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Abstract

Various reports of multidrug-resistant bacteriat taigie immune to all available FDA-approved
drugs demand the development of novel chemicalfddafas antibiotics. From screening a
chemical library, we identified compounds with &atterial activity. The most potent
compounds,F6-5 and F6 inhibited growth of various drug-resistant Gransifige bacterial
pathogens at concentrations ranging fromgimL to 2 ug/mL. Both compounds were active
against clinical isolates of methicillin-resista®aphylococcus aureus (MRSA), vancomycin-
intermediate and vancomycin-resistaBt aureus (VISA and VRSA respectively) and
vancomycin-resistarfEnterococcus faecalis (VRE). Resistance generation experiments revealed
that MRSA could develop resistance to the antibioiprofloxacin but not té¢6. Excitingly, F6
was found to be non-toxic against mammalian ciill&s mouse skin wound infection modeg
was equipotent to the antibiotic fusidic acid idueing MRSA burden.

Keywords: Antibiotic resistance, multidrug-resistart bacteria, bacteriostatic
Highlights

* The antibacterial agent6 possesses potent activity against drug-resistearn&ositive
pathogens.

* MRSA could not develop resistanceR6.

* Bacterial burden in skin wound infection could bduced byF6.

Introduction

The discovery and development of antibiotics retrohized health care in such a way that
bacterial infections, which were otherwise deadiyuld be treatéd? However, this was met
with a rapid development of resistant bacteriaiss that rendered many antibiotics ineffective
Consequently, millions of people are infected wdhug-resistant bacterial strains yearly
resulting in thousands of deaths. In the US, thet&s for Disease Control and Prevention in
2013 estimated that approximately 23,000 peopld fimm infections caused by drug-resistant



bacterial pathogens at an annual infection rateatwdut 2 million. The cost to treat such
recalcitrant infections exceeds $20 billion perr{€a

It has been suggested that resistance to antibib&is developed over the years via a myriad of
processes including the inordinate use of antitsotand the lack of development of new
antibiotics. The wide gap between emergence of drug-resigathbgens and the development
of novel antibacterial therapeutics has been atiith to the non-profitable nature of the venture
(it costs several millions of dollars to condughidal trials and the high probability of bacterial
resistance emerging against a new antibiotic hindievestment in antibiotic discovefy).
Efforts however, need to be directed towards idgng and developing novel structures as
antibacterial agents with possibly novel mechanisfrectiorf. It is projected that in the absence
of new antibacterial agents, annual mortality ratesid exceed 10 million by the year 2650

As noted above, nearly 23,000 fatalities due tdbaotic-resistant infections occurs each year in
the US; surprisingly, nearly half of these deathinked to one bacterial pathogen, methicillin-
resistantStaphylococcus aureus (MRSA). Community-acquired methicillin-resistaBt aureus
(CA-MRSA) is the principal causative agent for skimd soft tissue infections (SSTIs) in North
Americd" 8 Strains such as MRSA USA300 and MRSA USA400 dtristthe most isolated
agents in SSTf8. Others including USA100 and USA200 have been giilgnisolated from
hospital-acquired MRSA (HA-MRSA) infectiotfs Diseases including sepsis, endocarditis, and
pneumonia could also result from MRSA infectiort* Clinical isolates of MRSA have been
identified that are resistant to several antibgtdancomycin, a glycopeptide antibiotic remains
the reference standard for the treatment of mettistant MRSA infectiortd *> However, there

is an emergence of MRSA strains that are resistantvancomycin including various
vancomycin-intermediateS. aureus (VISA) and vancomycin-resistans aureus (VRSA)
isolate$> '© When used alone, MRSA strains easily developstasie to rifampicin, one
alternative for treating MRSA infections. Henceanifpicin is usually administered together with
a second antibiotic like fusidic actd Many other antistaphylococcal antibiotics inchuli
ciprofloxacin suffer from resistance generatiolf. There is an obvious need for clinicians to be
armed with new antibiotics that are less likelyai due to resistance generation. Consequently,
several research groups including ours have progréomunderstand the mechanisms of
resistance and how to inhibit or reverse tH&A1.Research into the development of promising
antibacterial agents with potent activity againstogresistant bacteria has also incredsed?’

We have identified novel structureSidure 1) with potent antibacterial activities against drug
resistant Gram-positive bacteria. In particularesdh molecules exhibit potent antibacterial
activity against staphylococcal and enterococcaalirgt including MRSA, VISA, VRSA, and
vancomycin-resistantenterococcus faecalis and E. faecium (VRE). The most promising
compound identified was further evaluated againgltipte clinical isolates of MRSAnN vitro
andin vivo against MRSA USA300 in a murine wound infectiond®lo

Materials and Methods

Bacterial strains and chemical compounds



All MRSA isolates were acquired from BEI ResourcBse remaining bacteria were purchased
from the American Type Culture Collection (ATCC)o@pounds F3 (cat. no. F0559-0091), F4
(cat. no. F0559-0342), F5 (cat. no. F0559-0343),(d&4. no. 0559-0346), F9 (cat. no. 0608-
0426), G8 (cat. no. F1821-0760) and G9 (cat. n@2E10778) were purchased from Life

Chemicals Inc., (Ontario, Canada).

Screening of compounds for antibacterial activity gainstS. aureus

Library compounds and analogs 8 were dissolved in DMSO at 10 mg/m&. aureus was
cultured in Mueller Hinton Broth to early exponahgphase at which point culture aliquots were
incubated with compounds at L§/mL or DMSO in duplicates. The culture was congidwat 37
°C for 24 hours. Aliquots (10QL) of the cultures were dispensed into clear 96 wetrotiter
plates and OB, was recorded. Percent normalized¢@vas obtained by using the equation

%Normalized ODgyy = ( ) x 100

Xo
XT - XO
Where for a given compound, X is the gof culture with the compound,, is that of media
only andX; is the Oy of the DMSO control.

Determination of the MIC and MBC

The minimum inhibitory concentration (MIC) of compuals and control antibiotics (methicillin,
linezolid and vancomycin), tested from 128 pg/mlitpg/mL, was determined using the broth
microdilution metho®f against the selected bacterial pathogens. Baeteria cultured in cation-
adjusted Mueller Hinton Broth (for strains in Tablke and 4) or Brain Heart Infusion broth (for
Enterococcus faecium) or Tryptic Soy Broth (all other bacteria) in a-@@ll plate at 37 °C for at
least 20 hours. The MIC was classified as the lbwencentration where no visual growth of
bacteria was observed. The minimum bactericidateotration (MBC) was tested by spotting 4
pL from wells with no growth onto Tryptic Soy AgerSA) plates. Plates were incubated at 37
°C for at least 18 hours before recording the MBC.

Time-kill analysis

The time-kill analysis was performed as previoudgscribet®. MRSA USA300 cells in
logarithmic growth phase were diluted to 2.92 £ d@lony-forming units per mL (CFU/mL) and
exposed to concentrations equivalent to eitheMl@ (in triplicate) of compoundF6, linezolid

or vancomycin in Tryptic Soy Broth. Aliquots (10Qywere collected from each treatment after
0, 2, 4, 8, 12, and 24 hours of incubation at@&nd subsequently serially diluted in phosphate-
buffered saline (PBS). Bacteria were then transteto TSA plates and incubated at &7 for
18-20 hours before viable CFU/mias determined.

Toxicity profile of F6

CompoundF6 was assayed (at concentrations ranging from 2 ugbm256 pg/mL) against
murine macrophage (J774) and human colorectal (@pepithelial cell lines to determine the
potential toxic effect to mammalian cells vitro. Caco-2 cells were cultured in Dulbecco's
Modified Eagle Medium (DMEM) supplemented with 20ftal bovine serum (FBS), non-
essential amino acids (1X), and penicillin-strepgom at 37°C with CG, (5%). J774 cells were
cultured in DMEM supplemented with 10% FBS. Upoadat@ng 85-90% confluency, cells were
transferred to all wells of a 96-well tissue-cuitureated plate. The cells were incubated in



serum-free medium with the compounds (in triplizade 37 °C with C@ (5%) for 24 hours.
Cells exposed to equivalent concentrations of DM®@red as the negative control. The assay
reagent MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carymethoxyphenyl)-2-(4-sulfophenyl)-2
tetrazolium) (Promega, Madison, WI, USA) was subsatly added and the plate was incubated
for four hours. Absorbance readings (at pwere taken using a kinetic microplate reader
(Molecular Devices, Sunnyvale, CA, USA). The quignof viable cells after treatment with
each compound was expressed as a percentage vty of DMSO-treated control cells
(average of triplicate wells + standard deviatior)e toxicity data were analyzed via a two-way
ANOVA, with post hoc Sidak’s multiple comparisorest @ < 0.05), utilizing GraphPad Prism
6.0 (GraphPad Software, La Jolla, CA, USA).

Multistep resistance selection

To determine if MRSA would be capable of formingistance to compounB6 quickly, a
multi-step resistance selection experiment was ected, as described previouSlyThe broth
microdilution assay was utilized to determine théCMof compoundF6 and ciprofloxacin
exposed to MRSA USA400 (NRS123) over 14 passagesmgla period of two weeks.
Resistance was classified as a greater than fédiriharease in the initial MIC, as reported
elsewher®.

Murine MRSA wound infection model

The murine MRSA skin infection was conducted ascdesd in a previous repdtt following
the Purdue University Animal Care and Use CommifeACUC) and carried out in strict
accordance with the recommendations in the Guidéh#o Care and Use of Laboratory Animals
of the National Institutes of Health. Three gro@ps- 5) of eight-week old female BALB/c mice
(obtained from Envigo, Indianapolis, IN, USA) weused in this study and received an
intradermal injection (4QuL) containing 1.32 x 1D CFU/mL MRSA USA300. After the
formation of an abscess/open wound at the sitejettion for each mouse, topical treatment was
initiated with each group of mice receiving theldaling: fusidic acid (2%) oF6 (2%) twice
daily for five days. One group of mice was treateith the vehicle alone (petroleum jelly,
negative control). Each group of mice was individudoused in a ventilated cage with
appropriate bedding, food, and water. Mice wereckbé at least four times daily during
infection and treatment to ensure no adverse mwactwere observed. Mice were humanely
euthanized via C®asphyxiation 12 hours after the last dose was ridtered. The region
around the skin wound was aseptically excised armxbexjuently homogenized in PBS. The
homogenized tissue was then serially diluted in REB®re plating onto mannitol salt agar
plates. The plates were incubated for at leastaléshat 37°C before viable CFU were counted
and MRSA reduction in the skin wound post-treatmeas determined for each group (relative
to the negative control).

Results and Discussions

Identification of antibacterial compounds



We developed a program to identify compounds withept activity against drug-resistant
bacterial pathogens. A library of compounds (bottimmercially available and synthetic
compounds synthesized in our laboratory) was ihytscreened, at a concentration of dg@mL,
for their ability to inhibit bacterial growth. Sena¢ compounds, which include@3, F4, F5, F6,
F9, G8 andG9 (Figure 1) were initially screened againStaureus. Compounds$-3, F4, F5, F6
and G8 significantly inhibited the growth o$. aureus (Figure 2). Compared to the DMSO

control, compound=9 was not active whilst compoun@9 only slightly inhibited growth
(Figure 2).
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Figure 1. Structures of antibacterial compounds. Note:d$:(trans = 10:1). Compounds were obtained from Life
Chemicals Inc. (Ontario, Canada).
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Figure 2. Inhibition of growth of S, aureus ATCC 25923 by antibacterial compounds. aureus, at early
exponential growth, was treated with either DMSOL6rpg/mL of compounds and OD600 measured aften. 24
Error bars represent standard error of the mealugicates.

To further characterize the antibacterial propsrtiethe active compounds, we determined their
minimum inhibitory concentrations (MIC) against nically-relevant panel of Gram-positive
bacterial species including MRSA, vancomycin-sevisitE. faecalis, VRE and Listeria
monocytogenes. Based on their activity from the growth inhibiti@xperiment, we determined
the MIC only for compound§&3, F4, F5, F6 andG8. The compounds inhibited growth of all
strains tested, at concentrations ranging from22tog/mL (Table 1).

The presence of methyl substitution on the cyclghenoiety of compound§&4, F5 andF6 is
the only structural difference present betweercttirapounds. With the two methyl substitutions,
compoundF6 was the most potent compound identified followgd=s which has one methyl
substitution and theR4 which has an unsubstituted cyclohexyl moidtig(re 1 andTable 1).
This implies that the substitution on the cycloHexyiety may be important for antibacterial
activity.

The most potent compounB6, was observed to inhibit growth 8f aureus (including MRSA),

E. faecalis (including VRE), andL. monocytogenes, at concentrations ranging from 2 to 4
ug/mL. CompoundrF6 and the antibiotic vancomycin were equipotent @gjeb. aureus and
MRSA (MIC = 2 ug/mL). Impressively, compounB6 was greater than 32 times more potent
than methicillin against MRSA. It was also obserteatF6 was more potent than vancomycin
against a strain dt. faecalis resistant to vancomycin, with the MIC B6 more than 31-fold
lower than that of vancomycin.

Table 1L MIC (ug/mL) of compounds screened against a panel of a@stive bacterial
pathogens.

Bacterial Strains

Testagents S. aureus MRSA ATCC E. faecalis VRE (E. L.
ATCC 33592 ATCC faecalis) ATCC monocytogenes
25923 29212 51575 ATCC 19115
F3 16 16 32 32 32
F4 16 16 32 32 16
F5 8 8 16 16 16
F6 2 2 4 4 4
G8 32 32 32 32 32
Vancomycin 2 2 2 >128 1
Methicillin 2 >128 ND ND ND

ND represents not determined



F6 is bacteriostatic against drug—resistant Gram-psitive bacteria

Having observed the potent activity B6 against a single isolate of MRSA and VRE, we
proceeded to confirm the compound’s potent antdyadtactivity against additional strains of
MRSA, VISA, VRSA, and VRE Table 2). CompoundF6 was found to be active against the
selected panel of clinical isolates of MRSA at aaamntration of 2 pg/mLTable 2). Of note,
MRSA USA300 and MRSA USA400 are the main culprasliated from MRSA skin and soft-
tissue infections in North Amerita'’ Additionally, F6 (MIC of 2 pg/mL) retained its potent
antibacterial activity against clinical isolates ®faureus and E. faecium exhibiting high-level
resistance to vancomycin (MIC > 128 pg/mL), an ag#nlast resort for treatment of most
MRSA infections?. Linezolid was potent against most clinical isetabf MRSA and VRSA at
<1 pg/mL [Table 2). However, linezolid was inactive against MRSA NIRS, a strain isolated
as linezolid-resistant=6, in contrast retained its potent activity agaitigs strain (MIC = 2
pag/mL). Interestingly, compoun&6 appears to be a bacteriostatic agent as its mmimu
bactericidal concentration (MBC) value exceeded81@/mL. This was similar to the results
obtained for linezolid, an antibiotic known to eliti bacteriostatic activityin vitro against
MRSA% 3

Table 2 The minimum inhibitory concentration (MIC, in pogll) and minimum bactericidal
concentration (MBC, in pg/mL) d¥6 and select antibiotics.

F6 Linezolid Vancomycin
Bacterial Strain MIC MBC MIC MBC MIC MBC
MRSA NRS119 2 >128 32 32 <1 <1
MRSA NRS123 2 >128 <1 64 <1 <1
(USA400)
MRSA NRS384 2 >128 <1 64 <1 <1
(USA300)
MRSA NRS385 2 >128 <1 2 <1 2
(USA500)
MRSA NRS386 2 >128 <1 128 <1 <1
(USA700)
MRSA NRS387 2 >128 <1 128 2 2
(USA800)
VISA NRS1 2 >128 <1 1 4 4
VRSA VRS12 2 >128 <1 32 >128 >128
E. faecium ATCC 2 128 <1 64 >128 >128

700221 (VRE)

As observed from Table 2, the MBC 66 was generally >128 pg/mL, several folds above the
MIC, an indication that the compound was bactesitist We sought to further ascertain whether
F6 was indeed bacteriostatic. From time-kill analysssng MRSA USA300, at* MIC of F6

(12 pg/mL), we observed th&b caused a 2.01-lggreduction in MRSA USA300, which was
just slightly higher than the 1.85-lggreduction observed with linezolid after a 24-hour
incubation period. On the other hand, the bacticiantibiotic vancomycin completely

7



eradicated the MRSA USA300 inoculum within 12 hodigese observations imply thaé, just
like linezolid, exhibitan vitro bacteriostatic effect against MRSA USA3®gure 3).
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Figure 3. Time-kill analysis ofF6 against MRSA USA300 using linezolid as a contrditdotic. MRSA USA300
was incubated witk6 (12 ug/mL) or linezolid (6ug/mL) vancomycin (Gug/mL) or DMSO and the number of cells
estimated at the indicated time points. Experinveast performed in triplicates.

F6 is not active against Gram-negative bacteria

We next moved to investigate whethHe8 would be effective against Gram-negative bacterial
pathogens as well. Hence, we determined the MIE6oAgainst a selected panel of clinically-
relevant Gram-negative bacterial pathogens. ConghB6nwas not active againatinetobacter
baumannii, Klebsiella pneumoniae, Pseudomonas aeruginosa and Escherichia coli BW25113.
The lack of activity against Gram-negative bactapaears to be due kb being a substrate for
efflux. This can be seen by the shift in the MIGetved for compounB6 against wild-typeE.

coli BW25113 (MIC > 128 pg/mL) in comparison to a mutsmain €. coli JW5503-1) where
the AcrAB-TolC multidrug-resistant efflux pump isxécked out (MIC forF6 improves to 2
png/mL). A similar result was observed with linezlodind erythromycin, two antibiotics known to
be substrates for the AcrAB-TolC efflux pump in @raegative bactera *°

Table 3. MIC of F6 against selected Gram-negative bacterial pathogens

Bacterial Strain Test agents

F6 Linezolid Erythromycin  Colistin
Acinetobacter  baumannii 128 N.D. N.D. <1
ATCC 19606
Klebsiella pneumoniae >128 N.D. N.D. <1
BAA-1706
Pseudomonas aeruginosa >128 N.D. N.D. <1
ATCC 15442
Escherichia coli BW25113 >128 >128 32 N.D.




Escherichia coli JW5503-1 2 8 <1l N.D.
(AtolC)

ND represents not determined

MRSA does not develop resistance to F6

One of the major challenges in treatment of baaltdrifections is the rapid generation of
resistant pathogens. In treatment of MRSA infectjcamntibiotics like ciprofloxacin fail due to
resistancE’ *® We performed the multistep resistance selectioevaluate the ability of MRSA
USA400 to develop resistance k& in vitro. The MIC of compound-6 remained unchanged
over nine passageBigure 4). A one-fold increase in the MIC &6 was observed after the tenth
passage where after no additional increase in M& abserved up to the Y4assage. This
indicates MRSA is unlikely to form rapid resistariod=6 in vitro, even after multiple passages.
In contrast, the MIC of ciprofloxacin, an antibmthat targets DNA gyrase, increased three-fold
after the eighth passage and continued to rapidtyease thereafter. MRSA resistance to
ciprofloxacin emerged after the eleventh passagesight-fold increase in MIC was observed)
(Figure 4). By the 14" passage, the MIC of ciprofloxacin increased mbant2000-fold from
the original MIC value (0.25 pg/mL). The emergerafeMRSA resistance to ciprofloxacin
agrees with previously published repdrt<® 3’
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Figure 4: Multi-step resistance selection of compound F6 andiprofloxacin against MRSA. MRSA USA400
was serially passaged daily over a 14-day periadl tae broth microdilution assay was used to deteenthe
minimum inhibitory concentration of botR6 and ciprofloxacin (control antibiotic) against MRSafter each
successive passage. A four-fold shift in MIC wolbéindicative of bacterial resistance forming te tést agent.

F6 is non-toxic against mammalian cells

As earlier stated, MRSA is responsible for S$Tfs CompoundF6 demonstratedn vitro
potency against several important MRSA strainsorRo evaluating=6 in an animal model of
MRSA skin infection, we determined the toxicity fil® of F6 against mammalian cells. The
compound was incubated with murine macrophage {J@&¥s and human colorectal (Caco-2)



cells at concentrations ranging fromp@/mL to 256 pg/mL. CompoundF6 exhibited an
excellent safety profile against both J774 and €aaells Figure 5) as the compound was
found to be non-toxic up to 128)/mL (63-fold higher than the MIC &6 against MRSA).
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Figure 5. Toxicity analysis of F6 against mammaliarcell lines. Percent viable mammalian cells (measured as
average absorbance ratio (test agent relative t&GOM after exposure to compour@ (tested in triplicate) at
concentrations ranging from 2 to 256 pg/mL agaisimurine macrophage (J774) cells,By human colorectal
(Caco-2) cells using the MTS 3-(4,5-dimethylthia2e}l)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophergj-
tetrazolium) assay. Dimethyl sulfoxide (DMSO) wased as a negative control to determine a baseline
measurement for the cytotoxic impact of each compolError bars represent standard deviation vafoes
triplicates. A two-way ANOVA, with post hoc Sidakfaultiple comparisons test, determined statistitiierence
(denoted by the asteriskl (< 0.05) between the values obtained F& and DMSO (negative control, used as
solvent for the compound).

F6 reduces MRSA burden in mouse skin wound infectio

Having determined that F6 was not toxic, an esthbli mouse skin wound infection mofet®
was used to assess tirevivo efficacy of F6. Mice were infected with MRSA USA300, the
predominant strain responsible f@raureus-based SSTIs in North America. After the formation
of an abscess, the wound was treated twice dailinfe days with eitheF6, fusidic acid, or the
vehicle (petroleum jelly) alone. It was observedtth6 (0.59-loge, 72.41% reduction) was as
effective as the control antibiotic fusidic acid. 10-log,, 77.91% reduction) in reducing the
burden of MRSA in the wounds of infected mice aftaty five days of treatmengigure 6).
The data garnered from the skin infection mouseehtdther confirms the potent antibacterial
effect of F6 against MRSA.

10
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Figure 6. Efficacy of F6 in anin vivo mouse skin wound infection model Average log, reduction in MRSA
USA300 CFU/mL in wounds of mice after five days ¢twoses per day) of treatment. A one-way ANOVA with
post-hoc Dunnet's multiple comparisons found dfia significance (***, P < 0.05) between mice treated with
fusidic acid and=6, compared to mice receiving the vehicle (petrol¢eliy) alone.

F6 analogs with potent antibacterial activity

With such impressive antibacterial properties, wenelered whether structural analogsFéf
could have better activity. We therefore synthesi2® compoundsHigure 7) by making
modifications to groups oR6 and evaluated their ability to inhibit the grovthS. aureus at 16
pag/mL (Figure 8). For compounds that showed activity agaifstaureus in the growth
inhibition assay, we proceeded to determine the [ig&ble 4). It was observed that installation
of a morpholine £6-1) instead of a piperidine or deletion of the suéfonde group K6-14)
abolished activity. Growth inhibition was not sifjcantly affected upon deletion of the
dimethyl-substitutions on the piperidinE6-16). However, from their MIC value$;6-15 was
not as active aB6. These suggested that the 4-((3,5-Dimethylpiperidyl)sulfonyl)benzamide
was relevant for activity. Deletion of the amidekiage between the benzene ring and the
oxadiazole ring resulted in compouR@-4, which was not active. Also, activity was lost whe
the oxygen in the oxadiazole ring was replaced With (F6-6), highlighting the importance of
the oxadiazole moiety. We also investigated the oitgmce of the thiophene ring for
antibacterial activity. Replacement of the thiopheimg with either a tetrahydrofuran or an acid
ester resulted in inactive compourfés-2 andF6-3 respectively. Interestingly, unliké6-2 and
F6-3, replacement of the thiophene ring with a chlosph, bromophenyl, methoxyphenyl, or
fluorophenyl resulted if6-5, F6-7, F6-12, and F6-18espectively, which were all found to be
inhibit the growth ofS. aureus. Impressively, the MIC of these compounds agdinsttested
bacterial pathogens ranged from 1 pg/mL to 4ug/idble 4).

11
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Figure 7. Structural analogs &6, synthesized in our laboratoy. Schematic representation of the synthesis of the
analogs studied. Conditions used: (i) MeLi, TH¥8 °C to rt, 14 h; (ii) EDC-HCI, DMAP, CKCl,, rt, 16 h; (iii) a)
T3P, CHCI; rt, 1h b) TEA, DMAP, rt, overnight; (iv) BOP reageDIPEA, DMF, rt, 16 hB. Structures of analogs
synthesized. Note: The starting matefal existed as 4 :tis to trans form. The product obtained &6-2 (cis :
trans =10 :1),F6-3(cis: trans= 4 :1),F6-4 (cis : trans = 20 :1),F6-5(cis: trans= 6 :1),F6-6 (cis : trans = 13 :1),
F6-7 (cis : trans = 6:1); F6-8 (cis : trans = 5 :1),F6-9 (cis : trans = 6 :1),F6-10(cis : trans = 4 :1),F6-11 (cis :
trans=6 :1),F6-12(cis:trans=6 :1),F6-13(cis:trans=4 :1)

Compared withF6, the MIC of F6-5 (Table 4) across the panel of bacterial pathogens tested
appeared to be slightly betteFaple 1). For example, the MIC df6-5 against MRSA was 1
pg/mL compared to the MIC obtained f66 (2 pg/mL). Furthermord:6-5 had an MIC of 2
pa/mL against VREH. faecalis) andL. monocytogenes, compared to the MIC d¥6 (4 ng/mL)
against these specific bacterial pathogens. Extytir=6-5 was more active against VRE.(
faecalis) than vancomycin.

Given the potency df6-5, we further evaluated the importance of the pigee moiety whiles
maintaining the other portions &6-5. Replacement of the piperidine ring with a pydoie
ring yielded compoundF6-16, with MIC values ranging from 8 pg/mL to 16 pg/mL.
Compounds with two alkyl groups on the nitrogentloé sulfonamide, such as the diethyl-
substituted=6-19 and dimethyl-substituteB6-20 could inhibitS aureus growth However, the
diethyl-substituted=6-19 had better MIC values (16 pg/mL to 32 pg/mL) thha dimethyl-
substituted=6-20 (32 pg/mL to 64 pg/mL). Similarly, analogs wittsjuone alkyl group on the
nitrogen of the sulfonamidd-6-17 andF6-18) were less active thaf6-5. These observations
further validate the importance of the dimethylstithted piperidine moiety for antibacterial
activity.
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Figure 8. Antibacterial activity of analogs of F6.Compounds were tested at 16 pug/mL for their akibtinhibit S.
aureus growth. The OD600 of compounds were normalizeithéd of the DMSO control.
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Table 4 MIC (ng/mL) of F6-5 and vancomycin against a panel of Gram-positivetdval

pathogens

Testagent S. aureus MRSA E. faecalis VRE (E. L.
ATCC ATCC ATCC29212 faecalis) monocytogenes
25923 33592 ATCC ATCC 19115

51575

F6-5 2 1 4 2 2

F6-7 2 4 4 4 4

F6-8 32 16 64 32 32

F6-9 16 8 32 16 8

F6-12 4 4 4 4 4

F6-13 4 4 4 4 4

F6-15 32 32 16 64 32

F6-16 16 8 16 16 16

F6-17 64 32 64 64 64

F6-18 16 16 32 16 16

F6-19 16 16 32 16 16

F6-20 64 32 64 64 64

Vancomycin 1 1 2 >128 1
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F6- cis
Figure 9. Structure of F6-cis(cis: trans= 30 :1).

Thus far theF6 compound that was initially used for screening vpaschased from Life
Chemicals Inc. (Ontario, Canada) as a predominaljsomer €is:itrans = 10:1). Analogs of
F6, which were synthesized in our lab were also pmedantly cis (ranging from 4:1 to 20:1
cistrans). To exclude the possibility that the observedbatterial activities of the compounds
were from the minor trans isomer and not ¢tieform, we desired to make at least one of the
active compoundsFg) with a higher cis/trans ratio than what we hataoted. To do this, we
synthesized an isomerically pureé8 shown in Figure 9, and obtain€é-cis (cis:itrans is 30:1)
(see supporting information)F6-cis was tested for antimicrobial activity and the M¥as
similar to that of the commercially available Fehieh had acis:itrans ratio of 10:1 (compare
Table 1 with Table S1, supporting information).

Conclusion

We have identified compourkeb as a potent antibacterial agent effective agamgortant drug-
resistant Gram-positive bacterial pathogens indgdiRSA, VRSA, VISA, and VRE. It was
observed thatF6 was not active against important Gram-negativetebat pathogens,
presumably due to it being a substrate for efflxcitingly, resistance was not observed when
MRSA was treated witlir6 compared to ciprofloxacim vitro. F6 was also activén vivo in
reducing the burden of MRSA in a skin wound infectmodel in mice. Other compounds like
F3, F4 and F5 were also potent. Through structural-activity tielasship (SAR) studies, the
relevance of various moieties k6 for antibacterial activity was established. Paracdly, the 4-
((3,5-Dimethylpiperidin-1-yl)sulfonyl)benzamide dimxadiazole amine moieties were required
for activity. From the SAR studie§6-5 emerged as a slightly more potent analog-®fwith
MIC values ranging from 1 pg/mL to 4 pg/mL.
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Highlights

» The antibacterial agent, F6 possesses potent activity against drug-resistant Gram-
positive pathogens.

*  MRSA could not develop resistance to F6.
» Bacteria burden in skin wound infection could be reduced by F6.



