum after 24-hours.49 For the
time-kill kinetics studies, a concentration of 8 μg mL−1 for
both CAZ and ATM was selected, as this concentration in
combination with 8 μg mL−1 of compound 4 and 2 μg mL−1

AVI inhibited visible PA107092 growth in checkerboard assays
(Table 4). Under CAZ monotherapy, growth at the 24-hour
timepoint was similar to the positive control (Fig. 3A) which
is consistent with a previous report on this strain.27 In both
the dual combinations, nearly full bacterial regrowth at 24-
hours was observed compared to the initial inoculum. The 4
+ CAZ dual combination resulted in a sharp decrease in
growth (≥3 log10) at 4 hours, but resurgence of the bacterial

Table 3 Synergy of compound 4 + BL–BLI triple combinations against PDC-producing P. aeruginosa

P. aeruginosa
Strain BL/BLI

MIC (μg ml−1) Fold
reduction FIC index InterpretationBL/BLI 4 + BL/BLI

PA86052 CAZ–AVI 32 1 32 0.031 < x < 0.094 Synergy
FEP–TAN 16 1 16 0.063 < x < 0.125 Synergy
FEP–XER 32 2 16 0.063 < x < 0.125 Synergy
MEM–VAB 16 1 16 0.063 < x < 0.125 Synergy
MEM–XER 16 0.25 64 0.016 < x < 0.078 Synergy
ATM–AVI 8 0.125 64 0.016 < x < 0.078 Synergy

PA88949 CAZ–AVI 8 4 2 0.5 < x < 0.56 Additive
FEP–TAN 8 2 4 0.25 < x < 0.313 Synergy
FEP–XER 16 4 4 0.25 < x < 0.313 Synergy
MEM–VAB 32 8 4 0.25 < x < 0.313 Synergy
MEM–XER 16 4 4 0.25 < x < 0.313 Synergy
ATM–AVI 16 4 4 0.25 < x < 0.313 Synergy

PA107092 CAZ–AVI 64 4 16 0.063 < x < 0.125 Synergy
FEP–TAN 8 2 4 0.25 < x < 0.313 Synergy
FEP–XER 32 4 8 0.125 < x < 0.188 Synergy
MEM–VAB 64 8 8 0.125 < x < 0.188 Synergy
MEM–XER 64 8 8 0.125 < x < 0.188 Synergy
ATM–AVI 128 4 32 0.031 < x < 0.094 Synergy

PA108590 CAZ–AVI 4 0.125 32 0.031 < x < 0.094 Synergy
FEP–TAN 8 0.5 16 0.063 < x < 0.125 Synergy
FEP–XER 16 0.5 32 0.031 < x < 0.094 Synergy
MEM–VAB 8 0.5 16 0.063 < x < 0.125 Synergy
MEM–XER 8 0.0625 128 0.008 < x < 0.07 Synergy
ATM–AVI 4 0.0625 64 0.016 < x < 0.078 Synergy

PA109084 CAZ–AVI 8 2 4 0.25 < x < 0.313 Synergy
FEP–TAN 8 1 8 0.125 < x < 0.188 Synergy
FEP–XER 16 4 4 0.25 < x < 0.313 Synergy
MEM–VAB 16 4 4 0.25 < x < 0.313 Synergy
MEM–XER 16 2 8 0.125 < x < 0.188 Synergy
ATM–AVI 16 2 8 0.125 < x < 0.188 Synergy

BLI concentration = 2 μg mL−1; compound 4 concentration = 8 μg mL−1. MIC4 > 128 μg mL−1.
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population occurred within 24-hours. Incorporation of all
three agents 4 + CAZ–AVI caused a similar ≥3 log10 fold
reduction in bacterial population at 4 hours which persisted
up to 8 hours. However, slight regrowth was observed at 24-
hours with total colony counts reduced compared to the dual
combinations.

ATM monotherapy time-kill kinetics behaved nearly
identical to CAZ monotherapy against PA107092. A slight
reduction in colony number was observed at the 1- and
2-hour timepoints, and regrowth of the bacterial population
occurred beyond 4 hours (Fig. 3B). The ATM–AVI results only
differed from ATM monotherapy by which the sharp bacterial
regrowth occurred after 8 hours instead of 4 hours. In
contrast to ATM monotherapy and ATM–AVI, both 4 + ATM
and 4 + ATM–AVI exhibited a ≥3 log10 reduction in CFU
mL−1 at the 4 hour timepoint. However, re-growth of the
bacterial population occurred with 4 + ATM dual
combination after 24-hours, whereas the triple combination
of 4 + ATM–AVI was bactericidal after 4-hours. Interestingly,
4 + ATM resulted in a much lower bacterial count than 4 +
CAZ against PA107092 after 24-hours. Overall, these data
highlight that the 4 + ATM dual combination is much more
active than the ATM–AVI dual combination beyond 4 hours
against PA107092. Also, 4 + ATM–AVI is bactericidal, while 4
+ CAZ–AVI does not exhibit bactericidal action in the time
range tested against PA107092.

Mode-of-action studies. Compound 4 is proposed to act as
an outer membrane permeabilizer. It is believed that
positively charged amphiphilic molecules like compound 4,

interact with negatively charged phosphates present in the
lipid A of lipopolysaccharide. This interaction destabilizes
bridging Mg2+ and Ca2+ ions essential for outer membrane
integrity in a mechanism coined “self-promoted uptake”.50,51

Compound 7 is analogous to compound 4 and was
demonstrated to induce outer membrane permeabilization
based on fluorescent permeability assays.27 Therefore, it is
reasonable to assume compound 4 acts in a similar fashion.
Moreover, if a Gram-negative impermeable antibiotic such as
rifampicin (RIF) can be potentiated, it is plausible that
compound 4 acts as an outer membrane permeabilizer.
Evidently, 4 potentiates RIF by 16-fold against PAO1
according to checkerboard assays. In addition, the
potentiation effect is diminished upon elevating Mg2+ levels
(20 mM [Mg2+]) in the bacterial medium (Table 5).
Supplementing Mg2+ promotes outer membrane integrity
which assumably limits the interaction of compound 4 with
lipid A phosphates.

Nephrotoxicity assessment. Nephrotoxicity is a major
limitation in the use of cationic antibiotics, such as
polymyxin B for treatment of bacterial infections by
clinicians.29 Hence, polymyxin B is an appropriate positive
control to use as a benchmark for the following preliminary
nephrotoxicity experiments. The cell lines selected are the
immortal proximal renal tubule epithelial cells, RPTEC and
HK-2, from the adult human kidney.52,53 The rationale
behind reducing the number of positively charged groups
from tobramycin is that previous evidence suggested a
minimized scaffold (compound 4) may offer reduced

Table 4 Synergy of compound 4 + BL–BLIs against MBL-carrying P. aeruginosa

P. aeruginosa
Strain BL/BLI

MIC (μg ml−1) Fold
reduction FIC index InterpretationBL/BLI 4 + BL/BLI

PA86056 CAZ–AVI 512 32 16 0.063 < x < 0.125 Synergy
FEP–TAN 128 8 16 0.063 < x < 0.125 Synergy
FEP–XER 128 8 16 0.063 < x < 0.125 Synergy
MEM–VAB 128 8 16 0.063 < x < 0.125 Synergy
MEM–XER 64 4 16 0.063 < x < 0.125 Synergy
ATM–AVI 16 2 8 0.125 < x < 0.188 Synergy

PA93654 CAZ–AVI 128 32 4 0.25 < x < 0.313 Synergy
FEP–TAN 16 4 4 0.25 < x < 0.313 Synergy
FEP–XER 32 8 4 0.25 < x < 0.313 Synergy
MEM–VAB 512 128 4 0.25 < x < 0.313 Synergy
MEM–XER 256 32 8 0.125 < x < 0.188 Synergy
ATM–AVI 16 4 4 0.25 < x < 0.313 Synergy

PA259-96918 CAZ–AVI 512 64 8 0.125 < x < 0.188 Synergy
FEP–TAN 256 64 4 0.25 < x < 0.313 Synergy
FEP–XER 256 64 4 0.25 < x < 0.313 Synergy
MEM–VAB 1024 128 8 0.125 < x < 0.188 Synergy
MEM–XER 1024 128 8 0.125 < x < 0.188 Synergy
ATM–AVI 32 4 8 0.125 < x < 0.188 Synergy

PA106046 CAZ–AVI 16 0.5 32 0.031 < x < 0.094 Synergy
FEP–TAN 16 1 16 0.063 < x < 0.125 Synergy
FEP–XER 16 1 16 0.063 < x < 0.125 Synergy
MEM–VAB 4 0.125 32 0.031 < x < 0.094 Synergy
MEM–XER 2 0.03125 64 0.016 < x < 0.078 Synergy
ATM–AVI 4 0.125 32 0.031 < x < 0.094 Synergy

BLI concentration = 2 μg mL−1. Compound 4 concentration = 8 μg mL−1. MIC4 > 128 μg mL−1.
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cytotoxic properties.30,32 For that reason, the cell viability of
RPTEC and HK-2 upon treatment of tobramycin, polymyxin
B, compounds 2–5 and compound 7 (at concentrations of 0
μM, 6 μM, 36 μM, 72 μM, 144 μM and 200 μM) were assessed
(Fig. 4).

Polymyxin B was the most cytotoxic agent to both cell lines
at each concentration. In stark contrast, >90% of RPTEC

cells and >80% of HK-2 cells incubated with 36 μM of lead
compound 4, a concentration which is approximately three
times greater (23 μg mL−1) than the active concentration (8
μg mL−1) used for the checkerboard and time-kill assays
conducted herein, were viable. As expected, compound 7 was
more toxic than compound 4; thus, at 36 μM, about 40% of
HK-2 cells and 70% of RPTEC cells were viable. The

Fig. 2 The MICs of 1) ATM alone, ATM–AVI, 4 + ATM and 4 + ATM–AVI; 2) FEP alone, FEP–TAN, 4 + FEP, 4 + FEP–TAN; 3) FEP alone, FEP–XER, 4 +
FEP, 4 + FEP–XER; against the a) PDC-producing and b) MBL-carrying P. aeruginosa. The vertical dashed line represents the CLSI susceptibility
breakpoint of the corresponding β-lactam (8 μg mL−1 for ATM and FEP).
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enhanced toxicity likely arises from the extra guanidinium
group in 7. The biphenyl group (compound 4) caused a
greater loss of cell viability than the octyl function
(compound 2) in these cells. The non-guanidinylated
compound 3 was less toxic than compound 4, an indication
that modification of the amino groups into guanidinium
groups increases toxicity. Nebramine 5 and tobramycin with
no chemical alterations, had no effect on the viability of
the cells at all concentrations investigated. Overall, it
appears that introduction of the biphenyl function and
increasing the number of guanidinium groups increased
the cytotoxicity of compounds against RPTEK and HK-2
cells.

Comparison of compound 4 to previously reported
compound 7. Compound 4 is a minimized analog based on
the previously reported tobramycin derivative 7, which
contains an additional guanidinylated aminosugar,
kanosamine, linked at the C-6 position of nebramine. As a
consequence, tobramycin bears an extra positive charge in
comparison to nebramine and is expected to have superior
membrane permeabilizing capabilities. Compound 7 was
previously found to synergize with CAZ–AVI and ATM–AVI
combinations against the PDC-producers in this report.27

Retention of this synergy by compound 4 was observed
(Table 3) in direct comparison to compound 7. The triple
combinations with CAZ–AVI or ATM–AVI differed in

Fig. 3 Time-kill kinetics of A) CAZ monotherapy, 4 + CAZ, CAZ–AVI, and triple combination 4 + CAZ–AVI; B) ATM alone, 4 + ATM, ATM–AVI and 4
+ ATM–AVI against PDC-producing strain PA107092. Detection limit is y = 2 log10.

Table 5 RIF potentiation by compound 4 in normal and 20 mM [Mg2+] cation-adjusted Mueller–Hinton broth (CAMHB)

Conditions Antibiotic

MIC (μg mL−1) MIC (μg mL−1) Fold
reduction FIC indexAntibiotic 4 + antibiotic

CAMHB RIF 32 2 16 0.063 < x < 0.125
20 mM [Mg2+] CAMHB RIF >32 >32 ND ND

CAMHB = prepared as normal per materials and methods section; 20 mM [Mg2+] CAMHB = prepared and [Mg2+] adjusted to 20 mM Mg2+.
Compound 4 concentration = 8 μg mL−1.
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potentiation by 4-fold at most (Fig. S3 and S4†), suggesting
that the guanidinylated kanosamine sugar attributes to a
minor part in the outer membrane permeabilization effect of
compound 7, and that 4 is an effective alternative that is also
less damaging to kidney cells.

Conclusions

β-Lactam antibiotics are the most widely prescribed agents
for treating bacterial infections.54 It is paramount that the
scientific community prioritizes enhancing agents to
prolong β-lactam antibiotic activity. One method to
preserve β-lactam susceptibility in P. aeruginosa, is to
increase their permeability across the outer membrane,
such that they reach their periplasmic target, the PBP.
Inspired by previous research on dual modified
tobramycin-based outer membrane permeabilizers, novel
dual modified nebramine analogs were prepared. Lead
compound 4 was then explored in combination with
β-lactam antibiotics and BL–BLIs against P. aeruginosa
clinical isolates including MBL-producing strains. Although
4 is inactive as a standalone agent (MIC4 > 128 μg mL−1),
it can potentiate a variety of β-lactam antibiotics and BL–

BLIs against several MDR, PDC- and MBL-carrying P.
aeruginosa. Importantly, adding 4 with ATM–AVI as a triple
combination restored susceptibility to ATM in all PDC-
and MBL-carrying P. aeruginosa tested. Time-kill kinetics
revealed this triple combination to have bactericidal
activity on the PDC-producer PA107092 after 4-hours.
Compound 4 demonstrated comparable potentiating effects
to previously reported compound 7, while simultaneously
displaying markedly reduced cytotoxic properties. Overall,
there is an unfulfilled urgent need for non-nephrotoxic
agents that increase antibiotic permeability in P.
aeruginosa. Compound 4 fulfils this need in vitro and is
effective as a third component with several state-of-the-art
BL–BLIs like FEP–TAN, FEP–XER, MEM–XER and ATM–AVI
combinations against P. aeruginosa clinical isolates.

Experimental
Chemistry

Reagents were obtained commercially from Sigma Alrich,
Biosynth, TCI America or AK Scientific and used without
further purification. Chemical reactions were monitored
using thin-layer chromatography (TLC) on 0.25 mm silica gel

Fig. 4 Cell viability of proximal renal tubule cell lines A) RPTEC and B) HK-2 suspended in various concentrations (0 μM, 6 μM, 36 μM, 72 μM, 144
μM and 200 μM) of chemical agents. TOB = tobramycin, PMB = polymyxin B.
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60 F254 plates from Merck and visualized under a UV lamp
(λ = 254 nm), staining by 20% H2SO4 in ethanol or ninhydrin
staining. Intermediates and final compounds were purified
using normal or reverse-phase flash chromatography with
SiliaFlash P60 (40–63 μm) 60 Å silica gel or SiliaBond C18
(40–63 μm) 60 Å silica gel from SiliCycle, respectively, or
using the Biotage Selekt Flash instrument with Biotage Sfär
columns. Afterwards, characterization of the chemical
structure and molecular connectivity was achieved by nuclear
magnetic resonance (1H NMR, 13C NMR, and 2D NMR
experiments) spectroscopy on a Bruker AMX-400 MHz or 500
MHz spectrometer (Fig. S5–S56†). The mass of each
compound and intermediate was determined by matrix-
assisted laser desorption ionization mass spectrometry
(MALDI-MS) on a Bruker Daltonics ultraflex MALDI-time-of-
flight (TOF) mass spectrometer or by electrospray ionization
(ESI) on a Varian 500-MS ion trap mass spectrometer.

General procedure A for C5-O-alkylation of nebramine
derivatives. TBDMS- and Boc-protected compound (1 eq.) was
placed with potassium hydroxide (KOH) (3 eq.) and
tetrabutylammonium hydrogen sulfate (TBAHS) (0.4 eq.) in a
round bottom flask and dissolved in toluene and catalytic
amount of H2O. After 10 minutes of stirring, alkyl halide (3
eq.) was added. The reaction was stirred overnight at ambient
temperature and monitored via TLC. The reaction continued
for 16 hours before TLC indicated significant conversion of
the product (rf = 0.56, 20% EtOAc/hexanes). The mixture was
quenched with ethyl acetate (EtOAc) and H2O. The aqueous
layer was washed with EtOAc (3×). The combined organic
layers were dried over anhydrous sodium sulfate (Na2SO4)
and concentrated by rotary evaporation to recover a white
powder.

General procedure B for deprotection of Boc protecting
groups. N-Boc-protected compounds were dissolved in 2 ml
dichloromethane (DCM) and exposed to dropwise addition of
2 ml trifluoroacetic acid (TFA). The reaction was carefully
monitored by TLC and only continued for maximum 1 hour
for the biphenyl derivatives and 2–3 hours for derivatives
lacking a TFA-labile moiety. Next, the solution was
concentrated by rotary evaporation to afford an off-white
solid. The residue was washed in 2% methanol (MeOH)/
diethyl ether before further purification. Purification was
achieved by reverse-phase flash chromatography and
compounds eluted in 0–20% MeOH/de-ionized H2O (v/v).

General procedure C for guanidinylation of nebramine
analogs. Nebramine analogs (1 eq.) with free amines were
dissolved in a round bottom flask with 0.5 ml H2O and
stirred. 1/5th of total 15 eq. N,N′-di-Boc-N″-triflylguanidine
was added directly, followed by 0.5 ml 1,4-dioxane and
solution was stirred until clear. Addition of N,N′-di-Boc-N″-
triflylguanidine and subsequent 1,4-dioxane addition was
repeated four times until all N,N′-di-Boc-N″-triflylguanidine
(15 eq. total) and 1,4-dioxane (2.5 mL total) was added. After
5 min, NEt3 (15 eq.) was added, and the reaction was allowed
to stir for 3–5 days until TLC showed conversion of the
product. The solvent was removed via rotary evaporation by

slowly reducing pressure. The material was then dissolved in
DCM, transferred to a separatory funnel, and washed with
H2O (3×). The organic layer was then dried over Na2SO4, and
concentrated to a resin in vacuo. The crude residue was
purified by normal-phase flash chromatography (P60 silica
gel) using MeOH/DCM as the eluent gradient. The pure
compound eluted in 5% MeOH/DCM in each case and was
further characterized by NMR and MS experiments.

5-O-(Octyl)-1,3,2′,6′,3″-penta-N-Boc-4′,2″,4″,6″-tetra-O-
TBDMS-tobramycin (9) and compound 7 were synthesized
according to previous publication, matching spectral
characteristics.27

Synthesis of 5-O-(octyl)-nebramine (1). Intermediate 9 (81
mg, 1 eq.) was dissolved in MeOH, followed by dropwise
addition of HCl (HCl :MeOH [3 : 4]). The reaction mixture was
refluxed for 24-hours. Compound 1 (21 mg, 96%) was directly
concentrated under reduced pressure and purified by reverse-
phase flash chromatography (eluted in 100% de-ionized
water). 1H NMR (500 MHz, D2O): δ 5.57 (d, J = 2.8 Hz, 1H,
anomeric H-1′), 4.00 (m, 3H), 3.83 (m, 1H), 3.80–3.66 (m, 2H),
3.61 (m, 1H), 3.52 (m, 1H), 3.46–3.26 (m, 4H), 2.48 (dt, J =
12.6, 4.3 Hz, 1H), 2.30 (dt, J = 13.6, 4.2 Hz, 1H), 2.12 (dt, J =
13.4, 8.6 Hz, 1H), 1.84 (q, J = 12.6 Hz, 1H), 1.62 (m, 2H), 1.30
(m, 10H, octyl-methylene), 0.91–0.82 (t, 3H, octyl-CH3).

13-
CNMR (126 MHz, D2O): δ 92.09 (anomeric C-1′), 82.78, 75.41,
73.42, 72.92, 72.81, 63.85, 49.90, 48.90, 47.54, 39.31, 31.13,
29.48, 28.94, 28.65, 28.48, 28.28, 25.27, 22.07, 13.45. ESI-MS:
m/z calculated for C20H43N4O5

+ = 419.3233 [M + H]+; found =
419.3251 [M + H]+.

Synthesis of 5-O-(octyl)-guanidino-nebramine (2).
Compound 1 (21 mg) was subjected to the conditions
outlined in general procedure C and recovered as a pure
white solid (33.5 mg, 48%). The product from the previous
step (30 mg) was exposed to the conditions of general
procedure B and yielded crystalline solid 2 (12.6 mg, 99%).
1H NMR (500 MHz, D2O) δ 5.53 (d, 1H, anomeric H-1′), 4.04–
3.97 (m, 1H), 3.88–3.82 (m, 1H), 3.75–3.63 (m, 3H), 3.62–3.43
(m, 7H), 2.31–2.19 (m, 2H), 1.79–1.50 (m, 4H), 1.29 (s, 10H),
0.98–0.77 (m, 3H). 13C NMR (126 MHz, D2O) δ 157.97
(guanidine), 157.21 (guanidine), 156.62 (guanidine), 155.94
(guanidine), 95.00 (anomeric C-1′), 84.61, 77.13, 75.44, 73.96,
72.00, 63.86, 52.07, 50.67, 49.09, 41.82, 32.32, 32.28, 31.08,
29.39, 28.59, 28.37, 25.24, 22.07, 13.45. ESI-MS: m/z calculated
for C24H52N12O5

2+ = 294.2087 [M + 2H]2+; found = 294.2086
[M + 2H]2+.

Synthesis of 1,3,2′,6′-tetra-N-Boc-nebramine (10). A round
bottom flask containing 2.1 g tobramycin sulfate (1 eq.) was
charged with a magnetic stir bar. The white powder was
completely solubilized within 1 hour by adding 25 ml MeOH,
then 25 ml 12 M HCl dropwise. After acid addition, the
reaction was allowed to reflux for 48 hours. The reaction
mixture was directly concentrated in vacuo and a brown resin
was neutralized to pH = 7 by dropwise addition of NH4

+ OH−

solution. The material was concentrated again and used
without further purification for the next step. The reaction
mixture from the previous step was dissolved in MeOH/H2O
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(2 : 1). Further, triethylamine (NEt3) (16 eq.) and Boc-
anhydride (8 eq.) were added, then the solution was refluxed
overnight until TLC indicated complete conversion of the
product (Rf = 0.5, solvent system: DCM/MeOH [15 : 1]). The
solution was concentrated under reduced pressure to yield a
brown solid. The crude mixture was purified by normal-
phase flash chromatography and pure compound 10 was
eluted in 4% MeOH/DCM (v/v) to afford a white powder (2.9
g, 91% yield). 1H NMR (500 MHz, MeOD) δ 6.62–6.52 (s, 1H),
5.10 (d, 1H, anomeric), 3.75–3.53 (m, 2H), 3.52–3.32 (m, 6H),
3.15 (m, 1H), 2.15–1.88 (m, 2H), 1.64 (m, 1H), 1.44 (m, 36H),
1.32 (m, 1H). 13C NMR (126 MHz, MeOD) δ 159.51, 159.29,
158.19, 157.74, 99.17, 82.40, 80.66, 80.36, 80.13, 79.84, 78.75,
76.58, 73.43, 66.51, 52.30, 51.16, 51.02, 41.99, 36.10, 34.17,
28.88, 28.76, 28.74, 28.66. MALDI-TOF-MS: m/z calculated for
C32H58N4O13Na

+ = 729.3898 [M + Na]+; found = 729.3771 [M +
Na]+.

Synthesis of 1,3,2′,6′-tetra-N-Boc-6,4′-bis-O-TBDMS-
nebramine (11). 1.295 g of intermediate 10 (1 eq.) was
crushed by mortar and pestol into a fine powder and placed
into a dry 50 ml round bottom flask with TBDMSCl (6 eq.).
The solids were dissolved in anhydrous DMF then air
expelled via N2 inlet and air outlet. 1-Methylimidazole (12
eq.) was added dropwise over N2-atmosphere and stirred for
20 hours. The residue was evaporated under reduced
pressure then dissolved in 200 ml EtOAc and washed with
ice-cold H2O (×3) and once with brine solution. The organic
layer was dried over anhydrous Na2SO4, filtered, and
concentrated via rotary evaporation to reveal an off-white
solid. The crude was purified by flash column
chromatography and the pure compound eluted in 2%
MeOH/DCM (v/v) to yield compound 11 (1.38 g, 80%) as a
crystalline solid. 1H NMR (500 MHz, CDCl3) δ 5.59 (s, 1H),
5.17–4.74 (m, 3H, anomeric), 4.29 (s, 1H), 3.73 (s, 1H), 3.69–
3.06 (m, 10H), 2.60 (s, 1H), 2.33 (s, 1H), 2.01 (m, 1H), 1.66–
1.54 (m, 1H), 1.42 (m, 36H, Boc), 0.87 (m, 18H, TBDMS t-Bu),
0.13–0.02 (m, 12H, TBDMS methyl). 13C NMR (126 MHz,
CDCl3) δ 155.62, 155.29, 155.28, 155.08, 99.07 (C1′), 82.24,
80.31, 79.77, 79.44, 79.19, 77.85, 72.68, 67.19, 51.37, 50.49,
49.19, 41.30, 35.13, 34.64, 28.57, 28.56, 28.52, 28.38, 26.02,
25.88, 18.33, 17.99, −4.01, −4.17, −4.84. MALDI-TOF-MS: m/z
calculated for C44H86N4O13Si2Na

+ = 957.5628 [M + Na]+; found
= 957.5310 [M + Na]+.

Synthesis of 5-O-(methylenebiphenyl)-1,3,2′,6′-tetra-N-Boc-
6,4′-bis-O-TBDMS-nebramine (12). Compound 11 (660 mg, 1
eq.) was subjected to conditions outlined in general
procedure A with 4-(bromomethyl)biphenyl as the alkyl halide
(3 eq.). The product was eluted in 16% EtOAc/hexanes (v/v)
by normal-phase flash chromatography and recovered as a
white powder (464 mg, 60%). 1H NMR (500 MHz, CDCl3) δ

7.57 (m, 2H, biphenyl), 7.51 (m, 2H, biphenyl), 7.45–7.38 (m,
2H, biphenyl), 7.30 (m, 3H, biphenyl), 5.44–4.88 (m, 4H), 4.78
(m, 2H), 4.33 (s, 1H), 3.80–3.31 (m, 9H), 3.20 (s, 1H), 2.37–
2.17 (m, 1H), 2.05–1.88 (m, 1H), 1.44 (m, 20H), 1.26 (s, 18H),
0.97–0.75 (m, 18H), 0.21–−0.14 (m, 12H). 13C NMR (126 MHz,
CDCl3) δ 156.07, 155.09, 154.76, 141.08, 140.23, 137.03,

128.82, 127.28, 127.18, 127.09, 79.34, 68.06, 48.66, 35.50,
32.08, 29.85, 28.64, 28.58, 28.35, 26.09, 25.93, 18.08, 14.26,
−3.71, −4.04, −4.75. ESI-MS: m/z calculated for C57H97N4O13-
Si2

+ = 1101.6591 [M + H]+; found = 1101.6519 [M + H]+.
Synthesis of 5-O-(methylenebiphenyl)-nebramine (3). A dry

stir bead and compound 12 (377 mg, 1 eq.) in an oven dried
round bottom flask, was purged with N2-atmosphere through
a septum. Anhydrous THF was added, then [1.0 M] TBAF/THF
was added dropwise and stirred at room temperature for 1
hour. The reaction was concentrated under reduced pressure
to reveal a dark resin. The crude mixture was purified by
flash chromatography and eluted in 4% MeOH/DCM (v/v) to
reveal a white powder (215.2 mg, 72%). 207 mg of 5-O-
(methylenebiphenyl)-1,3,2′,6′-tetra-N-Boc-nebramine was
solubilized in DCM and then exposed to dropwise addition of
TFA as per the conditions outlined in general procedure B.
Pure compound 3 (83 mg, 74%) was eluted in 100% de-
ionized H2O.

1H NMR (500 MHz, D2O) δ 7.80 (d, 2H,
biphenyl), 7.76 (d, 2H, biphenyl), 7.58 (t, 4H, biphenyl), 7.49
(t, 1H, biphenyl), 5.35 (d, 1H, anomeric), 5.17 (d, 1H, O-CH2-
biphenyl), 4.86–4.80 (d, 1H, O-CH2-biphenyl), 4.10 (m, 2H),
3.92–3.76 (m, 3H), 3.64–3.55 (m, 1H), 3.44 (m, 1H), 3.29–3.17
(m, 2H), 3.13 (m, 1H), 2.56 (m, 1H, H-2), 2.04–1.98 (m, 2H, H-
3′), 1.97–1.86 (m, 1H, H-2). 13C NMR (126 MHz, D2O) δ

141.06, 139.85, 136.54, 129.41, 129.34, 128.16, 127.49, 126.99,
92.45, 83.23, 76.00, 75.05, 74.64, 73.03, 63.28, 49.82, 48.87,
47.05, 38.60, 28.31, 27.93. ESI-MS: m/z calculated for
C25H37N4O5

+ = 473.2764 [M + H]+; found = 473.2717 [M + H]+.
Synthesis of 5-O-(methylenebiphenyl)-guanidino-

nebramine (4). Compound 3 (47 mg, 1 eq.) was exposed to
the reaction conditions highlighted in general procedure C
and purified as such. The product was recovered as a pure
white powder (39 mg, 27%). 5-O-(Methylenebiphenyl)-Boc8-
guanidino-nebramine (35 mg) from the previous step was
subjected to the conditions in general procedure B. The
crystalline solid (8.7 mg, 56%) was purified by reverse-phase
flash chromatography and eluted in 20% MeOH/de-ionized
H2O (v/v) and characterized by NMR. 1H NMR (500 MHz,
D2O) δ 7.73 (m, 4H, biphenyl), 7.56 (m, 2H, biphenyl), 7.48
(m, 3H, biphenyl), 5.48 (d, J = 3.8 Hz, 1H, anomeric H-1′),
5.21 (d, J = 11.5 Hz, 1H, CH2-biphenyl), 4.72 (d, J = 11.6 Hz,
1H, CH2-biphenyl), 3.86–3.75 (m, 2H, H-4, H-5), 3.75–3.67 (m,
2H), 3.66–3.56 (m, 3H), 3.55–3.45 (m, 3H), 2.31 (dt, J = 13.0,
4.3 Hz, 1H), 2.15 (dt, J = 12.1, 4.6 Hz, 1H), 1.77–1.61 (m, 2H).
13C NMR (126 MHz, D2O) δ 157.92, 157.26, 156.63, 155.63,
140.30, 140.10, 136.63, 129.28, 128.13, 127.97, 127.15, 126.92,
95.14 (C1′), 84.54 (C5), 77.51 (C4), 75.68, 74.35 (biphenyl-CH2-
O), 71.98, 63.75, 52.17, 50.77, 48.99, 41.79, 32.32, 32.23. ESI-
MS: m/z calculated for C29H46N12O5

2+ = 321.1852 [M + 2H]2+;
found = 321.1814 [M + 2H]2+.

Synthesis of nebramine (5). Compound 10 (155 mg) was
exposed to the conditions included in general procedure B.
Nebramine (62.6 mg, 93%) was recovered in 100% de-ionized
H2O through a reverse-phase C18 column as an off-white
solid. 1H NMR (500 MHz, D2O) δ 5.77 (d, J = 3.6 Hz, 1H,
anomeric H-1′), 4.03–3.84 (m, 2H, H-4, H-5′), 3.79–3.63 (m,
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3H, H-4′, H-5, H-2′), 3.62–3.51 (m, 2H, H-6, H-3), 3.44 (dd,
J = 13.8, 3.7 Hz, 1H, H-6x′ ), 3.39–3.31 (m, 1H, H-1), 3.27
(dd, J = 13.6, 6.9 Hz, 1H, H-6y′ ), 2.53 (m, 1H, H-2eq), 2.31
(m, 1H, H-3eq′ ), 2.02 (m, 1H, H-3ax′ ), 1.90 (m, 1H, H-2ax).
13C NMR (126 MHz, D2O) δ 94.32 (C-1′), 77.66 (C-4), 75.23
(C-5), 72.60 (C-6), 70.06 (C-5′), 64.62 (C-4′), 49.78 (C-1),
48.57 (C-3), 47.92 (C-2′), 39.98 (C-6′), 29.41 (C-3′), 28.35 (C-
2). ESI-MS: m/z calculated for C12H27N4O5

+ = 307.1981 [M
+ H]+; found = 307.1836 [M + H]+.

Synthesis of guanidino-nebramine (6). Compound 5 (32.3
mg, 1 eq.) was exposed to conditions according to general
procedure C. The pure product (39.9 mg, 32%) was eluted in
5% MeOH/DCM using a normal-phase flash column.
Compound 6 was then synthesized by following general
procedure B, using the Boc8-guanidino-nebramine (39.1 mg)
intermediate from the previous step as the starting material.
The pure product was purified by reverse-phase flash
chromatography (13.1 mg, 90%) and eluted in 100% de-
ionized H2O.

1H NMR (500 MHz, D2O) δ 5.47 (d, J = 3.6 Hz,
1H, anomeric H-1′), 3.84–3.75 (m, 1H), 3.74–3.60 (m, 4H),
3.60–3.48 (m, 4H), 3.48–3.40 (m, 1H), 2.29 (m, 1H), 2.26–2.18
(m, 1H), 1.78 (m, 1H), 1.69 (m, 1H). 13C NMR (126 MHz, D2O)
δ 157.96, 157.14, 156.57, 156.11, 96.18, 80.45, 76.20, 75.22,
72.00, 63.99, 51.86, 50.64, 49.35, 41.91, 32.49, 31.80. ESI-MS:
m/z calculated for C16H36N12O5

2+ = 238.1461 [M + 2H]2+;
found = 238.1469 [M + 2H]2+.

Biological analyses

All antibacterial agents were purchased and used without
further purification. Tobramycin was purchased from
AKScientific. Aztreonam was purchased from Sigma-Aldrich.
Meropenem and ceftazidime were purchased from TCI
America. Cefepime was purchased from ThemoScientific.
Taniborbactam, xeruborbactam and avibactam were
purchased from MedChem express. Vaborbactam was
purchased from Cayman chemicals.

Bacterial strains. Bacterial isolates were obtained from
the American Type Culture Collection (ATCC), from the
Canadian National Intensive Care Unit (CAN-ICU), or
Canadian Ward (CANWARD) surveillance studies.55,56 Non-
susceptibility was determined using CLSI guidelines and
CLSI established breakpoints.38 If no CLSI breakpoint has
yet been defined for a particular BL/BLI, the breakpoint of
the β-lactam antibiotic alone was used for brevity purposes.
MDR was defined as non-susceptibility to at least one agent
in three or more antibiotic classes.39 Moreover, these
agents must be therapeutically relevant and have
established breakpoints according to the CLSI for P.
aeruginosa.39 Strains PA86052, PA88949, PA107092,
PA108590, PA109084 were assumed to express PDC as they
tested negative for carbapenemases (GES, KPC, NDM, IMP,
VIM, OXA-48)24 and the β-lactam antibiotic MIC being
lowered upon addition of class C BLI, avibactam. Lastly,
CRPA carrying a carbapenemase being known to be very
rare (0.8%) in Canada.57 MBL-carriers PA86056 (VIM-2, IMP-

18), PA93654 (VIM-4), PA259-96918 (IMP-18), PA106046
(VIM-4) were detected by PCR for notable carbapenemases
(GES, KPC, NDM, IMP, VIM, OXA-48); specific gene variants
were identified by DNA sequencing.45

Susceptibility assay. To assess the bacterial susceptibility,
antibiotic susceptibility testing was performed using the
broth microdilution method with 96-well microtiter plates.58

A stock culture of bacteria was incubated overnight in a
culture tube with lysogeny broth (LB) and 250 rpm shaking.
The culture was grown overnight and adjusted to a turbidity
of 0.5 McFarland using 0.85% saline solution. The solution
was further diluted with cation-adjusted Mueller–Hinton
broth (CAMHB) to resemble a 1 : 50 bacterial solution :
CAMHB ratio. Using 96-well plates, 128 μg ml−1 of the test
compound was placed into the first well in each row. The
concentration of test compound was then serially diluted by
2-fold along the row. The 1 : 50 bacterial solution was then
placed into each well and incubated overnight for 18 hours at
37 °C. The MIC was determined manually by marking each
well as either growth or no growth. An EMax Plus microplate
reader (Molecular Devices, USA) operating at a 595 nm
wavelength was used to verify the observed MIC. MICs were
repeated at least twice on separate days to ensure accurate
and reproducible MIC values.

Checkerboard assay. To determine synergy between two
agents, a checkerboard assay was employed using 96-well
plates according to a previous procedure.59 The antibiotic
was serially diluted 2-fold across the x-axis, and the adjuvant
along the y-axis, resulting in varying concentrations of the
antibiotic and adjuvant in the resulting wells. The bacterial
culture grown from the previous day was diluted with saline
solution to 0.5 McFarland turbidity. This suspension was
then further diluted to achieve a 1 : 50 bacterial : CAMHB
solution (approximately 5 × 105 CFU mL−1). The wells were
then inoculated with this 1 : 50 solution and incubated for 18
hours at 37 °C. Plates were read manually by marking each
well as growth or no growth. Then, an EMax Plus microplate
reader (Molecular Devices, USA) operating at a 595 nm
wavelength verified the empirical observation. Subsequently,
fold-reduction in MIC and the FIC index of the antibiotic
combinations were determined. The FIC index was calculated
by dividing the MIC of the antibiotic/adjuvant combination
by the MIC of the antibiotic alone to determine the FIC of
the antibiotic. Then the FIC of the adjuvant was obtained by
dividing the MIC of the combination by the MIC of the
adjuvant. The FICantibiotic and FICadjuvant were then summed,
and the resulting value was the FIC index. Synergy was
reported as FIC indices ≤ 0.5, additive effects as 0.5 < x ≤ 4
and antagonism as FIC indices > 4.42 Checkerboard assays
were repeated to ensure accurate and reproducible MICs
(within 2-fold agreement according to previous and current
data).

Time-kill assay. The protocol was adapted from a previous
publication.47 PA107092 was grown in LB overnight. Cell
density was adjusted to OD = 0.5, by dilution of the bacterial
culture with phosphate buffer solution (PBS). Compound 4 (8
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μg mL−1), AVI (2 μg mL−1) and β-lactam antibiotics CAZ or
ATM (8 μg mL−1) were incorporated into the 0.5 McFarland
(1 : 50 diluted bacterial culture) medium and LB. The culture
tubes were incubated at 37 °C, whilst shaking (250 rpm) for
several time intervals. At each interval, a 50 μl aliquot was
taken from each culture tube, then serially diluted in PBS,
and streaked on LB agar plates. The plates were then
incubated for 20-hours wherein the bacterial colonies were
counted. If a ≥3 log10 reduction of colonies from the initial
inoculum was observed, the combination was deemed to
display bactericidal activity and <3-fold reduction on a
logarithmic scale was determined as bacteriostatic
activity.60,61

Cell viability assay. The cell viability assay was
performed against RPTEC and HK-2 cells, as previously
described.30 The RPTEC cells were cultured in T75 flasks
with Dubelcco's Modified Eagle's Medium:F12
supplemented with the human telomerase reverse
transcriptase immortalized RPTEC growth kit from ATCC,
G418 (0.1 mg mL−1 final concentration), and 2% fetal
bovine serum (FBS). The HK-2 cells were cultured in T75
flasks with Keratinocyte Serum Free medium supplemented
with bovine pituitary extract, human epidermal growth
factor, and 2% FBS. The cells were incubated at 5% CO2

in a humidified atmosphere at 37 °C. Fifty μL of media
containing approx. 8000 cells for RPTEC and approx. 5000
cells for HK-2 were added to designated wells in a 96-well
plate. Meanwhile, wells that contained only media served
as blanks. After a 24-hour incubation, the wells containing
cells, as well as the blank wells, were treated with 50 μL
of agent (at 2× the desired concentration). After a 48-hour
incubation, PrestoBlue reagent from Invitrogen (10% v/v
final concentration) was added to the wells, and the plate
was incubated for an additional 1 hour. Fluorescence was
measured using the SpectraMax M2 plate reader
(Molecular Devices, USA) at excitation and emission
wavelengths of 560 and 590 nm, respectively. Values from
the blank wells were subtracted from the corresponding
wells with cells. The cell viability relative to the controls
with vehicle was calculated. The plots indicate the mean ±
standard deviation of at least two experiments with five
replicates each.

Mode of action study. A checkerboard assay was
completed with compound 4 and the ansamycin antibiotic,
RIF against overnight grown PAO1 in both normal CAMHB
and CAMHB with elevated Mg2+ concentration. The
potentiation of RIF was diminished in elevated Mg2+ CAMHB.
This effect has been demonstrated in other experimental
compounds with known outer membrane effects, such as
compound 7.27

Data availability

The data supporting this article have been included as part
of the ESI.†

Author contributions

FS and CL designed the experiments. CL conducted the
synthetic work for compounds 1–6. GK conducted the
synthetic work for compound 7. CL characterized the
compounds. CL wrote the manuscript and supplementary
information with input of all other authors. CL designed the
graphical abstract. CL conducted the MIC testing. CL
performed the checkerboard assays. DMR trained CL on
checkerboard assays. CL performed the time-kill assays. DR
trained CL on the time-kill assay. DMR performed the mode-
of-action study. GZ reviewed the microbiological assays. GZ
provided the bacterial strains. DR performed the cytotoxicity
study. RA assisted in the cytotoxicity assays. GA supervised
the cytotoxicity study. FS, GK, RA, DMR, DR, GZ and GA
reviewed the manuscript.

Conflicts of interest

The author(s) declare no conflicts of interest.

Acknowledgements

This work was funded by the Canadian Institutes of Research
(CIHR) as a pilot project (162159) and the Natural Sciences
and Engineering Research Council of Canada (NSERC) in the
form of a discovery grant (2018–06047).

Notes and references

1 World Health Organization, WHO Bacterial Priority Pathogens
List, 2024: Bacterial Pathogens of Public Health Importance to
Guide Research, Development and Strategies to Prevent and
Control Antimicrobial Resistance, World Health Organization,
Geneva, 2024, Licence: CC BY-NC-SA 3.0 IGO, https://www.
who.int/publications/i/item/9789240093461.

2 D. J. Tipper and J. L. Strominger, Mechanism of action of
penicillins: a proposal based on their structural similarity to
acyl-D-alanyl-D-alanine, Proc. Natl. Acad. Sci. U. S. A.,
1965, 54, 1133–1141.

3 N. Georgopapadakou, S. Hammarstrom and J. L. Strominger,
Isolation of the penicillin-binding peptide from D-alanine
carboxypeptidase of Bacillus subtilis, Proc. Natl. Acad. Sci. U.
S. A., 1977, 74, 1009–1012.

4 Z. Pang, R. Raudonis, B. R. Glick, T. Lin and Z. Cheng,
Antibiotic resistance in Pseudomonas aeruginosa:
mechanisms and alternative therapeutic strategies,
Biotechnol. Adv., 2019, 37, 177–192.

5 R. P. Ambler, A. F. Coulson, J. M. Frère, J. M. Ghuysen, B.
Joris, M. Forsman, R. C. Levesque, G. Tiraby and S. G.
Waley, A standard numbering scheme for the class A
β-lactamases, Biochem. J., 1991, 276(Part 1), 269–270.

6 B. G. Hall and M. Barlow, Revised Ambler classification of
β-lactamases, J. Antimicrob. Chemother., 2005, 55, 1050–1051.

7 C. Reading and M. Cole, Clavulanic acid: a β-lactamase-
inhibiting β-lactam from Streptomyces clavuligerus,
Antimicrob. Agents Chemother., 1977, 11, 852–857.

RSC Medicinal ChemistryResearch Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

02
6/

4/
4 

 1
2:

10
:1

8.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://www.who.int/publications/i/item/9789240093461
https://www.who.int/publications/i/item/9789240093461
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5md00375j


RSC Med. Chem., 2025, 16, 4492–4509 | 4507This journal is © The Royal Society of Chemistry 2025

8 A. R. English, J. A. Retsema, A. E. Girard, J. E. Lynch and
W. E. Barth, CP-45,899, a β-lactamase inhibitor that extends
the antibacterial spectrum of β-lactams: initial
bacteriological characterization, Antimicrob. Agents
Chemother., 1978, 14, 414–419.

9 S. C. Aronoff, M. R. Jacobs, S. Johenning and S. Yamabe,
Comparative activities of the β-lactamase inhibitors YTR
830, sodium clavulanate, and sulbactam combined with
amoxicillin or ampicillin, Antimicrob. Agents Chemother.,
1984, 26, 580–582.

10 S. D. Lahiri, M. R. Johnstone, P. L. Ross, R. E. McLaughlin,
N. B. Olivier and R. A. Alm, Avibactam and class C
β-lactamases: mechanism of inhibition, conservation of the
binding pocket, and implications for resistance, Antimicrob.
Agents Chemother., 2014, 58, 5704–5713.

11 C. A. Colque, A. G. Albarracín Orio, P. E. Tomatis, G. Dotta,
D. M. Moreno, L. G. Hedemann, R. A. Hickman, L. M.
Sommer, S. Feliziani, A. J. Moyano, R. A. Bonomo, H. K.
Johansen, S. Molin, A. J. Vila and A. M. Smania,
Longitudinal evolution of the Pseudomonas-derived
cephalosporinase (PDC) structure and activity in a cystic
fibrosis patient treated with β-lactams, MBio, 2022, 13,
e01663-22.

12 M. Karthik, S. Kacha, S. Rajendran, Y. D. Bakthavatchalam,
B. Lal, K. Walia and B. Veeraraghavan, Genetic
characteristics and diversity of PDC variants of Pseudomonas
aeruginosa and its clinical relevance, Infect., Genet. Evol.,
2024, 126, 105701.

13 S. E. Boyd, D. M. Livermore, D. C. Hooper and W. W. Hope,
Metallo-β-lactamases: structure, function, epidemiology,
treatment options, and the development pipeline,
Antimicrob. Agents Chemother., 2020, 64, e00397-20.

14 A. A. Poeylaut-Palena, P. E. Tomatis, A. I. Karsisiotis, C.
Damblon, E. G. Mata and A. J. Vila, A minimalistic approach
to identify substrate binding features in B1 metallo-β-
lactamases, Bioorg. Med. Chem. Lett., 2007, 17, 5171–5174.

15 M. R. Meini, L. I. Llarrull and A. J. Vila, Overcoming
differences: the catalytic mechanism of metallo-β-
lactamases, FEBS Lett., 2015, 589, 3419–3432.

16 B. Liu, R. E. L. Trout, G. Chu, D. McGarry, R. W. Jackson,
J. C. Hamrick, D. M. Daigle, S. M. Cusick, C. Pozzi, F. De
Luca, M. Benvenuti, S. Mangani, J. Docquier, W. J. Weiss,
D. C. Pevear, L. Xerri and C. J. Burns, Discovery of
taniborbactam (VNRX-5133): a broad-spectrum serine- and
metallo-β-lactamase inhibitor for carbapenem-resistant
bacterial infections, J. Med. Chem., 2020, 63, 2789–2801.

17 O. Lomovskaya, D. Rubio-Aparicio, K. Nelson, D. Sun, R.
Tsivkovski, M. Castanheira, J. Lindley, J. Loutit and M.
Dudley, In vitro activity of the ultrabroad-spectrum
β-lactamase inhibitor QPX7728 in combination with
multiple β-lactam antibiotics against Pseudomonas
aeruginosa, Antimicrob. Agents Chemother., 2021, 65,
e00210–e00221.

18 O. Lomovskaya, M. Castanheira, J. Lindley, D. Rubio-
Aparicio, K. Nelson, R. Tsivkovski, D. Sun, M. Totrov, J.
Loutit and M. Dudley, In vitro potency of xeruborbactam in

combination with multiple β-lactam antibiotics in
comparison with other β-lactam/β-lactamase inhibitor (BLI)
combinations against carbapenem-resistant and extended-
spectrum β-lactamase-producing Enterobacterales, Antimicrob.
Agents Chemother., 2023, 67, e00440-23.

19 A. Elfadadny, R. F. Ragab, M. AlHarbi, F. Badshah, E. Ibáñez-
Arancibia, A. Farag, A. O. Hendawy, P. R. De los Ríos-
Escalante, M. Aboubakr, S. A. Zakai and W. M. Nageeb,
Antimicrobial resistance of Pseudomonas aeruginosa:
navigating clinical impacts, current resistance trends, and
innovations in breaking therapies, Front. Microbiol.,
2024, 15, 1374466.

20 European Medicines Agency, New antibiotic to fight
infections caused by multidrug-resistant bacteria, European
Union News, 2024. https://www.ema.europa.eu/en/news/new-
antibiotic-fight-infections-caused-multidrug-resistant-
bacteria (accessed January 7, 2025).

21 J. A. Karlowsky, M. A. Hackel, M. G. Wise, D. A. Six, T.
Uehara, D. M. Daigle, S. M. Cusick, D. C. Pevear, G. Moeck
and D. F. Sahm, In vitro activity of cefepime–taniborbactam
and comparators against clinical isolates of Gram-negative
bacilli from 2018 to 2020: results from the Global
Evaluation of Antimicrobial Resistance via Surveillance
(GEARS) Program, Antimicrob. Agents Chemother., 2023, 67,
e01281-22.

22 P. Jorth, K. McLean, A. Ratjen, P. R. Secor, G. E. Bautista, S.
Ravishankar, A. Rezayat, J. Garudathri, J. J. Harrison, R. A.
Harwood, K. Penewit, A. Waalkes, P. K. Singh and S. J.
Salipante, Evolved aztreonam resistance is multifactorial and
can produce hypervirulence in Pseudomonas aeruginosa,
MBio, 2017, 8, e00517–e00517.

23 G. Guchhait, A. Altieri, B. Gorityala, X. Yang, B. Findlay,
G. G. Zhanel, N. Mookherjee and F. Schweizer, Amphiphilic
tobramycins with immunomodulatory properties, Angew.
Chem., Int. Ed., 2015, 54, 6278–6282.

24 T. Idowu, G. G. Zhanel and F. Schweizer, A dimer, but
not monomer, of tobramycin potentiates ceftolozane
against multidrug-resistant and extensively drug-resistant
Pseudomonas aeruginosa and delays resistance
development, Antimicrob. Agents Chemother., 2020, 64,
e02055-19.

25 T. Idowu, D. Ammeter, G. Arthur, G. G. Zhanel and F.
Schweizer, Potentiation of β-lactam antibiotics and β-lactam/
β-lactamase inhibitor combinations against MDR and XDR
Pseudomonas aeruginosa using non-ribosomal tobramycin–
cyclam conjugates, J. Antimicrob. Chemother., 2019, 74,
2640–2648.

26 R. Domalaon, T. Idowu, G. G. Zhanel and F. Schweizer,
Antibiotic hybrids: the next generation of agents and
adjuvants against Gram-negative pathogens?, Clin. Microbiol.
Rev., 2018, 31, e00077-17.

27 D. M. Ramirez, D. Ramirez, S. Dhiman, R. Arora, C. Lozeau,
G. Arthur, G. Zhanel and F. Schweizer, Guanidinylated
amphiphilic tobramycin derivatives synergize with β-lactam/
β-lactamase inhibitor combinations against Pseudomonas
aeruginosa, ACS Infect. Dis., 2023, 9, 1754–1768.

RSC Medicinal Chemistry Research Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

02
6/

4/
4 

 1
2:

10
:1

8.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://www.ema.europa.eu/en/news/new-antibiotic-fight-infections-caused-multidrug-resistant-bacteria
https://www.ema.europa.eu/en/news/new-antibiotic-fight-infections-caused-multidrug-resistant-bacteria
https://www.ema.europa.eu/en/news/new-antibiotic-fight-infections-caused-multidrug-resistant-bacteria
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5md00375j


4508 | RSC Med. Chem., 2025, 16, 4492–4509 This journal is © The Royal Society of Chemistry 2025

28 M. E. Huth, A. J. Ricci and A. G. Cheng, Mechanisms of
aminoglycoside ototoxicity and targets of hair cell
protection, Int. J. Otolaryngol., 2011, 2011, 937861.

29 J. M. Lopez-Novoa, Y. Quiros, L. Vicente, A. I. Morales and
F. J. Lopez-Hernandez, New insights into the mechanism of
aminoglycoside nephrotoxicity: an integrative point of view,
Kidney Int., 2011, 79, 33–45.

30 D. Ammeter, T. Idowu, G. G. Zhanel and F. Schweizer,
Development of a nebramine–cyclam conjugate as an
antibacterial adjuvant to potentiate β-lactam antibiotics
against multidrug-resistant Pseudomonas aeruginosa,
J. Antibiot., 2019, 72, 816–826.

31 Y. Berkov-Zrihen, I. M. Herzog, R. I. Benhamou, M.
Feldman, K. B. Steinbuch, P. Shaul, S. Lerer, A. Eldar and M.
Fridman, Tobramycin and nebramine as pseudo-
oligosaccharide scaffolds for the development of
antimicrobial cationic amphiphiles, Chem. – Eur. J., 2015, 21,
4340–4349.

32 X. Yang, D. Ammeter, T. Idowu, R. Domalaon, M. Brizuela,
O. Okunnu, L. Bi, Y. A. Guerrero, G. G. Zhanel, A. Kumar
and F. Schweizer, Amphiphilic nebramine-based hybrids
rescue legacy antibiotics from intrinsic resistance in
multidrug-resistant Gram-negative bacilli, Eur. J. Med. Chem.,
2019, 175, 187–200.

33 S. Dhiman, D. Ramirez, R. Arora, K. Gandhi, R.
Wimalasekara, G. Arthur, A. Kumar and F. Schweizer,
Trimeric tobramycin/nebramine synergizes β-lactam
antibiotics against Pseudomonas aeruginosa, ACS Omega,
2023, 8, 29359–29373.

34 T. Idowu, D. Ammeter, H. Rossong, G. G. Zhanel and F.
Schweizer, Homodimeric tobramycin adjuvant repurposes
novobiocin as an effective antibacterial agent against Gram-
negative bacteria, J. Med. Chem., 2019, 62, 9103–9115.

35 M. Brandl and L. Gu, Degradation of tobramycin in aqueous
solution, Drug Dev. Ind. Pharm., 1992, 18, 1423–1436.

36 T. J. Baker, N. W. Luedtke, Y. Tor and M. Goodman,
Synthesis and anti-HIV activity of guanidinoglycosides,
J. Org. Chem., 2000, 65, 9054–9058.

37 B. Kowalska-Krochmal and R. Dudek-Wicher, The minimum
inhibitory concentration of antibiotics: methods,
interpretation, clinical relevance, Pathogens, 2021, 10, 165.

38 Clinical and Laboratory Standards Institute, Performance
Standards for Antimicrobial Susceptibility Testing, CLSI
supplement M100, Table 2B–1, 35th edn, 2025.

39 A.-P. Magiorakos, A. Srinivasan, R. B. Carey, Y. Carmeli,
M. E. Falagas, C. G. Giske, S. Harbarth, J. F. Hindler, G.
Kahlmeter, B. Olsson-Liljequist, D. L. Paterson, L. B. Rice, J.
Stelling, M. J. Struelens, A. Vatopoulos, J. T. Weber and D. L.
Monnet, Multidrug-resistant, extensively drug-resistant and
pandrug-resistant bacteria: an international expert proposal
for interim standard definitions for acquired resistance,
Clin. Microbiol. Infect., 2012, 18, 268–281.

40 Q. Vicens and E. Westhof, Crystal structure of a complex
between the aminoglycoside tobramycin and an
oligonucleotide containing the ribosomal decoding A site,
Chem. Biol., 2002, 9, 747–755.

41 M. A. K. M. Bintang, J. Nopparat and T. Srichana, In vivo
evaluation of nephrotoxicity and neurotoxicity of colistin
formulated with sodium deoxycholate sulfate in a mice
model, Naunyn-Schmiedeberg's, Naunyn-Schmiedeberg's Arch.
Pharmacol., 2023, 396, 3243–3252.

42 F. C. Odds, Synergy, antagonism, and what the
chequerboard puts between them, J. Antimicrob. Chemother.,
2003, 52, 1.

43 S. M. Moskowitz, R. K. Ernst and S. I. Miller, PmrAB, a two-
component regulatory system of Pseudomonas aeruginosa
that modulates resistance to cationic antimicrobial peptides
and addition of aminoarabinose to lipid A, J. Bacteriol.,
2004, 186, 575–579.

44 M. Cervoni, D. Sposato, A. Lo Sciuto and F. Imperi,
Regulatory landscape of the Pseudomonas aeruginosa
phosphoethanolamine transferase gene eptA in the context
of colistin resistance, Antibiotics, 2023, 12, 200.

45 M. G. McCracken, H. J. Adam, J. M. Blondeau, A. J. Walkty,
J. A. Karlowsky, D. J. Hoban, G. G. Zhanel and M. R. Mulvey,
Characterization of carbapenem-resistant and XDR
Pseudomonas aeruginosa in Canada: results of the CANWARD
2007–16 study, J. Antimicrob. Chemother., 2019, 74, 32–38.

46 H. Li, A. Oliver, R. K. Shields, S. Kamat, G. Stone and M.
Estabrook, Molecular characterization of clinically isolated
Pseudomonas aeruginosa with varying resistance to ceftazidime–
avibactam and ceftolozane–tazobactam collected as a part of
the ATLAS Global Surveillance Program from 2020 to 2021,
Antimicrob. Agents Chemother., 2024, 68, e00670-24.

47 D. Ramirez, L. Berry, R. Domalaon, M. Brizuela and F.
Schweizer, Dilipid ultrashort tetrabasic peptidomimetics
potentiate novobiocin and rifampicin against multidrug-
resistant Gram-negative bacteria, ACS Infect. Dis., 2020, 6,
1413–1426.

48 T. R. Keepers, M. Gomez, C. Celeri, W. W. Nichols and K. M.
Krause, Bactericidal activity, absence of serum effect, and
time-kill kinetics of ceftazidime–avibactam against
β-lactamase-producing Enterobacteriaceae and Pseudomonas
aeruginosa, Antimicrob. Agents Chemother., 2014, 58,
5297–5305.

49 F. Silva, O. Lourenço, J. A. Queiroz and F. C. Domingues,
Bacteriostatic versus bactericidal activity of ciprofloxacin in
Escherichia coli assessed by flow cytometry using a novel far-
red dye, J. Antibiot., 2011, 64, 321–325.

50 R. E. W. Hancock and P. G. W. Wong, Compounds which
increase the permeability of the Pseudomonas aeruginosa
outer membrane, Antimicrob. Agents Chemother., 1984, 26,
48–52.

51 R. E. W. Hancock, Alterations in outer membrane
permeability, Annu. Rev. Microbiol., 1984, 38, 237–264.

52 M. J. Ryan, G. Johnson, J. Kirk, S. M. Fuerstenberg, R. A.
Zager and B. Torok-Storb, HK-2: an immortalized proximal
tubule epithelial cell line from normal adult human kidney,
Kidney Int., 1994, 45, 48–57.

53 H. Sasaki, M. Sugiyama and N. Sasaki, Establishment of
renal proximal tubule cell lines derived from the kidney of
p53 knockout mice, Cytotechnology, 2019, 71, 45–56.

RSC Medicinal ChemistryResearch Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

02
6/

4/
4 

 1
2:

10
:1

8.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5md00375j


RSC Med. Chem., 2025, 16, 4492–4509 | 4509This journal is © The Royal Society of Chemistry 2025

54 M. Mora-Ochomogo and C. T. Lohans, β-Lactam antibiotic
targets and resistance mechanisms: from covalent
inhibitors to substrates, Med. Chem. Commun., 2021, 12,
1623–1639.

55 G. G. Zhanel, M. DeCorby, N. Laing, B. Weshnoweski, R.
Vashisht, F. Tailor, K. A. Nichol, A. Wierzbowski, P. J.
Baudry, J. A. Karlowsky, P. Lagacé-Wiens, A. Walkty, M.
McCracken, M. R. Mulvey, J. Johnson, T. C. A. R. Alliance
and D. J. Hoban, Antimicrobial-resistant pathogens in
intensive care units across Canada: results of the Canadian
National Intensive Care Unit (CAN-ICU) study 2005/2006,
Antimicrob. Agents Chemother., 2008, 52, 1430–1437.

56 D. J. Hoban and G. G. Zhanel, Introduction to the
CANWARD study (2007–11), J. Antimicrob. Chemother.,
2013, 68(Suppl. 1), i3–i5.

57 M. McCracken, A. Walkty, H. Adam, M. Baxter, J. Blondeau,
P. Lagacé-Wiens, J. Karlowsky, G. Golding and G. G. Zhanel,
Characterization of carbapenem-resistant Pseudomonas

aeruginosa in Canadian hospitals: 6 years of the CANWARD
study (2018–2023), J. Antimicrob. Chemother., 2025, DOI:
10.1093/jac/dkaf222, in press.

58 Clinical and Laboratory Standards Institute, Performance
Standards for Antimicrobial Susceptibility Testing, CLSI
supplement M100, Clinical and Laboratory Standards
Institute, Wayne, PA, USA, 31st edn, 2021.

59 Y. Lyu, X. Yang, S. Goswami, B. K. Gorityala, T. Idowu, R.
Domalaon, G. G. Zhanel, A. Shan and F. Schweizer,
Amphiphilic tobramycin–lysine conjugates sensitize
multidrug-resistant Gram-negative bacteria to rifampicin
and minocycline, J. Med. Chem., 2017, 60, 3684–3702.

60 CLSI, Methods for Determining Bactericidal Activity of
Antimicrobial Agents; CLSI document M26-A, NCCLS, Wayne,
PA, USA, 1999, vol. 19.

61 L. Kalan and G. D. Wright, Antibiotic adjuvants:
multicomponent anti-infective strategies, Expert Rev. Mol.
Med., 2011, 13, e5.

RSC Medicinal Chemistry Research Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

02
6/

4/
4 

 1
2:

10
:1

8.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://doi.org/10.1093/jac/dkaf222
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5md00375j

	crossmark: 


