The Journ.al of Antibiotics (2019) 72:816-826 JARA . %ﬂg The Society for
https://doi.org/10.1038/541429-019-0221-9 fiy&fﬁmﬁmn 5/ Actinomycetes Japan

ARTICLE
q

Check for
updates

Development of a nebramine-cyclam conjugate as an antibacterial
adjuvant to potentiate -lactam antibiotics against multidrug-
resistant P. aeruginosa

1,2

Derek Ammeter' - Temilolu Idowu®' - George G. Zhanel® - Frank Schweizer

Received: 8 May 2019 / Revised: 7 July 2019 / Accepted: 8 July 2019 / Published online: 16 August 2019
© The Author(s), under exclusive licence to the Japan Antibiotics Research Association 2019

Abstract

The B-lactams are the most widely used class of antibiotics due to their safety, effectiveness, and spectrum of activity. As a
result of their ubiquitous usage, there has been a steady rise in P-lactam resistant Gram-negative bacteria, especially
Pseudomonas aeruginosa, resulting in limited treatment options. P. aeruginosa can develop multidrug-resistant phenotypes
using a multifaceted approach of p-lactamase expression, decreased porin production and increased efflux. Current (-
lactamase inhibitors address drug hydrolyzing enzymes but may not be as effective in phenotypes with reduced permeability
and/or overexpressed efflux pumps. Herein, we present the synthesis and biological evaluation of a nebramine-cyclam
conjugate molecule that is able to potentiate B-lactam antibiotics, as well as other legacy antibiotics, against P. aeruginosa
in vitro. Combination studies show that this adjuvant is able to synergize with p-lactams such as aztreonam and ceftazidime
against multidrug-resistant and extremely drug-resistant clinical isolates through a hypothesized mechanism of outer
membrane permeabilization. Importantly, the addition of low concentrations (8 uM) of the nontoxic nebramine-cyclam
conjugate is able to further potentiate existing [-lactam/f-lactamase inhibitor combinations in B-lactamase-harboring P.
aeruginosa strains. These data support a potential application of the nebramine-cyclam conjugate as an adjuvant for treating
infections caused by P. aeruginosa strains that utilize multiple mechanisms of resistance.

Introduction

Resistance to antibiotics has been rising among clinically
relevant pathogens at an alarming rate and now poses a ser-
ious threat to public health. In particular, Gram-negative
bacteria with low outer membrane (OM) permeability are
often difficult to eradicate and are only treatable with small
and hydrophilic antibiotics from certain drug classes [1, 2].
Acquired modifications to lipopolysaccharide of the OM has
frequently been implicated in reduced antibacterial activity of

Supplementary information The online version of this article (https://
doi.org/10.1038/s41429-019-0221-9) contains supplementary
material, which is available to authorized users.

>4 Frank Schweizer
Frank.Schweizer@umanitoba.ca

Department of Chemistry, University of Manitoba, Winnipeg, MB
R3T 2N2, Canada

Department of Medical Microbiology/Infectious Diseases,
University of Manitoba, Winnipeg, MB R3T 1R9, Canada

SPRINGER NATURE

antibiotics [3]. One such highly resistant organism is Pseu-
domonas aeruginosa, and clinical isolates resistant to all
antibiotics have been observed [4]. Discovering new anti-
biotics or repurposing existing ones is therefore not only
beneficial but may be necessary because these levels of
resistance threaten modern medicine. Commonplace proce-
dures (such as tooth extraction) to sophisticated medical
interventions (such as organ transplant) all rely on the pro-
tection provided by antibiotics. Compounding this problem is
the fact that no new antibiotic class has been discovered in the
last few decades [5], and many new drugs are only active on
Gram-positive bacteria [6]. New antibacterial chemotherapies
are therefore desperately needed to address these issues.
B-Lactam antibiotics, which inhibit peptidoglycan
synthesis by binding to penicillin binding proteins (trans-
peptidases), are the most widely prescribed antibiotic class
globally [7-9]. The carbapenems are often used as drugs of
last resort and therefore resistance to these f-lactams can
culminate in infections with limited or no treatment options
[9]. Resistance to p-lactam antibiotics is multifaceted but is
often attributed to overproduction of f-lactamase enzymes
(which hydrolyze the f-lactam ring) and efficient
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downregulation of porin proteins [10]. p-lactamase inhibi-
tors have been developed as antibiotic adjuvants (com-
pounds that are able to increase the activity of an existing
antibiotic or rescue them from resistance [11]) to counteract
p-lactamase mediated resistance. However, to the best of
our knowledge, there is currently no approved combination
therapy that holistically addresses the problem of reduced
influx which affects not just f-lactam antibiotics but also -
lactamase inhibitors. Facilitating the diffusion of antibiotics
through the OM is one of the most promising recent
approaches to address OM impermeability. Polymyxins,
surfactants, and antimicrobial peptides have been investi-
gated for this role but there has been limited results showing
strong efficacy with f-lactams [12]. Similar approaches
using adjuvants have been explored previously with
tobramycin-based conjugates [3]. These compounds are
able to permeabilize the OM, increasing the net influx of
antibiotics and rescuing many classes of antibiotics from
resistance [13, 14]. Nevertheless, only a few of these
compounds could potentiate select f-lactam antibiotics [3].

To address the problem of p-lactam penetrance across the
OM due to porin loss, we have recently identified a
tobramycin-cyclam scaffold that restores p-lactam (including
carbapenems) activity against recalcitrant P. aeruginosa phe-
notypes [15]. The aim of this study was therefore to optimize
this molecule by synthesizing a lower molecular weight
nebramine-based conjugate, nebramine-cyclam (1) (Fig. 1) and
investigate its adjuvant properties in combination with f-lactam
antibiotics against clinical isolates. We hypothesized that an
amphiphilic nebramine, an amphiphilic tobramycin derivative
lacking one D-glucose sugar, may retain the OM destabilizing
properties of amphiphilic tobramycin but with improved toxi-
city profile (due to reduction in cationicity [16]). Conjugation to
cyclam (a nontoxic divalent metal chelator [17]) may augment
this property by sequestering the divalent cations that are
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Fig. 1 Structure of tobramycin-cyclam and the newly synthesized
nebramine-cyclam (1) and ciprofloxacin-cyclam (2) conjugates

necessary to stabilize the OM of Gram-negative bacteria.
Cyclam may also exhibit the additional effect of chelating
divalent cations responsible for downregulation of porin pro-
teins in P. aeruginosa [18]. An aliphatic tether length of eight
carbons was chosen to link the nebramine and cyclam moieties
in an attempt to retain membrane activity without imparting
nonspecific toxicity [14, 19]. Moreover, previous studies
showed that a tobramycin-cyclam conjugate with an 8-carbon
tether had the most promising activity of the prepared series
[15]. To investigate the exact role of nebramine, we prepared a
ciprofloxacin-cyclam analog (2) (Fig. 1) for comparative stu-
dies with 1. Herein, we report that nebramine-cyclam conjugate
1, but not ciprofloxacin-cyclam conjugate 2, potentiates the
activity of ceftazidime and aztreonam against multidrug-
resistant P. aeruginosa clinical isolates.

Materials and methods
Chemistry

All chemicals used for synthesis were purchased from Sigma-
Aldrich (Oakville, Canada) and used as is, except tobramycin
which was purchased from AK Scientific, Inc. (Union City,
USA). Intermediate compounds were purified using flash
column chromatography packed with silica gel 60 (230400
mesh) and eluted with the solvents indicated. The final
compounds were purified using reverse-phase column chro-
matography packed with C18 silica gel. Compounds were
characterized using 1D and 2D nuclear magnetic resonance
experiments (‘H, '>C, COSY, DEPT-135, HSQC, and
HMBC) performed on either Bruker AMX-300 or AMX-500
spectrometers in deuterated solvents. Relative chemical shift
(0) is expressed as parts per million (ppm) relative to
respective solvents. Multiplicities are reported as s, singlet; d,
doublet; t, triplet; q, quartet; dt, doublet of triplets, coupling
constants (J) are reported in Hertz (Hz) and integrations
represent number of protons. Mass spectrometry (MS) was
carried out by either electrospray ionization (ESI) on a Varian
500-MS ion trap mass spectrometer or matrix-assisted laser
desorption ionization (MALDI) MS on a Bruker Daltonics
Ultraflex MALDI TOF/TOF mass spectrometer. Full syn-
thetic procedures for Schemes 1 and 2 and compound char-
acterizations are presented in the Supplementary information.

Microbiology

Bacterial strains and cultivation

Bacterial isolates were either isolated from clinically relevant
and drug-resistant infections through the Canadian National

Intensive Care Unit (CAN-ICU) study [20] and the Canadian
Ward Surveillance (CANWARD) study [21, 22], or were

SPRINGER NATURE



818

D. Ammeter et al.

NH, NHBoc NHBoc
HO TBDMSO TBDMSO
o ) o]
HN ) Hal i Bochn | NHBoc i Booki | NHBoo
—_— —_—
" NHe ii Ho NHBoc Br\HO NHBoc
Tobramycin o} 0 ° ? OTBDMS
OH OTBDMS 0
HO. O/ on TBDMSO 07 5teoMs TBDMSOMDMS
HoN BocHN BocHN
4
Boc\ / \ /\
N HN i NH  HN
C D — (awl
N N NH HN
Boc \_/ “Boc __/
Cyclam
NHBoc NHBoc NHBoc
TBDMSO‘% TBDMSO‘% TBDMSO‘%
BocHN NHBoc BocHN NHBoc BocHN | NHBoc
o
\ o) v o]
NHBoc NHBoc - HO NHBoc
N /M [¢] \Ma o
N 8 7
OTBDMS o OTBDMS OTBDMS
Y ’> TBDMSO OTBDMS TBDMSO. OTBDMS TBDMSO OTBDMS
N NHBoc BocHN BocHN
\
5

NHBoc

‘Boc% NHBoc
N
e A on

Boc—N

Boc
8 viii

NHBoc

Scheme 1 Synthesis of nebramine-cyclam (1). (i) Boc,O, Et;N,
MeOH/H,0 (2:1), 55 °C, (98%). (ii) TBDMSCI, N-methyl imidazole,
DMF, rt, (67%). (iii) 1,8-dibromooctane, TBAHS, KOH, toluene, rt,
(51%). (iv) Cs,CO3;, DMF/H,0 (10:1), 70°C, (30%). (v) PCC,

strains from the American Type Culture Collection (ATCC).
Drug-resistant P. aeruginosa isolates are characterized, where
appropriate, as either multidrug-resistant (MDR; nonsuscept-
ibility to at least one agent in three or more antimicrobial
categories), extremely drug-resistant (XDR; nonsusceptibility
to at least one agent in all but two or fewer antimicrobial
categories) or pan drug-resistant (PDR; nonsusceptibility to all
agents in all antimicrobial categories) [23]. Where applicable,
visual reading of microbial growth was verified by measuring
optical density (OD) at a wavelength of 595 nm on an EMax
Plus microplate reader (Molecular Devices, San Jose, USA).

Antimicrobial sensitivity testing

The in vitro standalone antimicrobial activity of all com-
pounds was determined using the broth microdilution
method as described by Clinical and Laboratory Standards
Institute (CLSI) guidelines [24].

Combination studies

Combination studies were performed using a checkerboard

assay method as previously described [14, 25]. Interactions
between compounds was determined from checkerboard
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NaOAc, DCM, 1t, (94%). (vi) Boc,O, DCM, 1t, (92%). (vii) AcOH, Na
(OAc);BH, DCE, 0 °C to rt, (52%). (viii) MeOH:HCI (4:3), 70 °C. (ix)
Boc,0, Et;N, MeOH:H,0 (2:1), 55 °C, (71%). (x) DCM/TFA (1:1), rt,
subsequent conversion to HCI salt (86%)

plates by calculating the fractional inhibitory concentration
(FIC) index, an established measure of synergy [26]. The
FIC for each compound was calculated as FIC,piotic =
MICantibiotic in combination/MICantibiotic alone and FICadjuvant:
MICadjuvant in combination/MICadjuvam alone- FIC index =
FIC niibiotic + FICgjuvant @and FIC index <0.5 is synergistic,
FIC index > 0.5 but <4.0 is additive and FIC index >4.0 is
antagonistic. Triple combination studies were performed
using standard checkerboard assays, as previously described
[15], with the addition of a constant concentration of f-
lactamase inhibitor as indicated.

Mammalian cell cytotoxicity

Cytotoxicity of conjugates 1 and 2 against human
embryonic kidney (HEK293) cells and liver hepatocellular
carcinoma (HepG2) cells was conducted and interpreted as
previously described [19, 27]. Doxorubicin, an anticancer
agent, served as the positive control.

Hemolysis assay

Quantification of eukaryotic erythrocyte hemolysis was per-
formed by measuring the amount of hemoglobin released
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Scheme 2 Synthesis of ciprofloxacin-cyclam (2). (i) AcOH,
Na(OAc);BH, DCE, 0°C to 1t, (67%). (ii) p-TsOH, MeOH, 100 °C,
(87%). (iii) AcOH, Na(OAc);BH, DCE, 0°C to rt, (78%). (iv) 2N
LiOH, MeOH, THF, rt, (50%). (v) DCM/TFA (1:1), rt, subsequent
conversion to HCI salt (32%)

from porcine erythrocytes, as earlier described [13, 14]. Per-
cent hemolysis was calculated for various concentrations of
conjugate 1, relative to the positive control 0.1% Triton X-
100 (set as 100%), as % hemolysis = (ODs;y of sample —
negative control)/(positive control — negative control).

Results
Chemistry

Chemical synthesis of nebramine-cyclam (1) was accom-
plished via a ten-step reaction pathway (Scheme 1). Con-
jugation at the C-5 position of tobramycin was carried out
because modification at this position has been shown to afford
molecules that retain membrane destabilizing effect but with
no intrinsic ribosomal binding ability [3, 13], and the same

effect was hypothesized for nebramine. Regioselective pro-
tection of tobramycin with a bulky di-fert-butyl dicarbonate
and TBDMSCI yielded 3 with a free alcohol at the C-5
position. This position was alkylated with an 8-carbon ali-
phatic tether to give 4. Hydrolysis of the bromine to an
alcohol under hydrous conditions yielded 5 and subsequent
oxidation with PCC afforded aldehyde 7. Cyclam was tri-
Boc-protected with di-fert-butyl dicarbonate forming 6 and
reductive amination was used to ligate 6 to 7 yielding 8 which
contains a tertiary amine bond, thus retaining the chelating
capacity of cyclam. Regioselective cleavage of the o-D-
glucopyranosyl bond [28] of 8 was achieved under strong
acidic conditions (3:4 ratio of concentrated HCl:methanol) at
70 °C. The resulting compound was re-protected with di-tert-
butyl dicarbonate giving 9, which was purified on flash
chromatography, and finally deprotected with TFA to afford
the desired compound as a TFA salt. This was then converted
to final compound conjugate 1 as an HCI salt (used for bio-
logical testing) by treating the TFA compound with a stoi-
chiometric amount of HCL

Ciprofloxacin-cyclam (2) was synthesized as shown in
Scheme 2. Protection of the carboxylic acid of ciprofloxacin
was accomplished using MeOH in acidic conditions form-
ing methyl-ester 11. Reductive amination of protected
cyclam (6) and glutaraldehyde formed 10, which was pur-
ified and subjected to another reductive amination reaction
with 11 to yield the protected ciprofloxacin-cyclam con-
jugate (12). Global deprotection of the methyl ester and Boc
protecting groups using LiOH and TFA, respectively,
yielded final conjugate 2 as a TFA salt which was then
converted to HCI for biological testing.

Mammalian cell cytotoxicity and hemolysis

The toxicity of conjugate 1 was assessed in order to eval-
uate its potential for application as a drug. The viability of
both HepG2 and HEK?293 cells was maintained above 95%
at a high concentration of 50 uM (~45 ug ml™1), a threefold
higher concentration than the highest working concentra-
tions (Fig. S1A). Cell viability remained >95% at the
maximum concentration tested (100 uM; data not shown).
In contrast, the well-known anticancer agent doxorubicin
reduced cell viability to 12% and 7% at a concentration of
125uM in HepG2 and HEK293 cells respectively
(Fig. S1A). Hemolysis in porcine erythrocytes was also
maintained at safe levels of <1% relative to Triton X-100
surfactant at concentrations up to 1024 ug ml~! (Fig. S1B).

Antibacterial activity of nebramine-cyclam (1) and
ciprofloxacin-cyclam (2) as stand-alone drugs

The MIC of conjugate 1 and 2 was tested in a panel of
Gram-negative and Gram-positive bacteria and, as expected,

SPRINGER NATURE
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1 had minimal intrinsic activity (MIC 2256 ugml';
Table S1). Considering that the molecular design of
conjugate 1 was targeted at P. aeruginosa, the MIC was
also tested against a wide range of drug-resistant P. aeru-
ginosa clinical isolates. Again, the MIC was very high
(2256 ug ml~! for all isolates). Conjugate 2 had an MIC of
32 ugml~! in PAOI and MICs of 4 ugml ™' and 1 pgml™!
in efflux deficient mutants PAO200 and PAO750 respec-
tively (Table S1). The MIC of 2 was also tested in other
Gram-negative and Gram-positive organisms but the
molecule displayed minimal activity (Table S1).

Combination studies of nebramine-cyclam (1) and
ciprofloxacin-cyclam (2) with antibiotics against
wild-type P. aeruginosa

Having designed conjugate 1 as an adjuvant, its ability to act
synergistically with existing antibiotics was explored. The
compound was tested in combination with 20 different
antibiotics (which covered all major antibiotic classes)
against wild type P. aeruginosa strain PAO1 (Table 1 and
Fig. S2). A combination concentration cut-off of 16 ug ml~
(~18uM) was used for conjugate 1 in order to remain
within achievable aminoglycoside plasma concentrations
(~200 uM) [29]. Synergistic interactions were seen in 9 out
of the 20 tested antibiotics showing that 1 exhibited adjuvant
properties (Table 1). The strongest potentiation was seen
with aztreonam and doxycycline (FIC index = 0.13), redu-
cing MICs from 8ugml™' to 1ugml™" and 16 ugml™" to
2 ugml~! respectively (Fig. S2 and Table 1) when used in
combination with 16 ug ml~" of conjugate 1. p-lactams other
than aztreonam (e.g., ceftazidime and piperacillin) were also
synergistic with 1 (Fig. S2). Outer membrane impermeable
antibiotics such as rifampicin and novobiocin were poten-
tiated by conjugate 1 with FIC indexes of ~0.25 for both. A
dose dependent effect was seen, with increasing concentra-
tions of conjugate 1 leading to higher levels of potentiation
up to the maximum tested concentration of 16ugml~".
Aztreonam and doxycycline were selected for further studies
due to their high level of potentiation while ceftazidime was
further investigated due to its clinical importance [7, 8]. To
investigate the role of the nebramine moiety, conjugate 2
(nebramine replaced with ciprofloxacin) was tested in
combination with select antibiotics against PAO1 but none
were seen to be synergistic (Table S2). FIC indices of >0.5
were seen for all tested antibiotics, including aztreonam,
doxycycline, rifampicin and novobiocin, all of which were
potentiated by 1. It is interesting to note that the parent
molecule tobramycin and cyclam did not show any synergy
with aztreonam, ceftazidime and doxycycline against PAO1
[15], suggesting that the molecular fusion of both domains is
critical for their adjuvant properties.

SPRINGER NATURE

Combination studies of nebramine-cyclam (1)
against other Gram-negative and Gram-positive
isolates

The synergy seen between 1 and aztreonam, ceftazidime
and doxycycline in PAOI1 led us to wonder if the same
activity could be seen in other species of bacteria. Con-
jugate 1 was tested in combination with aztreonam,
ceftazidime and doxycycline against a panel of both Gram-
positive and Gram-negative bacteria. The resulting FIC
index values indicated that conjugate 1 was unable to
potentiate most of these antibiotics in the strains tested
(Table S3).

Potentiation of aztreonam, ceftazidime, and
doxycycline in drug-resistant clinical isolates of P.
aeruginosa

Having observed potentiation of a wide range of antibiotics
in wild type P. aeruginosa strain PAOI, it was investigated
whether the same affect would be seen in drug-resistant
clinical isolates. Conjugate 1 was tested in combination
with aztreonam, ceftazidime and doxycycline which were
selected as the most promising from results in PAO1. All
three combinations were tested against eight P. aeruginosa
clinical isolates obtained from CAN-ICU and CANWARD
studies [20, 22]. Intriguingly, much of the potentiation seen
in PAO1 was retained in the resistant isolates (Fig. 2). A
synergistic effect was seen between conjugate 1 (<16 pg
ml~') and aztreonam, ceftazidime and doxycycline in four
out of eight isolates, three out of eight isolates and six out
of eight isolates, respectively (Fig. 2). FIC indexes for all
synergistic combinations ranged from <0.19 to <0.31. An
antagonistic effect (FIC index >4, meaning decreased
antibiotic activity) was not seen in any combination. Out of
the six aztreonam resistant isolates (MIC >32pugml™"),
four isolates were made intermediate or susceptible to
aztreonam (MIC < 16 ug ml™") (Table S4). For ceftazidime,
an intermediate resistant level (MIC =16ugml™!) was
attained in one of four ceftazidime-resistant (MIC 232 pg
ml~!) isolates (Table S4). Doxycycline is not a typical
antipseudomonal agent due to intrinsic resistance, hence
the CLSI susceptibility breakpoint for Acinetobacter bau-
mannii was used as interpretive standard [24]. This esti-
mate indicated that in combination with conjugate 1, the
MIC of doxycycline was brought to intermediate (MIC =
8 ugml~!) or susceptible (MIC <4 pgml™!) levels in four
out of eight doxycycline resistant (MIC>16ugml™')
strains (Table S4). Again, a dose-dependent effect of con-
jugate 1 was seen with increased effect at higher con-
centrations up to the maximum reported concentration of
16 ugml .
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Table 1 Synergistic ability of

nebramine-cyclam (1) to lower ?ﬁ;cn’:‘rf?i)mm FICanabioie ?Sécrgi’fjlu)gm ' FIC index g(())igntiation

the MIC of antibiotics against

wild type P. aeruginosa Antibiotic Alone Alone (combination)

strain PAO1 (combination)
Aztreonam 8 (1) 0.13 >2048 (16) 0.13 8
Ceftazidime 4 (1) 0.25 22048 (8) 0.25 4
Chloramphenicol 32 (8) 0.25 >2048 (8) 0.25 4
Ciprofloxacin 0.125 (0.125) 1.00 >2048 (0.25) 1.00 1
Doxycycline 16 (2) 0.13 >2048 (16) 0.13 8
Meropenem 1 (0.5) 0.50 >2048 (2) 0.50 2
Moxifloxacin 1() 1.00 >2048 (0.25) 1.00 1
Piperacillin 8(2) 0.25 22048 (16) 0.26 4
Rifampicin 32 (8) 0.25 22048 (4) 0.25 4
Tobramycin 1() 1.00 22048 (0.25) 1.00 1
Vancomycin 256 (64) 0.25 22048 (4) 0.25 4
Colistin 0.5 (0.25) 0.50 22048 (1) 0.50 2
Minocycline 8 4) 0.50 22048 (2) 0.50 2
Novobiocin 512 (128) 0.25 >2048 (8) 0.25 4
Linezolid 1024 (512) 0.50 >2048 (16) 0.51 2
Trimethoprim 64 (32) 0.50 22048 (2) 0.50 2
Clindamycin 1024 (256) 0.25 22048 (8) 0.25 4
Erythromycin 1024 (512) 0.50 >2048 (16) 0.51 2
Cefotaxime 16 (8) 0.50 22048 (8) 0.50 2
Fosfomycin 16 (16) 1.00 >2048 (0.25) 1.00 1
Value of FICcqpjugate 1 15 €ither less than or equal to 0.008 for all combinations. FIC Index is equal to
FIC aniibiotic + FICconjugate 1

Fig. 2 Synergistic effect of 1 L

nebramine-cyclam (1) in
combination with antibiotics

against clinically relevant MDR %5 08
and XDR P. aeruginosa isolates. "g 0.6
FIC index values calculated for —
combinations with O 04
concentrations of conjugate 1 at 9

<16 ugml~'. ND = not
determined

o
o

LI

? \\Q()Q 36

N Aztreonam W Ceftazidime

Potentiation of aztreonam, ceftazidime, and
doxycycline in efflux deficient P. aeruginosa

To investigate whether conjugate 1 was interacting with
efflux proteins to enhance susceptibility of P. aeruginosa
to P-lactam antibiotics, synergistic interactions were
assessed in two efflux-deficient P. aeruginosa strains:
PAO200 (MexAB-OprM mutant) and PAO750 (knockout
of MexAB-OprM, MexCD-OprJ, MexEF-OprN, MexJK,

Nundd

o3 \\0\%%3 \’) 9

\’)(‘)

P aeruginosaStrain

\')()0 \') 62 \_{)7%

ITCICEINY

Doxycycline Synergy

MexXY, and OmpH). Synergy between conjugate 1 and
both pB-lactam antibiotics was maintained in both efflux
deficient strains (FIC indexes between 0.19 and 0.31),
whereas potentiation was lost for doxycycline (Table 2).
This result is consistent with previous studies that
showed that potentiation of f-lactam antibiotics by
tobramycin-based conjugates is efflux-independent [15]
while potentiation of doxycycline is dependent on efflux
pumps [30].
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Table 2 Combination studies

assessing adjuvant properties of Sr Eﬁ:;mgmosa Antibiotic ?S;Cn?riﬂfi)mic FIC pngibiotic ?ﬁ;cr;:i)gjlu;;ate 1 FIC index Il:;):;imiaﬁon
nebramine-cyclam (1) in efflux
deficient strains of P. Alone Alone
aeruginosa (combination) (combination)
PAO1?* Aztreonam 8 (1) 0.13 >2048 (16) 0.13 8
Ceftazidime 4 (1) 0.25 >2048 (8) 0.25 4
Doxycycline 16 (2) 0.13 22048 (16) 0.13 8
PAO200" Aztreonam 0.5 (0.125) 0.25 2256 (4) <0.27 4
Ceftazidime 2 (0.25) 0.13 >256 (16) <0.19 8
Doxycycline 0.5 (0.5) 1.00 2256 (0.25) 1.00 1
PAO750° Aztreonam 0.5 (0.125) 0.25 >256 (16) <0.31 4
Ceftazidime 1 (0.25) 0.25 2256 (16) <0.31 4
Doxycycline 0.25 (0.125) 0.50 2256 (4) <0.52 2

Value of FICcopjugae 1 18 €ither less than or equal to 0.06 for all combinations. FIC Index is equal to

I:ICAntibimic + FICConjugalel
“PAOI is wild type strain

®PAO200 is efflux-deficient strain lacking MexAB-OprM
‘PAO750 is efflux-deficient strain lacking MexAB-OprM, MexCD-OprJ, MexEF-OprN, MexJK, MexXY,

and OmpH

Triple combinations of nebramine-cyclam (1) with p-
lactam antibiotics and a B-lactamase inhibitor

The ability of conjugate 1 to act synergistically with p-
lactam antibiotics in clinical isolates led us to explore
whether it was able to further potentate p-lactam/p-lacta-
mase inhibitor combinations which are currently essential
in clinics [7]. Five P. aeruginosa p-lactamase-producing
clinical isolates, which were resistant to all p-lactam
antibiotics, were used in this study (Table S5). Avibactam
(AVI) was used as a fB-lactamase inhibitor because of its
clinical relevance [31] to inhibit class A, C and some class
D p-lactamases in P. aeruginosa [32]. Checkerboard
assays of double combinations (fB-lactam antibiotic +
AVI, B-lactam antibiotic+conjugate 1 and AVI+ con-
jugate 1) were carried out as well as a triple combination
(B-lactam antibiotic+ AVI + conjugate 1) for three pB-
lactam antibiotics including ceftazidime, aztreonam, and
meropenem. All data for these combinations are reported
at a concentration of § uM for both avibactam (AVI)
(~2 ug ml~ ') and conjugate 1 (~7 ug ml™'). As expected, a
double combination of AVI+-conjugate 1 did not show
any meaningful activity in any of the five strains (data not
shown). Double combinations of either ceftazidime,
aztreonam, or meropenem along with conjugate 1 often
show a modest level of potentiation. At most, conjugate 1
was able to reduce the MIC of the antibiotic by fourfold at
the tested concentration of 8 uM (~7 ugml~!) (Fig. 3).
Once all three compounds were in combination however,
very significant reductions in MIC was seen. In five out of
five strains, the addition of conjugate 1 was able to further
decrease the MIC of both ceftazidime and aztreonam past
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what was seen in the double combination of avibactam/p-
lactam antibiotic (Fig. 3). For meropenem, the addition of
conjugate 1 was able to further decrease the MIC over
double combination therapy in four out of five strains
(Fig. 3). The additional potentiation due to conjugate 1
varied from twofold to eightfold in all combinations
where a further lowering of MIC was seen over double
combination therapy. In all cases, the triple combinations
of conjugate 1 and avibactam and either ceftazidime,
aztreonam, or meropenem was able to reduce the MIC of
the antibiotic by between 16-32-fold, 8—64-fold and
2-16-fold respectively, relative to the MIC of the anti-
biotic alone (Fig. 3).

Discussion

Antimicrobial resistance has become more prevalent and
multifaceted in recent years and this has spurred the use of
more complex therapies such as combinations of existing
antibiotics. A true synergistic or beneficial effect between
them however, is not often documented [33]. Currently, the
only major use of these combinations is to cover a wider
pathogen spectrum during empirical therapy [34]. In recent
years the most promising approach has proven to be the use
of adjuvant molecules which may not be intrinsically active
on their own [11]. For example, the use of fixed-dose f-
lactam/p-lactamase inhibitor combinations has become a
common therapy [35]. Even still, the ability of B-lactamase
inhibitors to rescue f-lactam antibiotics from resistance can
fail in Gram-negative bacteria with decreased OM perme-
ability through mechanisms such as downregulated porin
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Fig. 3 Triple combinations of nebramine-cyclam (1), avibactam and
various P-lactam antibiotics against f-lactam resistant, f-lactamase
harboring P. aeruginosa strains. a Ceftazidime + avibactam + con-
jugate 1. b Aztreonam + avibactam + conjugate 1. ¢ Meropenem +
avibactam + conjugate 1. All MICs shown were determined at 8 uM
(~7pgml™") of conjugate 1 and 8 uM (~2 ug ml~") avibactam where
relevant. AVI = avibactam, CAZ = ceftazidime, AZT = aztreonam
and MER = meropenem

(OprD or OprF in P. aeruginosa) expression or increased
efflux [10].

Consequently, a nebramine-cyclam (1) molecule was
developed (Scheme 1) to specifically target P. aeruginosa, a
difficult-to-treat Gram-negative pathogen. Studies were
carried out to determine the ability of conjugate 1 to
potentiate existing antibiotics, particularly f-lactams, as
well as assess its applicability to combination therapies.
Through multiple combination studies conjugate 1 was
identified to be an effective adjuvant when used with many
antibiotics including efflux-prone doxycycline, but more
importantly p-lactams such as aztreonam and ceftazidime in
P. aeruginosa.

The effects of the conjugate 1 molecule were not likely
due to intrinsic activity, because the MIC alone was very
high (2256 ugml™") in all tested species and strains of
bacteria (Tables S1 and S4). This is consistent with previous

reports that modifications of tobramycin at the C-5 position
diminishes ribosomal binding activity [13]. Despite the
inability to inhibit bacteria by binding the ribosome, mul-
tiple lines of evidence suggest that conjugate 1 is able to
affect the OM of P. aeruginosa. Permeabilization of the
OM would affect multiple classes of antibiotics and
potentiation was indeed observed across a broad spectrum
of antibiotics (Fig. S2). A general lack of potentiation in
Gram-positive bacteria (Table S3), which do not have an
OM permeability barrier, along with the observed poten-
tiation of hydrophobic drugs that are normally impeded by
the OM, such as rifampicin and novobiocin (Fig. S2), cor-
roborate a hypothesis of outer membrane permeabilization.
Numerous reports have shown a similar pattern in mole-
cules that permeabilize the outer membrane such as poly-
myxins, surfactants and antimicrobial peptides [12]. It is
however, interesting that the same level of potentiation seen
in P. aeruginosa (Fig. S2) was not translated into most other
Gram-negative bacteria (Table S3) all of which have an
OM. This is likely due to the extreme impermeability
caused by variation in lipid A of lipopolysaccharide and
altered porin regulation in the P. aeruginosa membrane,
leading to estimates of 1-8% of the relative permeability
seen in Escherichia coli [2]. A. baumannii is also known for
a lower vulnerability to p-lactams due to an impermeable
OM [36-38] and was the only species other than P. aeru-
ginosa in which synergy was seen between conjugate 1 and
the tested antibiotics (Table S3). A similar trend has been
seen with known cationic OM permeabilizers, such as
polymyxins, where a greater synergistic effect was observed
in P. aeruginosa as compared to E. coli [39].

As with any hybrid or conjugate molecule, there is
always a question as to whether the direct connection of the
individual moieties is truly necessary or if one of them
individually is responsible for the activity. The activity of
conjugate 1 however, was shown to be most likely unique
to the molecule because neither cyclam nor the parent
molecule tobramycin (used as a substitute for nebramine)
are able to potentiate any of the tested antibiotics in PAO1
[15]. This suggests that molecular fusion of the two moi-
eties is necessary for the synergistic effects seen with con-
jugate 1. These results also support the likelihood of an OM
effect because if chelation or ribosomal activity alone was at
play then potentiation would likely have been seen using
cyclam or tobramycin respectively. Conjugate 2 which
contained cyclam, but the nebramine portion was sub-
stituted by ciprofloxacin, also did not show any synergistic
effect in any tested combinations (Table S2) indicating the
importance and necessity of the cationic nebramine moiety
for the activity of conjugate 1.

Efflux disruption was another potential target for the
action of conjugate 1. Although PAOI does express a basal
level of efflux [40], solely inhibiting efflux was not
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suspected due to the broad range of potentiation including
with OM impermeable antibiotics. In addition, many
molecules which affect efflux exhibit lesser potentiation in
efflux deficient strains [41]. In accordance with the idea that
conjugate 1’s action was not limited to efflux inhibition, a
synergistic relationship (FIC index <0.5) was seen in both
PAO1 (Table 1, Fig. S2) and the efflux deficient strains
PAO200 and PAO750 (Table 2). From efflux studies it is
also evident that efflux is not responsible for the low
intrinsic activity (high MIC) of conjugate 1 because the
molecule has a very high MIC in wild type PAO1, but also
in efflux deficient PAO200 and PAO750 (Table S1). Con-
jugate 2 on the other hand was seen to be significantly
affected by efflux. The MIC of 32 ugml~! in PAO1 was
drastically reduced to 4 ugml~! and 1 pgml~! in PAO200
and PAO750 respectively (Table S1).

The potentiating effect of conjugate 1 seen in P. aeru-
ginosa was very promising because of the general robust
nature of this organism. Specifically, a triple combination
of conjugate 1 with existing p-lactam/f-lactamase inhibitor
showed promising results and was seen to be superior to
the p-lactam/p-lactamase inhibitor mixture alone in 14 out
of 15 combinations (Fig. 3). Since the discovery of peni-
cillin, the p-lactam antibiotics including multiple genera-
tions of cephalosporins, monobactams and carbapenems
have become cornerstone agents in antibiotic chemother-
apy. This is majorly due to their efficacy and tolerability,
however bacteria can and have developed multimodal
resistance. The major mechanism is producing p-lactamase
enzymes including classes A, C, and D serine f-lactamase
enzymes as well class B metallo-p-lactamases that are able
to hydrolyze and render B-lactams ineffective [42]. In
addition, Gram-negative bacteria can modify the outer
membrane or upregulate efflux [8, 9]. To counter the
enzyme component, medicinal chemists have developed f-
lactamase inhibitors such as avibactam (in combination
with ceftazidime), tazobactam (with piperacillin or cefto-
lozane) and vaborbactam (with meropenem) [7, 35]. In
these studies, avibactam was used as a p-lactamase inhi-
bitor because of its clinical relevance [31] to inhibit class
A, C, and some class D p-lactamases in P. aeruginosa [32].
To date, no commonly used combination has addressed
both the enzymatic and permeability mechanisms of
resistance to P-lactams together. Our studies however,
show that an OM permeabilizer may be able to further
augment f-lactam/P-lactamase combinations (Fig. 3),
thereby increasing the effectiveness of these mainstay
therapies. A triple combination of conjugate 1 (8 uM),
avibactam (8 uM), and one of ceftazidime, aztreonam, or
meropenem seems to be very effective because of its ability
to address multimodal resistance through complementing
drug activities. In general, resistance development to cef-
tazidime/avibactam combination in P. aeruginosa can be
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acquired by various mechanisms, including mutations in
the active site of AmpC p-lactamases and penicillin binding
proteins, expression of metallo-f-lactamases, suppression
of porin expression, reduced outer membrane permeability,
and overexpression or structural modification of efflux
pumps [43, 44]. The same resistance development
mechanisms, except for the expression of metallo-p-lacta-
mases, can affect aztreonam/avibactam combinations
[43, 44]. Based on our previous studies with related
tobramycin-based conjugates, we anticipate that conjugate
1 may interfere with bacterial defense mechanisms related
to OM impermeability, efflux, and/or porin suppression
[3, 13, 15]. However, resistance development due to loss in
B-lactamase inhibitory function of avibactam is not
expected to be covered by adjuvant 1 and will be a
potential pseudomonal resistance mechanism when
exposed to the investigated triple component combination.

Multiple lines of evidence validate the potential
application of a molecule with properties similar to con-
jugate 1. The compound has very low in vitro toxicity in
mammalian cells and insignificant hemolysis of ery-
throcytes (Fig. S1). This suggests a mechanism of activity
specific to bacterial membranes which is necessary for a
candidate drug molecule. Combinations of aminoglyco-
sides similar in structure to nebramine and p-lactams have
also shown some synergy [45] however these combina-
tions are dependent on the activity of both molecules and
therefore are not as likely effective in highly resistant
isolates. In addition, the reported slight OM destabilizing
effect of aminoglycosides would not be sufficient in place
of conjugate 1 because the concentration of tobramycin
required to provide OM destabilization is much higher
than safely achievable in the body [46]. Understandably,
clinical use of these combinations is not normally aimed
at highly resistant organisms and also often leads to lim-
ited advantage [47]. In contrast, the potentiation due to
conjugate 1 in our triple combination therapy is relevant
to clinical isolates showing high resistance to most -
lactams (Table S5, Fig. 3). Together, these data show that
the conjugate 1 molecule may be a fitting combination
with p-lactam/B-lactamase inhibitors.

In conclusion, the current study demonstrates that
nebramine-cyclam conjugate 1 has compelling adjuvant
properties when given in combination with existing anti-
biotics. Of major importance is its ability to potentiate [
lactams including ceftazidime and aztreonam in MDR and
XDR P. aeruginosa. The addition of conjugate 1 to existing
B-lactam/p-lactamase inhibitor combinations was shown to
have a significant in vitro benefit in strains harboring f-
lactamase enzymes and that were resistant to the tested f-
lactam monotherapies. The hypothesized outer membrane
disruption provided by conjugate 1 is important in sug-
gesting a potential application against P. aeruginosa strains
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exhibiting multimodal resistance and where f-lactamase
inhibitors are consequently losing effectiveness.
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