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Abstract

The inability to discover novel class of antibaigkagents, especially against Gram-
negative bacteria (GNB), compel us to consideroader non-conventional approach to treat
infections caused by multidrug-resistant (MDR) leaet One such approach is the use of
adjuvants capable of revitalizing the activity ofient existing antibiotics from resistant
pathogens. Recently, our group reported a sefieboamycin (TOB)-based hybrid adjuvants
that were able to potentiate multiple classes gddg antibiotics against various MDR GNB.
Herein, we report the modification of TOB-based iytadjuvants by replacing TOB domain by
the pseudo-disaccharide nebramine (NEB) througitseé cleavage of theD-glucopyranosyl
linkage of TOB. Potent synergism was found for coratons of NEB-based hybrid adjuvants
with multiple classes of legacy antibiotics incluglifluoroquinolones (moxifloxacin and
ciprofloxacin), tetracyclines (minocycline), orarfiycin (rifampicin) against both wild-type and
MDR P. aeruginosalinical isolates. We also demonstrated that alsoation of the optimized
NEB-CIP hybridlb and rifampicin protect&alleria mellonellalarvae from the lethal effects of
extensively drug-resistant (XDM). aeruginosaMechanistic evaluation of NEB-based hybrid
adjuvants revealed that the hybrids affect thereated inner membranes of wild-type
aeruginosaPAQL. This study describes an approach to optimmmoglycoside-based hybrids
to yield lead adjuvant candidates that are abtegascitate the activity of partner antibiotics

against MDR GNB.
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1. Introduction

Starting from Fleming’s discovery of penicillin 1929 [1], a large number of antibiotics
have been discovered, developed, and marketedidits have saved countless lives and
played a key role in the advancement of medicarea for the past 70 years [2,3]. However,
rampant and indiscriminate use of antibiotics remkated the prevalence of multidrug-resistant
(MDR) bacterial infections, especially those tha eaused by Gram-negative pathogens. Worse
still, there is a steady decline in the discovdrgavel drug classes able to eradicate MDR
Gram-negative pathogens which is largely due tdable of understanding of the
physicochemical properties necessary for antib@att@gents to efficiently traverse and
accumulate inside Gram-negative bacterial cell][4[Bere is an urgent need to find novel and
perhaps unconventional approaches to address iaaatézction. Co-administration of helper
molecules called adjuvants capable of enhancingdhieity of currently used antibiotics and
extend the life of legacy antibiotics is a viablagegy to overcome antimicrobial resistance [6,7].

Our group recently has demonstrated that amphgoh@B-based conjugates were able
to revive the antibacterial activity of multipleaskes of antibiotics against MDR Gram-negative
bacilli (GNB), especially again$t. aeruginosd7—-14]. For example, we first reported TOB-
ciprofloxacin hybrids with poor intrinsic antibadid activity were able to restore the activity of
fluoroquinolone antibiotics against ciprofloxaciesistant MDR or XDR (extensively drug-
resistantPseudomonas aeruginosacombination therapy [8]. Structure-activity dieess
revealed that the presence of both TOB and cipxalm pharmacophores tethered by a 12-
carbon-long C;») aliphatic linker is critical to the potentiatiarf fluoroquinolone antibiotics [8].
Encouraged by these results, an unconventionaitatatactivity relationship study was pursued

by replacing the ciprofloxacin fragment of TOB-@floxacin hybrid by other pharmacophores.



Since then, we have developed a series of TOB-hosi€in hybrids [9], TOB-efflux pump
inhibitors conjugates [10,11], TOB-lysine pepto@hjigates [12,13], as well as TOB-polymyxin
B3 hybrids [14]. Biological evaluations revealed ttiase TOB-based conjugates retained the
adjuvant properties of TOB-ciprofloxacin hybridsawariable extent. These results suggest that
the TOB fragment linked tG,, tether is the core scaffold that is responsibtdtie adjuvant
properties. Mechanistic studies revealed that thi€¥8-based conjugates permeabilize the outer
membrane and dissipate the proton motive force (Hbtfated in the cytoplasmic membrane of
P.aeruginosd9,10,12].

TOB is known to eradicate Gram-negative bacteridibyuption of the outer membrane
at higher concentrationz @ ug/mL) [15]. However, at lower concentrations (ggmL), TOB,
selectively interacts with the 16S rRNA, therebysiag inhibition of bacterial protein
translation [15,16]. The TOB’s pseudo-disacchaségment (ring | and ring 1), namely NEB
(NEB), is the essential pharmacophore responsilenbst of the specificity of the interactions
with the ribosome [17-21]. In addition, it was rette reported that an amphiphilic NEB
derivative displayed potent activity against cerfBDB-resistant Gram-negative bacteria
suggesting that amphiphilic NEB analogs possesaaaht mode of action than TOB [22]. In
addition, neamine-based and neosamine-based anipkiphve been reported to possess potent
antipseudomonal properties by interacting withdhter membrane d?. aeruginosg23-25].

To understand the effect of TOB on the overall ad activity of previously reported
TOB-based conjugates, we decided to replace TOBHE and evaluate its microbiological
activity. We questioned whether the modificatiortled TOB domain would retain the adjuvant
properties of our reported conjugates. To accomphigs aim, we selected TOB-moxifloxacin

and TOB-ciprofloxacin as lead compounds and repld&@B by NEB, while keeping the



moxifloxacin (MOX) and ciprofloxacin (CIP) fragmenand theC;, hydrocarbon tether as
shown in hybrid NEB-MOX 1a) and NEB-CIP 1b) (Fig. 1). In addition, we also prepared a
NEB-NMP (1-(1-napthylmethyl)-piperazine) hybr2ccontaining a slightly reduce@ o
hydrocarbon tether to potentially reduce non-spepifotein binding and investigated its
adjuvant properties. NMP is a well-known efflux gumbhibitor (EPI) of various efflux pumps

in Gram-negative bacteria excéhtaeruginosd26].

2. Results and Discussion

2.1 Chemistry

The preparation of NEB-based hybrids,(1b, and2) were done by selective
degradation of TOB-based hybrids as outlined ineGh 1. Commercially available tobramycin
was transformed into tHé-Boc-, andO-TBDMS-protected tobramyci@ with the exception of
the sterically hindered C-5 alcohol, following pieysly reported procedures (Scheme 1)
[9,10,12,27]. Alkylation of3 with 1,12-dibromododecane or 1,10-dibromodecartberpresence
of a phase transfer catalyst, tetrabutylammoniudrdgen sulfate (TBAHS), afforded
bromoalkylated tobramycimé and4b). This bromide 4a) was then converted to primary
alcohol5 followed by oxidation reaction using pyridiniumlatochromate (PCC) to generate
aldehydes in good yield. Protected hybrith and7b were synthesized via reductive amination
between moxifloxacin methyl ester or ciprofloxaniethyl ester and aldehyée Heating
hybrids7a and7b in aqueous HCI solution resulted in regioselectiydrolysis of thex-b-
glucopyranosyl bond [21,22] along with the simuétans removal of Boc and TBDMS

protecting groups. To avoid a laborious separadiwh purification of the obtained pseudo-



disaccharides, NEB-MOX and NEB-CIP hybrids, therflvae amino groups of NEB were
protected by (Boe) to afford the correspondingrBoc-protected NEB-MOX hybri@a andN-
Boc-protected NEB-CIP hybrigb that could easily be purified by flash chromatqdna De-
esterification and subsequent global deprotectfdheamino groups finally resulted in desired
the NEB-MOX (Lla) and NEB-CIP {b) compounds (Scheme 1). A related strategy was tased

synthesize NEB-NMP2) (Scheme 1).

2.2 Combination Study of Hybridswith Antibiotics

To determine whether the NEB-MOX hybtid retain the adjuvant properties of
previously reported TOB-moxifloxacin hybrids, chedioard studies were performed. Initially,
we assessed the combination of hyldadwvith three different classes of clinically-used
antibiotics including the fluoroquinolone antibiotnoxifloxacin, the tetracycline antibiotic
minocycline, and the rifamycin antibiotic rifampicagainst wild-typ#. aeruginosd?AO1
(Table 1) by using the fractional inhibitory cont@tion index (FICI) as a measure of the
interaction between two agents. FICKk00.5, > 0.5 ta< 4, and > 4 indicate synergy, no
interaction, and antagonism, respectively [28Ja¢oordance with previous findings against
wild-type P. aeruginosd?AO1 [8,10,12], NEB-MOX hybrida displayed weak antibacterial
activity (MIC = 32ug/mL) as a stand-alone agent. However, it was fdarige synergistic (FICI
of 0.25) with the fluoroquinolone moxifloxacin (Tlakl). Synergism was also observed with
minocycline (FICI of 0.38) as well as the outer nigame-impermeable antibiotic rifampicin
(FICI of 0.07) (Table 1). The absolute MICs [the®/bf antibiotics in the presence ofi§/mL
(7.5uM) hybrid 1a] of three tested antibiotics, moxifloxacin, minatige, or rifampicin, in

combination therapy with hybrith were significantly reduced compared to monotherapy,



especially for rifampicinX 256-fold potentiation). It should be noted tha ttinically-approved
p-lactamase inhibitor avibactam is typically admiered at 151M concentration to potentiate
the cephalosporin ceftazidimeimvitro studies [29,30].

To validate our findings in wild-typB. aeruginosastrain, we performed the same
checkerboard study using a panel of eight MDR oR4D aeruginosalinical isolates
(Supplementary Information Table S1) as previostiglied for TOB-based hybrids [8,10-12].
Notably, among this panel of clinical isolates, tstmins P. aeruginos®1433 and 101243) are
non-susceptible or resistant to colistin that issidered to be the antibiotic of last resort fa th
treatment of carbapenem-resistant Gram-negativieti@danfections [31]. We determined the
FIC index of hybridla in combination with moxifloxacin, ciprofloxacin,inocycline, or
rifampicin across the eight clinical isolates paistong potentiation was seen with
moxifloxacin, ciprofloxacin, minocycline, or rifangn (FIC indices of 0.004 to 0.28) against
these pathogens, with the exception of ciprofloxagainsP. aeruginosal00036 and 101885
strains (FICI > 0.5) (Table 2, Table 3, Table 4).

Next, we evaluated the adjuvant potencies of hybsily comparing the absolute MICs
[in the presence of gg/mL (7.5uM) hybrid 1a] of the four antibiotics to their established
susceptibility breakpoints. According to the Cladiand Laboratory Standards Institute (CLSI),
the susceptible breakpoint, a chosen concentrgtigimL) of an antibiotic which defines a
strain of bacteria whether it is susceptible tg #mtibiotic, of ciprofloxacin foP. aeruginosas
1 pg/mL [32]. However, the established susceptiblitgakpoints for the other three tested
antibiotics againdP. aeruginosare not available since they are unconventiongbiatics for
the treatment dP. aeruginosanfections. Therefore, the susceptibility breakysiof

minocycline forAcinetobactespp. € 4 ug/mL) and rifampicin folEnterococcuspp. €1



png/mL) reported by CLSI were used as interpretagwielelines [32]. It is noteworthy that the
French Society for Microbiology has establishedfampicin breakpoint foAcinetobacter
baumanniibased on MIC distributions (susceptibie ug/mL; intermediate, 8—1fag/mL; and
resistantz16 pg/mL) [33]. In addition, we conservatively considérthe susceptibility
breakpoint of moxifloxacin foP. aeruginosdo be similar to that of ciprofloxacin, as both
belong to the fluoroquinolone class of antibiotics.

For the two fluoroquinolones, combinations of NEE3M hybrid 1a with moxifloxacin
yielded stronger potentiation than ciprofloxacimiagt the panel of MDR/XDR. aeruginosa
clinical isolates (Table 2). The adjuvant potentiybrid 1a in combination with moxifloxacin
is comparable to previously reported TOB-ciprofloxahybrid [8]. In 37.5% of cases, both
hybrid 1a and TOB-ciprofloxacin hybridb, at concentrations &f 8 ug/mL (6.8 — 7.5uM),
were able to bring down the MIC of moxifloxacin delits interpretative susceptibility
breakpoint £ 1 ug/mL) against moxifloxacin-resistant MDR/XDIR aeruginosasolates (Table
2) [8]. However, the same susceptibility breakpeias not reached for ciprofloxacin in
combination with hybridla at concentration of Bg/mL (7.5uM) against all the tested
ciprofloxacin-resistant MDR/XDHR. aeruginosasolates (Table 2). In contrast, the MICs of
minocycline (8/8 minocycline-resistant MDR/XDR aeruginosasolates) and rifampicin (7/8
rifampicin-resistant MDR/XDRP. aeruginosasolates) were strongly reduced below their
susceptibility breakpoints in the presence gL (7.5uM) hybrid 1a, an effect that is
consistent with previously reported TOB-efflux pumfibitor conjugates and TOB-lysine
peptoid conjugates (Table 3, Table 4) [10,12].

A summarized result of antibacterial activity ofnrocycline (MIN) and rifampicin (RIF)

alone or in combination with a fixed concentratair8 pg/mL (7.5uM) hybrid 1a against the



panel of eight MDR/XDRP. aeruginoseclinical isolates is shown in Table 5. The Mj©f
minocycline and rifampicin in combination withy®/mL (7.5uM) hybrid 1a were significantly
lower in comparison to the Mg of the antibiotic alone. Moreover, the absoluteChlof
minocycline (1pg/mL) and rifampicin (0.13g/mL) were found to be less than their respective
CLSI susceptibility breakpoints. Similarly, we demstrated strong synergy of NEB-CIEbj

with minocycline or rifampicin against wild-type @MDR P. aeruginosastrains (Table 6). For
instance, in presence of onlyud/mL (4.1uM) of hybrid 1b, minocycline showed a 32-fold
potentiation while rifampicin resulted in a 12&256-fold potentiation in wild-type and MDR.
aeruginosastrains (Table 6).

The observed potentiation of rifampicin by hybtmland1lb may be explained by our
previous findings that demonstrated that amphipAiD®B-based hybrid adjuvants perturb the
outer membrane d?. aeruginosan a dose-dependent manner, thus facilitatingtitey of
antibiotics that are unable to cross the outer nmangof Gram-negative bacteria, such as
rifampicin [8-10,12]. NEB-based hybrids seem toéhasimilar membrane effect as that of
TOB-based hybrids. Since rifampicin is a poor statstforP. aeruginosaRND efflux pumps
[10,12], outer membrane perturbation is most likelpe the reason to explain the observed
strong synergistic effects of hybrdé and1b in combination with rifampicin againBt
aeruginosa

We also investigated synergy of NEB-NMP hyl2idith various antibiotic classes
including fluoroquinolones (moxifloxacin, ciproflagin), tetracyclines (minocycline), or
rifamycin (rifampicin) against wild-type and MDR aeruginosastrains (Table 7). More

importantly, NEB-NMP 2) reduced the MIC of minocycline below its CLSI septibility
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breakpoint € 4 ug/mL) against all tested. aeruginosastrains. The observed adjuvant property
of NEB-NMP @) is consistent with that of reported TOB-NMP cargte [10].

BesidesP. aeruginosawe also explored the synergistic effects of NEEBda hybridsla
andl1b) with minocycline or rifampicin against other MDR BB such a#\cinetobacter
baumannij Escherichia coliKlebsiella pneumonigeandEnterobacter cloacaélables 8 and 9).
Again, both NEB-MOXla and NEB-CIP1b displayed poor antibacterial activity by themselves
against these pathogens (MIC=d pug/mL). In the case o&. baumanniiminocycline was not
potentiated against the four tested isolates WHH8-MOX 1a was able to synergize rifampicin,
leading to 32- to 64-fold reductions in MICs atancentration of &g/mL (7.5uM) of the
adjuvant. Similarly, againgt. baumanniiwe observed an additive relationship of NEB-CIP)
with minocycline while the combination of NEB-CIBW) with rifampicin remained synergistic
(Table 9). With respect td. pneumoniaE. cloacaeorE. coli, NEB-MOX (1a) and NEB-CIP
(1b) displayed strong synergism with rifampicin agaeisisolates tested while synergism of
NEB-MOX (1a) and NEB-CIP {b) with minocycline was only observed in few isoka{& ables

8 and 9).

2.3 Time-kill Curve

To confirm the synergistic activity between NEB-®a$ybrids and minocycline or
rifampicin, time-kill assays were performed. Wesfistudied the time killing kinetics of
minocycline at 4g/mL (%2 x MIC) in combination with NEB-MOXa at sub-inhibitory
concentration (%2 x MIC = 1eg/mL or ¥ x MIC = 8g/mL) againsP. aeruginosawild-type
PAO1 (Fig. 2A). We set a fixed concentration afgimL minocycline for the kinetic study since

the CLSI susceptibility breakpoint of minocycliree<i4 ug/mL. It was demonstrated that
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combination of bacteriostatic minocyclinegg/mL) with 2 x MIC of hybridla became
bactericidal and resulted in complete eradicatioR.aeruginosd®?AO1 over a 24 h time period.
This enhanced killing efficiency of minocycline gmbination with hybrida is consistent with
our previous findings for TOB-based hybrids [10,484 are likely the results of the membrane
effects induced by hybriéla. Furthermore, we also studied the killing kineti¢SNEB-CIP1b in
combination with rifampicin against XDR. aeruginosd?A259. A combination of sub-MIC of
1b (1 pg/mL, MIC of 1b is >128ug/mL) and rifampicin (1/1& MIC = 1 pg/mL) yielded a 3-
order magnitude decrease in viable bacterial cooves 8 h time period (Fig. 2B). Complete
eradications were observed at a higher concentrafitb (4 pg/mL) in combination with

rifampicin at 1ug/mL or 4ug/mL for only 4 h of antimicrobial exposure (Fid3R2

2.4 Hemolytic Activity and In Vivo Efficacy Study

To investigate whether the adjuvant propertiehefNEB-based hybrids translates into a
measurablén vivo effect, we selected the establishedivo Galleria mellonellalarvae infection
model to study the efficacy of hybridb-rifampicin combination therapies agaifstaeruginosa
[34,35]. Initially, we demonstrated that NEB-CIB was non-hemolytic to pig erythrocytes
(<10% at 512ug/mL) (Fig. 3). We also examined the tolerabilifyld on G. mellonellaand
found that the larvae survived beyond 96 h wheniadtered with 100 mg/kg dosage Hf (Fig.
4). However, colistin resulted in 70% and 90% lardaaths at the dosage of 75 mg/kg and 100
mg/kg, respectively, after 96 h, consistent witlown toxicity of colistin to eukaryotic cells. We
also established that 5 CFU of XDR aeruginosd@A264 alone resulted in 100% lethality of the
larvae after 18 h. To assess the ability of comimnaherapy ofltb and rifampicin to protect

against XDRP. aeruginos@A264-challenge larvae, single treatment dosesawhpicin +
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compoundlb (25 + 25 mg/kg, 50 + 50 mg/kg, and 75+75 mg/kglensdministered 2 h post
inoculation with 5 CFU XDRP. aeruginosd?A264 (bacterial isolate was only susceptible to
colistin). The results showed that monotherapy widingle dose of rifampicin (75 mg/kg) 1y
(100 mg/kg) resulted in 10% and 0% survival of llr@ae after 18 h, respectively (Fig. 5). In
contrast, combination of rifampicin ad@ improved the survival of the wax moth larvae in a
dose-dependent manner (Fig. 5). For instance ghesitose combination of rifampicin wittp

(75 + 75 mg/kg) resulted in 87% and 53% survividrai8 h and 24 h respectively. A 50 + 50
mg/kg single dose combination of rifampicin ddresulted in 60% and 33% survival after 18 h
and 24 h, respectively, while a 25 + 25 mg/kg srapse combination of rifampicin add
resulted in a 33% and 13% survival after 18 h ahti,2espectively. This clearly demonstrates a
dose-dependent survivability of the infected larwdren treated with a combination of
rifampicin and compountib. It is interesting to note that a 25 + 25 mg/Kgmipicin +1b was
more effective (13% survival) than 25 mg/kg of sbh (0% survival) after 24 h, although it is
unclear whether the inability of colistin to protéioe larvae is due to lack of effectiveness or a
colistin-induced toxicity. Overall, these resulenabnstrate the therapeutic potential of NEB-
based hybridb + rifampicin to treat MDR/XDR infectionis vivo. We also assessed the
toxicity of adjuvantsla or 1b against the HepG2 and HEK293 cell lines aloneiand
combination with rifampicin. These results confidrtbat adjuvantda and1b do not possess
elevated toxicity at their synergistic concentmatadone and in combination with Rifampicin.

(Figure S1).
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2.5 Tetracycline Uptake Assay

To gain insight to the synergistic mechanism of NEBX hybrid 1a with minocycline,
fluorescence-based tetracycline uptake assay fm@regative bacteria [36] was performed to
investigate the effect of hybrith on the uptake of tetracycline (Fig. 6). Our resuitdicate that,
similar to TOB-based hybrids [10], hybrié enhances the uptake of tetracyclin®in
aeruginosaPAOL1 in a concentration-dependent manner. Comfgesihancements in
tetracycline uptake were also observed with men#stargeting antibiotic colistin (Fig. 6). We
previously reported that TOB-based hybrids not ggagmeabilize the Gram-negative bacterial
outer membrane but also depolarize the cytoplasmitbrane [8—10,12]. TOB-based hybrids
specifically dissipate the electrical componen?) of the proton motive force (PMF) resulting
in a compensatory increase in transmembrane cheocaicgponent ApH) in order to counter this
effect and maintain ATP synthesis level. The eftdciOB-based hybrids oY is likely
retained in NEB-MOX hybrid. which isconsistent with the observed synergy of hyldadvith
minocycline, as tetracycline uptakeApH-dependent [36]. Disruption of¥ by hybridla is
compensated by an increase\pH that in turn enhances the uptake of tetracy@meiotics.
This was further corroborated by the observatiat @CCP (carbonyl cyanide-chlorophenyl
hydrazone) inhibits tetracycline accumulation (Fy.CCCP is an uncoupler of oxidative
phosphorylation that disrupts the proton gradiapt{) of bacterial membranes [37]. Moreover,
minocycline is known to inhibit preferentially thgsynthesis of envelop proteins [38] which,
perhaps, elicits further compromise of the intengsistance barrier (the Gram-negative

bacterial outer membrane), thereby augmentingffieete of NEB-based hybritia.
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3 Conclusions

In this study, we demonstrated that NEB-based kgliia, 1b, and2) are capable of
potentiating multiple classes of antibiotics inghgifluoroquinolones (moxifloxacin,
ciprofloxacin), tetracycline (minocycline), andaihycin (rifampicin) against wild-type and
MDR/XDR GNBs includingP. aeruginosaA. baumannii, K. pneumonia, and E. cloastains.
The adjuvant potencies of NEB-based hybrigs {b, and2) are comparable to that of TOB-
based hybrids as studied before [7—14], suggettetgcleavage of the 3-deoxy-3-amiadD-
glucosidic linkage in TOB to yield NEB did not sifioantly alter the adjuvant properties of this
scaffold. Mechanistic study of NEB-MOXa confirm that it also retains the membrane effetts
TOB-based hybrid adjuvants including TOB-fluoroqulome hybrids. Modification of the
tobramycin domain of TOB-based hybrid suggeststtt@pseudo-disaccharide NEB linked to
C,. tether is the essential membrane active core nsdigle for the adjuvant properties. This
study provides further insight into structural optzation of previously investigated TOB-based
hybrid adjuvants. Moreover, the reduced numberasidfunctions in NEB when compared to

TOB may result in reduced aminoglycoside-inducdatoyxicity.

4 Experimental section

4.1 Synthetic Chemistry

4.1.1 General Comments

Reactions were monitored by thin-layer chromatogya@ LC) on silica gel 60 F254

(0.25 mm, Merck) and the compounds were visualisadg ultraviolet light and/or stain with
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ninhydrin solution (ninhydrin and acetic acid iaol). 1D and 2D'H, *C, DEPT, COSY,
HSQC, HMBC) nuclear magnetic resonance (NMR) charaation experiments were
performed on either Bruker AMX-500 or Bruker AMX-38pectrophotometer in the noted
deuterated solvents. Chemical shitisqre reported in parts per million with CHCY.26 ppm),
DHO (4.79 ppm), and CIHOH (3.31 ppm) used as internal standards. NMRtsp&ere
analyzed using Mnova Software 8.0 version. Elepti@gionization (ESI) mass spectrometry
(MS) experiments were carried out on a Varian 5@ibh trap mass spectrometer. Matrix-
assisted laser desorption ionization (MALDI) MS esments were performed on a Bruker
Daltonics Ultraflex MALDI TOF/TOF mass spectromet@nalytical high-performance liquid
chromatography (HPLC) was carried out on Breeze EIRaters with 2998 PDA detector (1.2
nm resolution) connected to a Synergird Polar-RP 80 A LC column (50 mm x 4.6 mm,
Phenomenex). Yields are given following purificati@nless otherwise stated. All of the tested

compounds are at least 95% pure as estimated b HPL

4.1.2 Synthetic Procedures and Characterizations

Detailed experimental procedures of compoudd, 4b, 5, 6, 9, moxifloxacin methyl
ester and ciprofloxacin methyl ester were descrihgtle supporting information.

General synthetic procedure A: final deprotectidrtempound8a and8b. Compound
8a or 8b (0.014 mmol) was dissolved in MeOH (2 mL). 2 Nilithh hydroxide solution (1 mL)
was then added to the solution while stirring. Téaction mixture was stirred at room
temperature for 30 min. In an ice bath, carefullification of the solution to pH = 6 was done
by slow addition of 1 N HCI (a.g.). The solvent wamovedn vacuo The residue was purified

by flash chromatography (elution with a gradienD&M/MeOH from 9:1 to 1:1y/v) to afford a
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white solid which was dissolved in TFA (2 mL) angdH(1 mL) solution and stirred for 2 h at
room temperature. The solvent was removed undecestpressure to give a yellow residue. 20
mL of methanol and ether solution (1:20y) was added to this residue in several portions and
then the solvent was decanted to get a yellow salidebramine-based hybrid TFA salt.
Stoichiometric amount of HCl aqueous solution wédeal into it before lyophilizing the

solution to afford a yellow solid as the final puntl as the HCI salt.

General synthetic procedure B: synthesig@aand7b via reductive amination.
Moxifloxacin methyl ester (0.49 mmol) or ciproflaia methyl ester was mixed with aldehygle
(0.41 mmol), followed by the addition of dry DCE5(&1L) and AcOH (2.31L, 0.041 mmol)
under N gas. The reaction mixture was stirred at room tFatpre for 7 h before NaBH(OAC)
(1.64 mmol) was added at 0 °C. The solution wadugllly warmed to room temperature while
stirring overnight. The reaction mixture was codled °C and quenched carefully by the drop-
wise addition of saturated NaH@®olution (10 mL). The solution was then extractsith DCM
(3 x 15 mL). The organic layer was washed with dararied over anhydrous sodium sulfate and
concentrated in vacuo. The crude product was pdrifly flash chromatography (elution with a
gradient of DCM/MeOH from 50:1 to 10:1, v/v) to aiffl the desired product as a white solid.

General synthetic procedure C: synthesis of Bo¢gtead NEB-based hybrids, 8band
10[21,22].40% HCI (3 mL) and MeOH (5 mL) were addedrt 7b or 9 (0.048 mmol) slowly.
The reaction was heated to ‘@Wand stirred 24 h. The solution was cooled dowromn
temperature and neutralized with solid sodium lioaate before concentrated to dryness. The
residue was taken up in 30 mL of MeOH, filtered andcentrated to give a crudeXsdodecyl-
moxifloxacin methyl ester)-nebramine oKB¢dodecyl-ciprofloxacin methyl ester)-nebramine

HCI salt. The above crude product was dissolvedeé®H (15 mL) at room temperature.
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Triethylamine (694, 0.48 mmol) and (BogD (0.38 mmol) were added into the solution and
stirred overnight at 55 °C. Upon completion, thecteon mixture was concentrategdvacuo
Purification by flash column chromatography (elatwith a gradient of DCM/MeOH from 30:1
to 10:1 for8a and8b, elution with a gradient of DCM/MeOH from 100:1406:1 for compound
10) to afford a white solid as desired product.

5-O-(dodecyl-moxifloxacin)-nebramine-&l (1a). Synthesized following general
procedure A. Yield: 8 mg (53%)H NMR (500 MHz, deuterium oxide) 8.96 (s, 1H, N-& of
aromatic ring), 7.58 (dl = 69.9 Hz, 1H, F-C-8 of aromatic ring), 5.67 — 5.53 (m, 1HH®f
H-1"), 4.39 — 4.02 (m, 5H, B of cyclopropyl, 2xN-E&H of moxifloxacin, GH of H-5’, CH of
H-4), 4.02 — 3.56 (m, 13H, Q4 of linker, CH of H-4’, CH of moxifloxacin, N-CGHH of
moxifloxacin, GH of H-2’, N-CHH of linker, OGH; of moxifloxacin, G4 of H-5, CH of H-6, CH
of H-1), 3.56 — 3.29 (m, 5H, 2xNHH of moxifloxacin, G4, of H-6’, CH of H-3), 3.28 — 3.09
(m, 2H, N-CHH of moxifloxacin, N-GHH of linker), 3.09 — 2.95 (m, 1H,KCof moxifloxacin),
2.58 — 2.50 (m, 1H, BH of H-2), 2.39 — 2.28 (m, 1H,HH of H-3’), 2.23 — 2.14 (m, 1H, CHi
of H-3’), 2.14 — 0.82 (m, 29H, GH of H-2, 10xQH, of linker, 2xC-CH, of moxifloxacin,
2xCH; of cyclopropyl).**C NMR (125 MHz, deuterium oxide, some carbons arebting due to
fluorine atom) 176.37 (CO of quinoline), 169.71 (CO of carboxymd), 153.23 (CF of
quinoline), 152.25 (CF of quinoline), 151.04 (CH2®f quinoline), 141.77 (C-8 of quinoline),
135.02 (C-7 of quinoline), 134.85 (C-8a of quinelinll17.57 (C-4a of quinoline), 106.84 (CH,
C-5 of quinoline), 106.67 (C-3 of quinoline), 92.(083-1"), 82.73 (C-6), 75.07 (C-4), 73.48 (O-
CH; of linker), 73.22 (C-5’), 72.69 (C-5), 63.83 (C}462.24 (O-CH), 56.96 (N-CH of linker),
54.21 (CH of pyrolidine), 52.41 (CH of pyrolidine), 50.90 Kz of pyrolidine), 49.87 (C-1),

48.94 (C-3), 47.53 (C-2'), 41.36 (N-GHdf piperidine), 39.30 (C-6’), 36.00 (CH of cyclagyl),
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35.56 (CH of pyrolidine), 29.64 (O-GHCH, of linker), 29.27 (CH of linker), 29.12 (CH of
linker), 28.99 (C-3’), 28.82 (C}bf linker), 28.70 (CH of linker), 28.21 (CH of linker), 28.06
(C-2), 27.92 (CHof linker), 26.04 (CH of linker), 25.30 (CH of linker), 20.15 (CH of
piperidine), 17.95 (CHof piperidine), 9.90 (CHof cyclopropyl), 8.17 (Cklof cyclopropyl).
MALDI-TOF-MS m/ecalcd for GsH7,FN;OgNa [M+Na]": 896.5273, found: 896.5290.
5-O-(dodecyl-ciprofloxacin)-nebraminetiCI (1b). Synthesized following general
procedure A. Yield: 13.4 mg (32%H NMR (500 MHz, deuterium oxide)8.67 (s, 1H, N-E
of aromatic ring), 7.62 — 7.44 (m, 2H, GH®f aromatic ring), 5.58 (dJ = 3.2 Hz, 1H, anomeric
H-1'), 4.14 — 4.06 (m, 2H, H of piperazine), 4.08.94 (m, 3H, NC-H of cyclopropyl, C-H of
C-O of linker), 3.89 — 3.72 (m, 7H, H-6, H-2", H;£2C-H of C-O of linker, 2C-H of C-N of
linker), 3.69 — 3.58 (m, 2H, H-1, H-5"), 3.48 — 8.@n, 9H, H-3, 2H of H-6’, 4H of piperazine,
2C-H of linker), 2.53 (m, 1H, H-2), 2.32 (M, 1H;3), 2.16 (m, 1H, H-3'), 1.96 (m, 1H, H-2),
1.88 — 1.78 (m, 2H, C-H of linker), 1.69 — 1.58 @h{. C-H of linker), 1.50 — 1.28 (m, 18H, GH
of cyclopropyl and Chiof linker), 1.23 (m, 2H, CHof cyclopropyl).**C NMR (125 MHz,
deuterium oxidey 176.11 (CO of quinoline), 169.10 (CO of carboxyitd), 154.48 (CF of
quinoline), 152.48 (CF of quinoline), 148.48 (CH2®f quinoline), 144.32 (C-7 of quinoline),
144.24 (C-7 of quinoline), 139.10 (C-8a of quinelnl118.99 (C-4a of quinoline), 110.97 (C-5
of quinoline), 110.78 (C-5 of quinoline), 106.85-8®f quinoline), 105.83 (C-3 of quinoline),
92.05 (C-1'), 82.69 (C-5), 74.99 (C-4), 73.83-CH, of linker), 73.19 (C-5'), 72.68 (C-6), 63.86
(C-4"), 57.17(-CH; of linker), 51.46 N-CH, of piperazine), 49.87 (C-1), 48.96 (C-3), 47.54 (C
2'), 46.61(N-CH, of piperazine), 39.33 (C-6’), 36.28 (CH of cyclopyl), 29.55 O-CH,-CH, of
linker), 28.93 (CH of linker), 28.89 (CH of linker), 28.82 (C-3), 28.81 (Ctbf linker), 28.68

(CH; of linker), 28.34 (CH of linker), 27.90 (CH of linker), 25.85 (CH of linker), 25.33 (CH
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of linker), 23.43 (CH of linker), 7.60 (CH of cyclopropyl). MALDI-TOF-MSm/ecalcd for
CaiHesFN;OgNa [M+NaJ': 826.4851, found: 826.4820.
5-0-((10-(4-(naphthalen-1-ylmethyl)piperazin-1-yyyl)-nebramine 6-HQR).
CompoundlO (9 mg, 0.008 mmol) was dissolved in TFA (0.5 mhyldLO (0.25 mL) solution
and then stirred for 2 h at room temperature. Teest was removed under reduced pressure to
give a white residue. Amount of 5 mL of methanad @ther solution (1:2@/v) was added to
this residue in several portions and then the sbwas decanted to get the final prod2ieis
TFA salt. Stoichiometric amount of HCI aqueous soluwas added into it before lyophilizing
the solution to afford a white solid as the finedguct2 as HCI salt. Yield: 5.4 mg (72% 4
NMR (500 MHz, deuterium oxide)8.27 — 8.21 (m, 1H), 8.07 — 7.97 (m, 2H), 7.726114m,
2H), 7.61 — 7.54 (m, 2H), 5.56 (@~ 3.1 Hz, 1H, anomerickCof H-1"), 4.22 (s, 2H, @&, of
naphthylmethyl), 4.08 — 3.93 (m, 3H), 3.88 — 3.48 8H), 3.43 — 3.29 (m, 4H), 3.28 — 2.78 (m,
7H), 2.56 — 2.45 (m, 1H, 1GH of H-2), 2.34 — 2.27 (m, 1H,KH of H-3), 2.18 — 2.10 (m, 1H,
CHH of H-3), 1.92 — 1.82 (m, 1H, I8H of H-2), 1.74 — 1.66 (m, 2H, N-GHCH, of linker),
1.66 — 1.58 (m, 2H, O-CHCH,, of linker), 1.41 — 1.24 (m, 12H, 6xGtdf linker) *C NMR (125
MHz, deuterium oxidey 133.69 (C of naphthyl), 131.88 (C of naphthyl)913D (CH of
naphthyl), 129.13 (CH of naphthyl), 128.82 (CH aphthyl), 126.77 (CH of naphthyl), 126.33
(CH of naphthyl), 125.53 (CH of naphthyl), 123.9H of naphthyl), 92.10 (C-1’), 82.70 (C-6),
75.26 (C-4), 73.47 (O-Cjbf linker), 73.11 (C-5’), 72.67 (C-5), 63.73 (Cy458.24 (CH of
naphthylmethyl), 56.82 (4xChbf piperazine, N-CHlof linker), 49.82 (C-1), 48.85 (C-3), 47.47
(C-2), 39.18 (C-6'), 29.48 (O-CHCH; of linker), 28.80 (C-3’), 28.70 (2xC}bf linker), 28.55

(CH; of linker), 28.23 (CH of linker), 28.03 (C-2), 25.77 (GHof linker), 25.26 (CH of linker),
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23.46 (N-CH-CH, of linker). MALDI-TOF-MS m/ecalcd for G/Hs2NsOsNa [M+Na]: 693.468,
found: 693.469.

5-O-(dodecyl-moxifloxacin methyl ester)-1,3@,3"-penta-N-(tert-butoxycarbonyl)-
42" 4" 6"-tetra-O-TBDMS—tobramycin7gq). Synthesized following general procedure B.
Yield: 764 mg (93%).'"H NMR (500 MHz, methanolAl5 8.71 (s, 1H), 7.68 (d, J = 14.1 Hz,
1H), 5.51 — 5.39 (m, 2H, anomeric H), 4.26 — 4117 TH), 4.16 — 4.08 (m, 1H), 4.07 — 3.89 (m,
3H), 3.87 (s, 3H), 3.82 — 3.52 (m, 16H), 3.53 5318, 5H), 3.31 — 3.25 (m, 1H), 2.87 — 2.78 (m,
1H), 2.66 — 2.55 (m, 1H), 2.52 — 2.35 (m, 3H), 2-15.00 (m, 1H), 1.99 — 1.90 (m, 1H), 1.90 —
1.81 (m, 1H), 1.80 — 1.72 (m, 1H), 1.72 — 1.16 7@H), 1.03 — 0.90 (m, 37H), 0.26 — 0.06 (m,
24H).C NMR (125 MHz, methanol,dsome carbons are doubling due to fluorine atom)
174.88, 174.86, 166.74, 158.19, 158.03, 157.49,4857157.00, 155.93, 153.95, 152.25, 142.63,
142.57, 137.98, 137.89, 135.13, 121.96, 121.90,8109.08.78, 108.59, 96.80 (2C, anomeric C),
86.59, 80.66, 80.57, 80.32, 80.16, 79.52, 78.222/54.83, 73.57, 72.62, 68.81, 65.12, 62.90,
61.65, 57.67, 56.98, 55.53, 55.48, 52.95, 52.08,850.17, 49.93, 42.14, 41.20, 38.54, 36.69,
31.90, 31.24, 30.84, 30.76, 30.73, 30.70, 29.224£29.12, 28.96, 28.91, 28.90, 28.71, 28.10,
27.69, 27.02, 26.93, 26.73, 26.68, 26.64, 26.5£12@5.18, 23.85, 19.52, 19.11, 18.97, 18.93,
10.00, 9.96, -3.26, -3.82, -3.93, -4.16, -4.21424:4.62, -4.87. MALDI-TOF-MS m/e calcd for
C101H181FNgO23SisNa [M+Na]": 2028.2198, found: 2028.2174.

5-O-(dodecyl-ciprofloxacin methyl ester)-1,3@ 3"-penta-N-(tert-butoxycarbonyl)-
42" 4" 6"-tetra-O-TBDMS—tobramycin7p). Synthesized following general procedure B.
Yield: 724 mg (69%)*H NMR (300 MHz, CDC}) § 8.52 (s, 1H), 8.00 (d, J = 13.2 Hz, 1H),
7.26 (d, J = 7.1 Hz, 1H), 5.29 — 5.00 (m, 4H), 48870 (m, 1H), 4.64 — 4.50 (m, 1H), 4.34 —

4.00 (m, 3H), 3.90 (s, 3H), 3.84 — 3.11 (M, 22HJ52- 2.65 (m, 3H), 2.50 — 2.39 (m, 2H), 2.06
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—1.94 (m, 1H), 1.60 — 1.08 (m, 76H), 0.97 — 0:8] 86H), 0.19 — -0.01 (m, 24HyC NMR (75
MHz, CDCk, some carbons are doubling due to fluorine a®®1)3.11, 166.49, 155.08, 148.38,
144.56, 138.00, 123.02, 113.39, 113.08, 109.98,78049.44, 79.25, 58.67, 52.89, 52.09, 49.83,
49.77, 48.33, 34.53, 30.08, 29.74, 29.67, 28.65288.42, 27.59, 26.72, 26.16, 26.02, 25.80,
18.53, 18.36, 18.12, 17.93, 8.15, -3.77, -4.1B74-4.95, -5.05, -5.20. MALDI-TOF-MS m/e
calcd for G7H17sFNgO2.SisNa [M+Na]': 1958.178, found: 1958.125.

5-O-(dodecyl-moxifloxacin methyl ester)-1,H2tetra-N-(tert-butoxycarbonyl)-
nebraming8a). Synthesized following general procedure C. Yidldmg (65%, two steps)H
NMR (300 MHz, methanoth) 5 8.71 (s, 1H), 7.68 (d = 14.5 Hz, 1H), 5.31 — 5.25 (m, 1H,
anomeric H-1"), 4.16 — 4.06 (m, 1H), 3.99 — 3.88 1), 3.87 (s, 3H), 3.76 — 3.51 (m, 12H),
3.50 — 3.36 (M, 4H), 3.31 — 3.23 (m, 3H), 2.9281m, 1H), 2.68 — 2.58 (m, 1H), 2.50 — 2.37
(m, 3H), 2.07 — 1.90 (m, 2H), 1.89 — 1.40 (m, 46HR9 — 1.14 (m, 19H), 0.99 (ddi= 4.7, 2.4
Hz, 1H).*C NMR (75 MHz, methanot};, some carbons are doubling due to fluorine ai®m)
174.97, 166.77, 158.24, 157.95, 157.49, 156.56,285352.30, 142.59, 142.49, 138.06, 137.91,
135.19, 121.93, 121.83, 109.81, 108.84, 108.52@@&nomeric C), 87.23, 80.81, 80.42, 80.25,
78.93, 77.23, 74.00, 73.26, 67.14, 63.05, 61.65,4H6%5.35, 52.29, 52.12, 49.00, 41.20, 38.59,
35.93, 34.84, 31.55, 30.80, 30.69, 30.51, 28.9B88&8.81, 28.76, 28.49, 27.85, 27.31, 24.98,
23.59, 21.01, 13.95, 10.01, 9.91. MS (ESIgcalcd for GeH1o7FN;O17 [M+H]™: 1289.6, found:
1289.4.

5-O-(dodecyl-ciprofloxacin methyl ester)-1,3%2tetra-N-(tert-butoxycarbonyl)-
nebraming8b). Synthesized following general procedure C. Yie5@ mg (31%, two stepsfH
NMR (300 MHz, CDC}) 6 8.54 (s, 1H), 7.99 (d, = 13.2 Hz, 1H), 7.28 (dl = 7.3 Hz, 1H), 5.36

—5.12 (m, 2H), 5.09 — 4.88 (m, 3H), 3.96 — 3.21 26H), 3.18 — 3.08 (m, 2H), 2.78 — 2.68 (m,
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4H), 2.52 — 2.43 (m, 2H), 2.37 — 2.25 (m, 1H), 224.08 (m, 1H), 1.72 — 1.03 (m, 76HiC

NMR (75 MHz, CDC}) 6 173.28, 166.28, 157.97, 155.12, 148.41, 144.58,063 122.91,

113.37, 113.07, 109.80, 104.90, 80.26, 79.40, 5&B385, 52.09, 49.65, 46.06, 34.66, 30.16,

29.60, 29.54, 29.50, 28.45, 28.42, 28.35, 28.33&26.52, 26.09, 8.18. MALDI-TOF-M@&/e

calcd for GoH100FN;O16Na [M+Na]": 1240.711, found: 1240.658.
5-0-((10-(4-(naphthalen-1-ylmethyl)piperazin-1-yyl)-1,3,2,6'-tetra-N-(tert-

butoxycarbonyl)-nebramin@0). Synthesized following general procedure C. Yieldn2zg

(53%, two steps)H NMR (500 MHz, methanatk) 6 8.29 — 8.25 (m, 1H), 7.87 — 7.83 (m, 1H),

7.81—-7.77 (m, 1H), 7.52 — 7.44 (m, 2H), 7.4437qm, 2H), 5.25 (d) = 3.8 Hz, 1H, anomeric

CH of H-1"), 3.94 (s, 2H, @&, of naphthylmethyl), 3.93 — 3.88 (m, 1H), 3.70 473(m, 5H),

3.47 — 3.31 (m, 5H), 3.28 — 3.19 (m, 3H), 2.83442m, 8H), 2.44 — 2.37 (m, 1H), 2.01 — 1.92

(m, 1H), 1.92 -1.85 (m, 1H), 1.65 — 1.58 (m, 1H551— 1.48 (m, 4H), 1.48 — 1.38 (m, 36H, 4 x

t-Bu of Boc), 1.33 — 1.22 (m, 12H, 6 >Hg of linker). *C NMR (125 MHz, methanaty) o

159.35, 158.27, 157.98, 157.49, 135.47, 134.63,993329.42, 129.29, 128.92, 126.80, 126.70,

126.08, 125.78, 97.43, 87.27, 80.83, 80.43, 80892, 77.28, 74.04, 73.25, 67.14, 67.13, 61.63,

59.62, 54.06, 53.50, 52.85, 50.84, 50.29, 42.283334.82, 31.54, 30.77, 30.61, 30.59, 30.56,

28.89, 28.86, 28.80, 28.75, 28.57, 27.30, 27.14LMIATOF-MS m/ecalcd for G7HosNeO13

[M+H]*: 1071.696, found: 1071.716.
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4.2 Microbiology

4.2.1 Clinical Isolates

Clinically-relevant bacterial strains were colletfeom the Canadian National Intensive
Care Unit (CAN-ICU) study [39] and Canadian Wardv&illance (CANWARD) studies
[40,41]. All pathogens obtained from CAN-ICU and RWARD studies have received ethics
approval from the University of Manitoba Ethics Quittee. In addition, participating Canadian

health centers have obtained appropriate ethicoaglto submit clinical specimens.

4.2.2 Antimicrobial Susceptibility Testing

The antimicrobial activity of the compounds agamgtanel of bacteria was evaluated by

broth microdilution assay in accordance with thmiCal and Laboratory Standards
Institute (CLSI) guidelines [32]. was performedassess thi vitro antibacterial activity.
Bacterial cultures grown overnight were dilutegaiine to achieve a 0.5 McFarland turbidity,
followed by 1:50 dilution in Mueller-Hinton brottMHB) for inoculation to a final concentration
of 5x10° CFU/mL. The minimum inhibitory concentrations (Mi{)Oof the antimicrobial agents
were determined using 96-well plates containingl@-6erial dilutions with MHB and incubated
with equal volumes of inoculum for 18 h at 37 °AQOMvas determined as the lowest
concentration to inhibit visible bacterial growththe form of turbidity, which was confirmed
using an EMax Plus microplate reader (MoleculariPes; San Jose, CA, USA) at a wavelength
of 590 nm. The wells containing MHB broth with oitmout bacterial cells were used as positive

or negative controls, respectively.
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4.2.3 Checkerboard Assay

The checkerboard method [42] was used to assessgsym in all tested combinations.
Fractional inhibitory concentrations (FICs) werécatated as follows: FlGuiibiotic =
MIC combd MIC antibiotic alone FICadjuvant= MICcombd MIC agjuvantaione Where MIGomnoiS the lowest
inhibitory concentration of drug in the presencéhaf adjuvant. The FIC index was calculated by
adding the FIC values. FIC indices (FICI) wereipteted as follows<0.5, synergy, 0.5< FICI

<4.0, no interaction, ane4.0, antagonism [28].

4.2.4 Time-kill Curve Assay

The kinetics of bacterial killing was measured gt aeruginosd?AO1 and PA259 as
previously described [12]. Overnight bacterial atdtwas diluted in saline to 0.5 McFarland
turbidity and then 1:50 diluted in Luria-Bertanolin (LB). The cell suspensioR (aeruginosa
PAO1) was incubated with the combination ok*¥I1C (8 pg/mL) or ¥2x MIC (16 ug/mL) of
hybrid 1a with 4 ug/mL of minocycline. Untreated cells in media amtistreated with & MIC
(4 ng/mL) of colistin were used as negative and positiontrols respectively (Fig. 2A). Respect
to the time-kill curve oflb (Fig. 2B), the cell suspensioR.(aeruginosdA259) was incubated
with rifampicin (4pg/mL) andlb (4 pg/mL) alone or the combination &b with rifampicin at
various concentrations as shown in Fig 2B. Sample incubated at 37 °C for 24 h. At
specific intervals (Fig. 2), aliquots (12Q) were removed from the samples, serially diluted
PBS, and plated on LB agar plates. Bacterial celomiere formed and counted after 20 h of

incubation at 37 °C.
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4.2.5 Hemolytic Assay

The hemolytic activities of the newly synthesizednpounds were determined and
guantified as the amount of hemoglobin releaselydigg porcine erythrocytes. Fresh blood
drawn from the antecubital vein of a pig (Animalr€and Use Program, University of
Manitoba) was centrifuged at 1000 g &Ctfor 10 mins, washed with PBS thrice and
resuspended in the same buffer. The final cell entration used was381@ cells/mL.
Compounds were serially diluted with PBS and addesells in a 96-well plate at twice the
desired concentrations. Equal volumes of erythmeglution were then added to each well and
incubated at 37C for 1 h. Intact erythrocytes were subsequentliefesl by centrifuging at 1000
g at 4°C for 10 mins, and the supernatants were transfeéora new 96-well plate. Hemoglobin
release was determined by measuring the absorloanE®ax’ Plus microplate reader
(Molecular Devices, Sunnyvale, CA, USA) at 570 miaod cells in PBS (0% hemolysis) and
0.1 % Triton X-100 (100% hemolysis) were used ggtiee and positive controls, respectively.
Percent hemolysis was calculated as [% hemoly§6-=0%) / (100% — 0%)], where X is the

optical density values of the compounds at diffecemcentrations.

4.2.6 Galleria mellonella Model of P. aeruginosaflcttion

In vivo synergistic effects were determined usgjleria mellonellainfection model, as
previously described [8]. Briefly, worms were puaskd from The Worm LadyLive Feeder
(ON, Canada), stored in their natural habitat 88@6and used within 10 days of delivery. The
worms (average weight of 250 mg) were used forabidity and efficacy studies. Tolerability

study was performed by injecting L@ of antimicrobial agents only at concentrations
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equivalent to 100 mg/kg or 200 mg/kg. The worma (teeach group) were incubated at’87
and monitored for 96 h. For efficacy studies, thhalence and bacterial load required to kill 200 %
of the worms within 12 — 18 h was first determinetijch is approximately 5 CFU. Overnight
grown culture of MDRP. aeruginos@A264 isolate was standardized to 0.5 McFarlaaddstrd
and diluted in PBS to a final concentration of 50° CFU/mL. 10l of this solution (15 CFU)
was injected into each worm and incubated for 23vV4C. After the 2 h challenge, worms in
monotherapy experimental groups (fifteen wormsgoeup) were treated with 3L injection

of rifampicin, compoundb, or PBS alone. The worms in combination therapups were
treated with rifampicin + compourid (25 + 25 mg/kg, 50 + 50 mg/kg, or 75 + 75 mg/kg).
Worms treated with 1AL PBS negative control. The worms were incubate®lraC in Petri
dishes lined with filter paper and scored for suability every 6 h for up to 24 h. This
experiment was repeated to give a total of thiroyms @ = 30) in each case. Survival data
curves were plotted using Kaplan-Meier survivallgsia. Worms were considered dead if they

do not respond to touch.

4.2.7 Tetracycline Uptake Assay

Fluorescence-based tetracycline uptake assay taricells was performed following
previously reported method [36]. CultureRfaeruginos®AO1 was grown to Ofgo= 0.6
followed by washing and re-suspending it in ¥ vaduoh 10 mM HEPES, pH 7.2, 104/well
cell suspension was treated with varying concepotratof test compounds in the presence of 128
ng/mL of tetracycline. Fluorescence was recordesd @ntinuous interval of 1 min for 30 min at

room temperature on a FlexStation 3 (Molecular Bes;j Sunnyvale, USA) microplate reader at
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the excitation wavelength of 405 nm and emissiowelength of 535 nm. Experiments were

performed in triplicates. Averages of triplicatgpexments are shown in Fig. 6.
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Untreated cells in media and cells treated with 4 x MIC (4 ug/mL) of colistin were used as
negative and positive controls respectively. (B) Time killing kinetics of rifampicin in
combination with NEB-CIP (1b) at various concentrations against XDR P. aeruginosa PA259.
Untreated cells in media was used as a negative control. MIC of 1b is >128 ug/mL and MIC of

RIF is 16 ug/mL against P. aeruginosa PA259 strain.
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Fig. 3. Hemolytic activity of NEB-CIP (1b). Triton X-100 (0.1%) was employed as positive

control to calculate the percentage of hemolysis.
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Fig. 5. Effect of treatment of G. mellonella larvae (inoculated with [15 CFU of XDR P.
aeruginosa PA264, n = 30 for each drug and dose combination) with rifampicin (75 mg/kg) and
1b (100 mg/kg) alone, or rifampicin in combination with 1b (25 + 25 mg/kg, 50 + 50 mg/kg, and

75+75 mg/kg) on survival. Single dose treatment administered at 0 h (2 h after inoculation).
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Fig. 6. Tetracycline uptake in P. aeruginosa PAO1 in the presence of increasing concentrations of

NEB-MOX 1a. Concentration of tetracycline was 128 ug/mL. Averages of triplicate experiments

are shown.
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Scheme 1. Synthesis of NEB-MOXXa), NEB-CIP (b), and NEB-NMP 2). Reagents and
conditions: (i) (Bog)O, EgN, MeOH/H,O (2:1), rt to 55 °C, overnight, 97%. (i) TBDMS-Qt
methylimidazole, DMF, ¥ rt, 4 days, 90%. (iii) 1,12-dibromododecane d0idibromodecane,
KOH, TBAHS, toluene, rt, overnight, 78-81%. (iv) &3, H,O, DMF, 75 °C, 8 h, 67%. (v)
PCC, NaOAc, DCM, rt, 2 h, 90%. (vi) moxifloxacin thgl ester, NaBH(OAg) AcOH, DCE, rt,
93% for7a, 69% for7b; (vii) 40% HCI, MeOH, 70 °C, 48 h. (viii) (Boc),0, EtN, MeOH, 55 °C,
overnight, 65% foBa, 31% for8b (two steps). (ix) 2 N LiOH, MeOH, rt, 30 min. (XFA/H,O
2:1 (viv), rt, 2 h, 52% fola, 32% forlb. (xi) NMP (1-(1-naphthylmethyl)piperazine) 8Os,
DMF, 75 °C, 50%. (xii) 40% HCI, MeOH, 65 °C, 48(kiii) (Boc),0, E&N, MeOH/H:0 (2/1,

VIv), rt to 55 °C, overnight, 53% (two steps). (XIWFA/H,O (2/1, viv), rt, 30 min, 72%.
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Table 1 Combination studies of NEB-MOXa with moxifloxacin (MOX), minocycline (MIN)

or rifampicin (RIF) against wild-typB. aeruginosé?AOL1 strain.

Antibiotic (MIC? Hybrid (MIC® FICI Absolute MIC Potentiation (fold)

MOX (1) 1a(32) 0.25 0.13 8
MIN (8) 1a(32) 0.38 1 8
RIF (8) 1a(32) 0.07 <0.03 >256

& All MIC data presented ing/mL.
® Absolute MIC fig/mL) of antibiotic was determined in the preseot8 ng/mL (7.5uM) of hybrid 1a.
¢ Antibiotic activity potentiation at @g/mL (7.5uM) of hybrid 1a.

Table 2 Combination studies of NEB-MOZXa with moxifloxacin (MOX) or ciprofloxacin (CIP)

against MDR/XDRP. aeruginosalinical isolates.

P. aeruginosa  Antibiotic (MIC® Hybrid (MIC? FICI Absolute MIC  Potentiation (foldf)
PA262-101856 MOX (64) 1a (>256) 0.13<x<0.16 8 8
PA262-101856 CIP (32) 1a (>256) 0.25<x<0.28 8 4
PA260-97103 MOX (64) 1a(32) 0.13 1 64
PA260-97103 CIP (32) 1a(32) 0.25 4 8
100036 MOX (128) 1a (128) 0.08 8 16
100036 CIP (32) 1a (128) 0.56 16 2
101885 MOX (64) 1a (128) 0.25 16 4
101885 CIP (16) 1a (128) >1 NA NA
PA259-96918 MOX (256) 1a (>256) 0.06<x<0.07 16 16

PA259-96918  CIP (128) 1a (>256) 0.25<x<0.27 32 4
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PA264-10435% MOX (128)

PA264-10435% CIP (32)
91433 MOX (8)
91433 CIP (1)
101243 MOX (8)
101243 CIP (1)

1a (256)

1la (256)

1a(32)

1a(32)

1a (64)

1la (64)

0.09

0.16

0.31

0.25

0.16

0.25

0.5

0.06

0.25

0.13

16

16

16

32

2All MIC data presented ing/mL.

® Absolute MIC f«g/mL) of antibiotic was determined in the preseot8 ug/mL (7.5uM) of hybrid 1a.

¢ Antibiotic activity potentiation at gg/mL (7.5uM) of hybrid 1a.

dwith &Thr to®lle mutation in gyr A [8].

ewithout ®*Thr to®3lle mutation in gyr A [8].
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Table 3 Combination studies of NEB-MOXa with minocycline (MIN) against MDR/XDFP.

aeruginoseclinical isolates.

P. aeruginosa Antibiotic (MIC? Hybrid (MIC? FICI Absolute MIC  Potentiation (fold)
PA262-101856 MIN (64) 1a (>256) 0.03<x<0.05 2 32
PA260-97103  MIN (8) 1a(32) 0.09 0.25 32
100036 MIN (16) 1a (128) 0.06 0.5 32
101885 MIN (16) 1a (128) 0.07 1 16
PA259-96918  MIN (16) 1a (>256) 0.03<x<0.04 0.5 32
PA264-104354 MIN (32) 1a (256) 0.05 0.5 64
91433 MIN (16) 1a(32) 0.19 0.5 32
101243 MIN (4) 1a (64) 0.13 0.25 16

& All MIC data presented ing/mL.
® Absolute MIC f1g/mL) of antibiotic was determined in the preseat8 xg/mL (7.5uM) of hybrid la.
¢ Antibiotic activity potentiation at gg/mL (7.5uM) of hybrid 1a.
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Table 4 Combination studies of NEB-MOXa with rifampicin (RIF) against MDR/XDRP.

aeruginoseclinical isolates.

P. aeruginosa Antibiotic (MIC?)

Hybrid (MIC?)

FICI

Absolute MIC  Potentiation (folcf)

PA262-101856 RIF (1024)

PA260-97103  RIF (4)

100036 RIF (8)

101885 RIF (8)

PA259-96918  RIF (8)

PA264-104354 RIF (16)

91433 RIF (16)

101243 RIF (4)

1a (>256)
1a(32)
1a(128)
1a (128)
1a (>256)
1a (256)
1a(32)

1a (64)

0.008<x<0.02

0.06

0.01

0.05

0.004<x<0.01

0.02

0.16

0.13

4

<0.03

0.03

0.06

<0.03

<0.06

0.13

0.13

512

=128

256

128

2256

2256

128

32

2All MIC data presented ing/mL.

® Absolute MIC f1g/mL) of antibiotic was determined in the preseat8 ng/mL (7.5uM) of hybrid 1a.

¢ Antibiotic activity potentiation at gg/mL (7.5uM) of hybrid 1a.
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Table 5 In vitro antibacterial activity of minocycline (MIN) andampicin (RIF) alone or in
combination with a fixed concentration ofu§/mL (7.5uM) NEB-MOX l1a against MDR/XDR

P. aeruginosalinical isolatesrf = 8).

Antimicrobial/Hybrid MIGg® (ug/mL) MICg® (ug/mL) MIC Range |ig/mL)

MIN 160 320 4-64

MIN+1 05t 1t 0.25-2
RIF 80 160 4-1024
RIF+1 0.06 t 0.13 t <0.03-4

+, susceptible; [, resistant;
MICsoand MIGgare the MIC that inhibit the growth of 50% or 80%adl (n = 8) tested isolates.

Table 6 Combination studies of NEB-CIB with antibiotics against wild-typB. aeruginosa

PAO1 and XDRP. aeruginosastrains.

P. aeruginosa Antibiotic (MIC® Hybrid (MIC? FIC index Absolute MI€ Potentiation (fold)
PAO1 MIN (16) 1b (64) 0.047 0.5 32
PAO1 RIF (16) 1b (64) 0.047 <0.06 >256
PA259-96918  MIN (16) 1b (>128) 0.031<x<0.063 0.5 32
PA259-96918 RIF (16) 1b (>128) 0.008<x<0.016 <0.06 2256
PA264-104354 MIN (32) 1b (128) 0.039 1 32
PA264-104354 RIF (16) 1b (128) 0.039 0.13 128

2All MIC data presented ing/mL.
® Absolute MIC f:g/mL) of antibiotic was determined in the preseafé xg/mL (4.1uM) of hybrid 1b.
¢ Antibiotic activity potentiation at #g/mL (4.1uM) of hybrid 1b.
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Table 7 Combination studies of NEB-NMPwith antibiotics against wild-typE. aeruginosa

PAO1 and MDR/XDRP. aeruginosastrains.

P. aeruginosa  Antibiotic (MIC? Hybrid (MIC?) FICI Absolute MIC  Potentiation (fold)
PAO1 MOX (1) 2 (256) 0.05 0.03 32
PAO1 MIN (8) 2 (256) 0.09 0.5 16
PAO1 RIF (16) 2 (256) 0.02 0.06 256
PA262-101856 MOX (64) 2 (512) 0.09 4 16
PA262-101856 CIP (32) 2 (512) 0.13 4 8
PA262-101856 MIN (128) 2 (512) 0.04 4 32
PA262-101856 RIF (1024) 2 (512) 0.02 4 256
PA260-97103 MOX (64) 2(32) 0.08 0.5 128
PA260-97103 CIP (16) 2(32) 0.38 2 8
PA260-97103  MIN (16) 2(32) 0.09 0.25 64
PA260-97103 RIF (4) 2(32) 0.05 0.06 64
100036 MOX (128) 2 (>512) 0.063<x<0.07 8 16
100036 CIP (64) 2 (>512) 0.125<x<0.133 8 8
100036 MIN (64) 2 (>512) 0.031<x<0.033 2 32
100036 RIF (16) 2 (>512) 0.004<x<0.012 0.06 256
101885 MOX (64) 2 (512) 0.07 4 16
101885 CIP (32) 2 (512) 0.13 4 8
101888 MIN (32) 2 (512) 0.04 0.5 64
101885 RIF (16) 2 (512) 0.02 0.13 128
PA259-96918 MOX (512) 2 (>512) 0.016<x<0.023 8 64

PA259-96918  CIP (256) 2 (>512) 0.063<x<0.078 16 16
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PA259-96918 MIN (32) 2 (>512) 0.016<x<0.031 0.5 64
PA259-96918 RIF (16) 2 (>512) 0.004<x<0.006 <0.06 >256
91433 MOX (8) 2(32) 0.25 1 8
91433 CIP (2) 2(32) 0.38 0.25 8
91433 MIN (64) 2(32) 0.19 2 32
91433 RIF (16) 2(32) 0.50 4 4
101243 MOX (4) 2 (512) 0.13 0.5 8
101243 CIP (2) 2 (512) 0.16 0.5 4
101243 MIN (4) 2 (512) 0.09 0.5 8
101243 RIF (8) 2 (512) 0.05 0.25 32

#All MIC data presented ing/mL.

® Absolute MIC f«g/mL) of antibiotic was determined in the preseot8 yg/mL (9.0uM) of hybrid 2.
¢ Antibiotic activity potentiation at gg/mL (9.0uM) of hybrid 2.

dwith &Thr to®lle mutation in gyr A. [8]

® without ®*Thr to®lle mutation in gyr A[8]
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Table 8 Combination studies of NEB-MOXwith minocycline (MIN) or rifampicin (RIF)

against MDRAcinetobacter baumanniKlebsiella pneumonigeandEnterobacter cloacae

Organisms Antib;otic Hybrid FICI Absollbjte Potentiaction
(MIC?) (MIC?) MIC (fold)
A. baumanniiAB027 MIN (1) la (>256) >1 NA NA
A. baumanniiAB027 RIF (1) 1a (>256) 0.031<x< 0.047 0.03 32
A. baumanniiAB030 MIN (2) 1a (>16) >1 NA NA
A. baumanniiAB030 RIF (1024)  1a(>16) 0.031<x<0.281 32 32
A. baumanniiAB031 MIN (1) 1a (128) >1 NA NA
A. baumanniiAB031 RIF (1) la (128) 0.04 0.02 64
A. baumanniit10193 MIN (1) 1a (>256) >1 NA NA
A. baumanniil10193 RIF (1) la (>256) 0.031<x<0.047 0.03 32
K. pneumoniad 16381 MIN (64) la (>256) 0.063<x<0.078 4 16
K. pneumoniad 16381 RIF (1024) 1la(>256) 0.002<x<0.006 <1 >1024
E. cloacaell17029 MIN (64) 1la (32) 0.19 4 16
E. cloacael17029 RIF (4) 1a(32) 0.06 <0.03 2128

All MIC data presented ipg/mL.

®Absolute MIC f«g/mL) of antibiotic was determined in the preseat8 xg/mL (7.5uM) of hybrid 1a.

“Antibiotic activity potentiation at gg/mL (7.5uM) of hybrid 1a.

NA, not available (no synergy was observed).



48

Table 9 Combination studies of NEB-CIEb with minocycline (MIN) or rifampicin (RIF)
against wield-type or MDRcinetobacter baumanniescherichia coliKlebsiella pneumonige

andEnterobacter cloacae

Organisms Antibiotic Hybrid EICI Absolute Potentia}jtion
(MIC? (MIC? MIC (fold)
A. baumanniATCC 17978 MIN (0.25) 1b (128) 0.520 0.13 2
A. baumanniATCC 17978 RIF (2) 1b (128) 0.016 0.008 256
A. baumanniiAB92247 MIN (0.125)  1b (128) 0.531 0.05 2
A. baumanniiAB92247 RIF (2) 1b (128) 0.039 0.02 128
A. baumanniiAB110193 MIN (1) 1b (>128) >1 NA NA
A. baumanniiAB110193 RIF (1) 1b (>128) 0.016<x<0.031 0.62 64
E. coli ATCC 25922 MIN (1) 1b (8) 0.504 NA NA
E. coliATCC 25922 RIF (4) 1b (8) 0.133 0.03 128
E. coli 94474 MIN (64) 1b (>128)  0.063<x<0.078 b4 16
E. coli 94474 RIF (8) 1b (>128)  0.004<x<0.035 0.63 256
E. coli107115 MIN (32) 1b (32) 0.133 2 16
E. c0li 107115 RIF (32) 1b (32) 0.015<x0.020 <0.1? >256
K. pneumoniad 13250 MIN (2) 1b (128) 0.504 i 2
K. pneumoniad 13250 RIF (32) 1b (128) 0.039 0.25 128
K. pneumoniad 13254 MIN (2) 1b (128) 0.504 $ 2
K. pneumoniad 13254 RIF (16) 1b (128) 0.047 0.25 64
K. pneumoniad 16381 MIN (64) 1b (>128)  0.063<x<0.070 o4 16
K. pneumoniad 16381 RIF (>128) 1b (>128) <0.039 1° >128
E. cloacael17029 MIN (32) 1b (32) 0.125 5 16
E. cloacael17029 RIF (8) 1b (32) 0.023 <0.02 >256

All MIC data presented ipg/mL.
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®Absolute MIC f1g/mL) of antibiotic was determined in the preseaté xg/mL (4.1uM) of hybrid 1b.
‘Absolute MIC fig/mL) of antibiotic was determined in the preseot2 ug/mL (2.0uM) of hybrid 1b.
dAntibiotic activity potentiation at g@g/mL (4.1uM) or 2 ug/mL (2.0puM) of hybrid 1b.

NA, not available (no synergy was observed).



Highlights:

New amphiphilic nebramine (NEB)-based hybrids were prepared from
tobramycin-based (TOB)-based hybrids.

Potent synergism was found for combinations of NEB-based hybrid adjuvants
with multiple classes of antibiotics against multi-drug resistant (MDR) Gram-
negative bacilli.

Combination of NEB-CIP hybrid 1b with rifampicin protects Galleria mellonella

larvae from the lethal effects of extensively drug-resistant (XDR) P. aeruginosa.



