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Graphical abstract

33
MIC = 3.9-250 pM

ﬁ Gram+ S. aureus, C. perfringens,

B. subtilis, E. faecalis, L. lactis, etc.

ﬁ Gram- only H. pylori and

V. alginolyticus

Abstract

A set of variously substituted aurones was syntieesiand evaluated against Methicillin-
ResistantS aureus (MRSA) andP. aeruginosa. Several analogues were found active against
MRSA, but no effect was recorded agaiRsteruginosa. Compound27, 30 and33 showed
low cytotoxicity, and were tested against a fuiga of bacterial (Gram-positive and Gram-
negative) and fungal species, including resisttmairs. These aurones displayed a selective
inhibition of Gram-positive bacteria with excellefiherapeutic Index values, while showing
no significant action on several Gram-negativeissraH. pylori andV. alginolyticus being

the only susceptible strains among the Gram-negdiacteria tested. A permeabilization
assay showed that the antibacterial activity déast some of the aurones could be linked to

alterations of the bacterial membrane. Overalls tiudy endorses the use of the aurone
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scaffold for the development of new potent anddsle antibacterial agents.
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1. Introduction

Flavonoids are a large and diverse class of napraducts, including widespread flavones,
chalcones, flavanones and derivatives, which pexviodromising antibacterial activities in the
past decades [1]. Among flavonoids, aurones comstda minor subclass occurring in a very
limited number of advanced plant species, wherg i@y a variety of roles, such as flower
pigments, nectar guides or antioxidants [2], wHiking increasingly studied in medicinal
chemistry contexts [3,4]. Among the hundred-pluknaevliedged natural derivatives of this
molecular subclass, three particular compounddjaleperone, hispidol and hispidol-@--
D-glucoside (Figure 1), have been identified as @algxins, produced by the taxa
Cephalocereus senilis [5,6] andMedicago truncatula [7] in response to elicitation. In the first
case, cephalocerone has been found to inhibit theitly of Erwinia cacticida, a Gram-
negative plant pathogenic bacteria responsibledarmon cactus rot infections. In the second
case, hispidol and its glucoside derivative showagnificant inhibition of Phoma
medicaginis, a fungal pathogen causing spring black stem anél §pot disease in several
Fabaceae species. Based on these natural antimicqmioperties, and since the related
medicinal chemistry works reported so far mainlgused on heavy modifications of the
aurone scaffold itselfe(g. prenylated aurones and corresponding cyclizedognak [8], 5-
nitrofuran and 5-nitroimidazole aurones [9,10], réeene-based derivatives [11], 2,2-

bisaminomethyl analogues [12], fused aurone—chromes and aurone—quinolones [13,14],



see Figure 1), we thought that further exploring thversity of aurone substituents could

provide more active compounds against a broadetrsjme of pathogens.

Indeed there is still a crucial need for novel mitrobial agents, as the emergence of drug-
resistant bacteria is progressively dismissing esurrstandard antibiotics, leading to an
elevating mortality rate of infectious diseases.thitsllin-resistant Saphylococcus aureus
(MRSA) is of particular concern, as it was recerghtimated that80 000 individuals are
inflected in the United States annually, witti1 000 deaths, making this strain the most
deadly antibiotic-resistant bacteria [15]. Moregvseveral other Gram positive and Gram
negative pathogens have become resistant at aswmei level, such aPseudomonas
aeruginosa, Acinetobacter baumannii, Klebsiella pneumoniae or Enterococcus species. In this
context, nature’s strategies for fighting microbiavasions could be a valuable source of
inspiration for discovering new therapeutic optioe thus proposed to synthesize a series
of aurones, variously substituted at positions,4,,&’, 3’, 4’, 5’ and/or 6’ (Figure 1), and to

engage them in antimicrobial and cytotoxicity assay
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Figure 1. Structure of the aurone scaffold, natural antiotcal aurones, and examples of synthetic,

heavily modified analogues.

2. Chemistry

The aurone derivatives were prepared starting fiubstituted benzofuran-3f2-ones,
through an aldol condensation with various benzajde derivatives, either in basic or acidic
conditions, depending of the substitution pattefntte compounds (Scheme 1). While
methoxy- and polymethoxyaurones were obtained rithe reaction with KOH/HO in

MeOH at room temperature or by neutrab@d-mediated condensation, the hydroxy and



polyhydroxy counterparts needed stronger baseeidrraediated conditions, or an additional

deprotection step from the methoxy analogues woetlo tribromide in dichloromethane [16].

Scheme 1General pathways for the synthesis of aurone divizs. Reagents and conditions: (a)
KOH/H,0, MeOH or EtOH, 25-80 °C, 5 min to 18 h; (b)y®4, CH,Cl,, 25 °C, 18 h; (c) BBy

CH.CI;, rt, 24—-72 h.

All these methods required the prior synthesis afious benzofuran-3t®-ones, as only
benzofuran-3(&)-one, 6-hydroxybenzofuran-3@-one and 7-methoxybenzofuran-B(2
one were commercially available (Scheme 2). Comgo@nwas obtained from the
corresponding diacetoxyacetophenone, afted-taromination / deprotection / cyclization
sequence. The 4,6-dihydroxy analogRewas prepared from phloroglucinol, through a
Houben-Hoesch reaction using chloroacetonitrile znd chloride in HCI / BO, followed by
one-pot hydrolysis and cyclization in refluxed@ The methoxy derivative3 and4 were
synthesized from the corresponding hydroxy analsgusing MeSO, as the methyl donor

agent.
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Scheme 2Synthesis of benzofuran-3{2-one derivatived—4. Reagents and conditions: (a)
trimethylphenylammonium tribromide, THF, rt, 6 b) KOH/H,O, MeOH, 65 °C, 3 h; (c) CICIEN,
HCI, ZnClL, EtO, 0 °C, 3 h; (d) HCI, kD, 100 °C, 1 h; (e) M&0O,, K,CO;,, dimethoxyethane, 80 °C,

3 h; (f) M&SQ,, K,CO;, acetone, rt, 4 h.

3. Results & discussion

Antimicrobial activity of the aurone derivatives svéirst tested using MRSA (Methicillin-
Resistant S aureus, Gram positive) andP. aeruginosa (Gram negative) with the
determination of MIC values as detailed in the Expental section. Bacteria were exposed
to increasing concentrations of compour®s8 (from 0 to 500 pM) and MICs were
determined as the lowest concentration of the nubdeable to prevent bacterial growth
(Table 1). On the 34 derivatives tested, 15 wetmdoactive i(e. compounds8-10, 15, 16,
23-25, 27-33) against MRSA (MIGrsa <250 uM) but not again®. aeruginosa, suggesting

a specific activity against Gram positive bacteriche determination of the Minimal
Bactericidal Concentration (MBC) on MRSA showedtttoa all active derivatives, MBC and
MIC were similar, suggesting a bactericidal meckanof action as previously demonstrated

for other aurones (data not shown) [11].



Table 1. Structure and antibacterial activity of auroneidgives against MRSA (MlGgrsa) andP.

aeruginosa (MICpa). >500 uM indicates that MIC is higher than thghist dose testedd 500 puM).

MIC vrsa MICpa

cd R R° R’ R? R® R R® R° (M) my
5 H H H H H H H H >500 >500
6 H H H H H OH H H >500 >500
7 OH H H H H H H H >500 >500
8 OH H H H H OH H H 125-250 >500
9 OH H H H OH OH H H 125-250 >500
10 OH H H H H Et H H 62.5-125 >500
11 OH H H H H i-Pr H H >500 >500
12 OH H H H H n-Bu H H >500 >500
13 OH H H H H t-Bu H H >500 >500
14 OH H H Me H Me H H >500 >500
15 OH H H OMe H H H OMe 250 >500
16 OH H H OMe H OMe H OMe 250 >500
17 OH H H H H N-MePpz H H >500 >500
18 H OH H H H OH H H >500 >500
19 H OH H H OH H H H >500 >500
20 H OH H OH H H H H >500 >500
21 H OH H H H N-MePpz H H >500 >500
22 H H OH H H H H H >500 >500
23 H H OH H OH OH H H 125-250 >500
24 H H OH OH OH H H H 250 >500
25 H H OH H OH OH OH H 125-250 >500
26 H H OH H H CQH H H >500 >500
27 OH OH H H H H H H 15.6-31.25 >500
28 OH OH H H H OH H H 62.5-125 >500
29 OH OH H H OH H H H 125-250 >500
30 OH OH H H H F H H 7.8-15.6 >500
31 OH OH H H H n-Bu H H 15.6-31.25 >500
32 OH OH H H H c-Hex H H 7.8 >500
33 OH OH H H OMe OBn H H 15.6 >500
34 H OMe H H OMe OMe H H >500 >500
35 OMe OMe H OH H H H H >500 >500
36 OMe OMe H Me H Me H H >500 >500
37 OMe OMe H H H n-Bu H H >500 >500
38 OMe OMe H OMe H OMe H H >500 >500




The five most active derivativesd compound27 and30-33 with MICg, = 7.8-31.25 uM)
were selected for further evaluation. Their innbcwas evaluated using normal human cells
as explained in the Experimental section. The fieeivatives displayed a dose-dependent
reduction of human cell viability after 48 h of imation (Supporting Information). Results
showed that 16 (the inhibitory concentrations reducing 50% of tedl viability) values for
BEAS-2B and IMR-90 cells were similar for each dative (Table 2). Compounds7, 30
and 33 were found as the least toxic onessfl€ 191-623 uM) whereas compourisand

32, bearing alkyl groups at position 4’, showed mapacity (ICso = 31-87 uM).

Table 2. Evaluation of the toxicity of selected aurone datives against normal human cells {JC

values).Human normal lung epithelial (BEAS-2B) and fibratilddMR-90) were tested.

Compounds 27 (UM) 30(uM) 31(uM) 32(uM) 33(uM)
BEAS-2B 280 £ 50 590 + 90 90+ 20 33+8 190 + 30
IMR-90 250+ 50 620 + 90 80 + 20 31+6 340+ 70

The spectrum of antimicrobial activity of the thmaest active and least toxic derivatives.(
compound<27, 30, 33) was further tested using a larger panel of miganisms (Table 3).
Results showed that compour2ig 30 and 33 were active against all tested Gram positive
bacteria, however with differences in terms of genty. Thus, compound27 was more
active againsC. perfringens whereas compour8B was found more active dB subtilis. On
the other handE. faecalis was more sensitive to compour2ld and 33 than compoundo0,
whereas Methicillin-resistars. aureus, P. acnes, L. lactis or A. gandavensis gave similar
sensitivity for the three compounds. CompouBds30 and 33 were found inactive against
most of the Gram negative strains tested, exé¢€ppylori that was found sensitive to
compound®7 and33 andV. alginolyticus that was found sensitive to compoura¥s 30 and
33. No activity was detected againgt smegmatis. In order to extend our investigation to
other infectious pathogens, we evaluated theifiargal activity on various unicellular and

9



filamentous fungi causing infection in animals, faums or plants. Compour¥ was found
active againsA. niger andF. graminearum. Compound33 was only found active againSt
albicans whereas compoun0 was found inactive in all anti-fungal assays. The
determination of MBC values demonstrated that titaracrobial effect of compounda?, 30
and33 was due to a bactericidal action since their MBI@ MIC values were identical (data

not shown).

Table 3. Spectrum of activity of the most active auroneva@gives27, 30 and33 on various selected

microorganisms (MIC values). >500 puM indicates &€ is higher than the highest dose tesiea (

500 pMm).

Compounds 27 (LM) 30 (UM) 33(uM)
A. gandavensis 31.25 15.6 31.25
B. subtilis 62.5-125 62.5 7.8
B. subtilis (Nisin-resistant) 31.25 31.25 3.9
C. botulinum 500 500 62.5
C. coccoides 500 >500 250

Gram positive  C. difficile 62.5 62.5 31.25

bacteria C. perfringens 7.8 31.25-62.5 31.25-62.5
E. faecalis 15.6 125-250 15.6-31.25
L. lactis 15.6 15.6 31.25
P. acnes 31.25 31.25 31.25
S aureus MRSA 15.6-31.25 7.8-15.6 15.6
S thermophilus 31.25 31.25 125
A. baumannii >500 >500 >500
A. baumannii MRS >500 >500 >500
B. thetai oataomicron >500 >500 >500
C. farmer >500 >500 >500
C. rodentium >500 >500 >500

Gram negative ~ E. coli >500 >500 >500

bacteria E. coli MRS >500 >500 >500
E. coli EHEC K88 >500 >500 >500
H. pylori 15.6 >500 15.6
K. pneumoniae >500 >500 >500
K. variicola >500 >500 >500
S enterica >500 >500 >500

10



S flexneri >500 >500 >500

V. alginolyticus 31.25 125 3.9
V. diabolicus >500 >500 >500
Mycobacterium M. smegmatis >500 >500 >500
A. flavus >500 >500 >500
A. ochraceus >500 >500 >500
A. niger 62.5 >500 >500
C. albicans >500 >500 125
Fungi F. graminearum 31.25 >500 500
F. oxysporum >500 >500 >500
F. verticillioides >500 >500 >500
P. verrucosum >500 >500 >500
S chartarum >500 >500 >500

Finally, the Therapeutic Index (T.I) of compoundg, 30 and 33 was determined by
comparing their antimicrobial and cytotoxic doséeefs. The T.l was determined by dividing
the G value found with one compound on the more semsiiormal human cells by the
MIC value found with the same compound on the nsemsitive microorganism. Using this
equation, T.Is of compound®, 30 and33 were found equal to 32, 76 and 49, respectively

(Figure 2).

11
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Figure 2. Evaluation of the Therapeutic Index (T.I) of corapds27 (A), 30 (B) and33 (C). T.l was

calculated by dividing 16 values obtained from cytotoxicity curves (closédles) by MIC values
obtained from antimicrobial curves (open squareaja used were: (a) for compoud(A): MIC on
C. perfringens and 1G, on IMR90 cells, (b) for compourD (B): MIC on MRSA and IG, on BEAS-

2B cells and (c) for compour@8 (C): MIC onB. subtilisand IG, on BEAS-2B cells.

Overall, if some 4-hydroxy810, 15, 16) and 7-hydroxyaurone28-25) showed residual
activity, the five most active compounds against3ARwere all 4,6-dihydroxyaurone27%,

30-33), while strongly varying in terms of B-ring suliation. Such a substitution pattern at

12



the A-ring appeared as a crucial feature, since elasely related analogues were completely
inactive. As an illustrative example, compousitlshowed a MIGgrsa value of 15.6-31.25
UM, versus the 6-deoxy analoguE2 and the dimethoxy counterp& having MIGyrsa >500
UM. The same trend was recorded when comparing cong27 with analogue$ and7
(MICyrsa = 15.6-31.25 pM versus >500 pM, respectively). sTie reminiscent of
antibacterial activities measured from other ndtawad synthetic flavonoids, which often
share the same resorcinol-type hydroxylation patéthe A-ring [1]. However in some cases
the aurone scaffold afforded better results. F@angple, compoun@7 yielded a MIGyrsa
value of 15.6-31.25 uM, while the analogous cha¢diavone and flavanone (respectively
2',4’-dihydroxychalcone, chrysin and pinocembriner® reported earlier as far weaker
inhibitors (MIGursa = 131, 407 and 488 uM, respectively) [17]. In &@iddi as direct B-
hydroxylated analogueZ8 and29 did not share the potency 87 and30-33, a hydrophobic
environment could be mandatory at the B-ring facteng decent antibacterial activity, an
interesting observation that runs contrary to presiglobal structure-relationship studies
regarding flavonoids, which highlighted a benefic&ifect of OH groups at B-rings of
chalcones, flavonols or flavanols [1]. In termsgtdbal Gram positive antibacterial potency,
aurones27 and 33 share similar MIC values with isolupalbigenin @rochalcone A, which
were ranked among the most potent antibacterialoflaids [18]. Finally, none of the
evaluated molecules were inhibitors of Gram negattrains growth (with the notable
exceptions ofH. pylori and V. alginolyticus), indicating a good selectivity towards Gram
positive strains. Again, this finding seems suipgsas overall reported flavonoid derivatives
often showed similar activities against Gram pusitand Gram negative strainag the

flavonol and flavanols analoguesi, i.e. galangin or pinocembrin) [19].

To date, the mechanism of action of aurones antvatees described as antimicrobial is

uncharacterized. Classically, antibiotics act eittirough an inhibition of macromolecules

13



biosynthesis and/or through pore-forming activijore specifically, flavonoids were often
associated with the targeting of cytoplasmic meméranucleic acid synthesis, and energy
metabolism of bacteria [18]. Thus, both three higpees constitute plausible mechanisms of
action for aurones. The fact that MIC and MBC valuwé compound£7, 30 and 33 were
similar suggests that they possess bacteriolytitvigg potentially through pore-forming
effect. Thus, the influence of compoun®g 30 and 33 on membrane permeability was
evaluated orC. perfringens, since it was found as one of the most sensitatdria in the
antimicrobial assay (Table 3). Membrane integritgswmeasured using propidium iodide
assay, as documented in the Experimental sectigguré- 3). Results showed that only
compound33 caused a partial permeabilization of the bactenembrane (around 30% after
240 min), whereas compoun#g and30 did not affect membrane integrity, suggesting ¢hes

two compounds have target(s) distinct from the dr@atmembrane.
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Figure 3. Evaluation of the impact of compoun2ig 30 or 33 on the membrane integrity Gf
perfringens. C. perfringens were exposed to compoun2g 30 or 33 or positive control of membrane
permeabilization (CTAB or Nisin) in the presencedlwd cell-impermeable DNA probe propidium
iodide. Fluorescent signal (excitation at 530 nm emission at 590 nm) corresponding to membrane
permeabilization and propidium iodide cell entryswaeasured over 240 min at 37 °C in anaerobic

condition. Results corresponding to means + SD 8y were fitted using Graph Pad Prism software.
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4. Conclusion

In conclusion, we synthesized 34 compounds thraugistitution of the naturally occurring
aurone scaffoldAmong thederivativespossessing preliminamntimicrobial activity, mainly
directed against Gram-positive bacteridjree compounds were selected based on
innocuousness assayEhese molecules shared structural similarityhsag a 4,6-dihydroxy
substitution pattern. Interestingly, althoudley were active against a large number of Gram-
positive bacteriapossibly through alterations of the bacterial meanbr (as suggested by
preliminary membrane permeabilization assayajo of them 27 and 33) showed an
unexpected potency against Gram-negative humangetisH. pylori andV. alginolyticus. It

is worth noting that the aurone scaffold itself isethe activity herein, unlike some reported
derivatives incorporating already known antibaeternoieties embedded on auronesy.(
ferrocene, nitroimidazole, nitrofuran) [9-11]. Iddition, far better T.Is were obtained (T.I =
32-76 for27, 30 and 33), as those from the literature were crippled bylateral high
cytotoxicity valuesé.g. T.I < 0.72 for ferrocene-substituted aurones) [11,13keh together,
our results demonstrate that the aurone scaffaédlfitis a well-suited platform for
antibacterial agents design, and that diversifyirgsubstitution pattern could be an efficient

way to produce new antibiotics active against pgeimic bacteria and safe for human cells.

5. Experimental
5.1. Chemistry

'H and™*C NMR spectra were recorded on an AC-400 instrur(@niker, 400 MHz for'H,

100 MHz for3C). Chemical shifts are reported in ppm relativehe solvent in which the

15



spectrum was recordedH; ¢ (ds-DMSO) = 2.50 ppmg (CDCk) = 7.27 ppm;**C: 6 (ds-
DMSO) = 39.52 ppm¢ (CDCk) = 77.16 ppm]. Electrospray ionization (ESI) higisolution
mass spectra were acquired at the ICMG PSM Platimmna LTQ Orbitrap XL Thermo
Scientific instrument. Combustion analyses werdgpered at the analysis facilities of DCM;
all compounds had purity higher than 95%. IR sgewtere recorded with a Perkin Elmer
Spectrum Two FT-IR spectrometer using an ATR uilic& gel F-254 plates (0.25 mm;
Merck) were used for thin-layer chromatography ()L&nd silica gel 60 (200-400 mesh;
Merck) was used for flash chromatography. Unleb&mtise stated, reagents were obtained
from commercial sources and were used without éurgburification. The synthesis and
characterization of compounds3, 6-20, 22, 24-32 and35-37 have already been reported

elsewhere [16,20-23].

5.1.1. 6-Methoxybenzofuran-3(2H)-one (4)
To a suspension of 6-hydroxybenzofurankne (1.00 g, 6.66 mmol) in acetone (5 mL)
were added BCO; (1.38 g, 9.99 mmol) and M8O, (690 pL, 7.28 mmol), and the mixture
was stirred at room temperature for 4 h. Solvergseewemoved under reduced pressue€) H
was added, and the mixture was extracted with@H The combined organic layers were
washed with HO and brine, dried over MgSQfiltered, and the filtrate was concentrated
under reduced pressure. The residue was washedolitiMeOH, filtered and dried to afford
4 (735 mg, 68%) as a pale yellow softtl. NMR (CDChk) 6 7.47 (d, 1H,J = 8.5 Hz), 6.57 (d,
J = 8.5 Hz), 6.47 (s, 1H), 4.55 (s, 2H), 3.81 (s).3fC NMR (CDCk) § 197.5, 176.5, 168.2,
125.0, 114.3, 111.7, 96.3, 75.5, 55.9.

5.1.2. (Z)-2-Benzylidenebenzofuran-3(2H)-one (5)
To a solution of benzofuran-3R-one (300 mg, 2.24 mmol) in anhydrous £H# (25 mL)
was added benzaldehyde (0.272 mL, 2.69 mmol) ap@:AB.0 g), and the suspension was

stirred at room temperature for 18 hours. The seld removed by filtration, and the filtrate

16



was concentrated under reduced pressure. The eegids washed with MeOH, filtered and
dried to afford 5 (231 mg, 47%) as a pale yellolidsdH NMR (CDCk) 6 7.94 (m, 2H), 7.83
(m, 1H), 7.67 (ddd, 1H); = 8.6 Hz,J, = 7.3 Hz,Js = 1.4 Hz), 7.45 (m, 3H), 7.34 (d, 1Bi=
8.3 Hz), 7.23 (m, 1H), 6.91 (s, 1HJC NMR (CDCE) ¢ 185.0, 166.3, 147.0, 137.1, 132.4,
131.7, 130.0, 129.0, 124.8, 123.6, 121.8, 113.3,11R (ATR)» 1712, 1596, 1475, 1459,
1299, 1091, 1024, 857, 754, 697, 554 crhiRMS (ESI) calc. for GH110, [M + H]*
223.0754, found 223.0748.

5.1.3. (Z2)-2-(4-(4-Methyl piperazin-1-yl)benzylidene)-6-hydr oxybenzofuran-3(2H)-one
(21)
To a solution of 6-hydroxybenzofuran-8{one (73 mg, 0.49 mmol) in MeOH (10 mL)
were added an aqueous solution of KOH (50%, 0.79 amid 4-(4-methylpiperazin-1-
yl)benzaldehyde (100 mg, 0.49 mmol), and the metwas refluxed for 3 hours. After
cooling, solvents were removed under reduced pressiien the residue was diluted with
H,O and an aqueous solution of HCI (1 N) was addeatljost the pH to 6—7. The resulting
precipitate was filtered, washed with,@tand dried to afford the hydrochloride salt2if
(182 mg, 100%) as an orange sofid. NMR (d-DMSO) 6 11.23 (s, 1H), 10.95 (br s, 1H,
NH"), 7.86 (d, 2H,J = 8.4 Hz), 7.60 (d, 1H] = 8.4 Hz), 7.11 (d, 2H] = 8.4 Hz), 6.77 (m,
3H), 4.02 (m, 2H), 3.46 (m, 2H), 3.25 (m, 4H), 281 3H)."*C NMR (ds-DMSO) 5 181.1,
167.4, 166.3, 150.1, 146.0, 132.7, 125.7, 122.8,2011113.2, 112.9, 111.2, 98.6, 51.8, 44.3,
41.9. IR (ATR)o 3368 (br), 1603, 1568, 1517, 1456, 1393, 1341312952, 1144, 1123,
922, 818, 804, 770, 701, 665, 612, 550, 505.cHIRMS (ESI) calc. for GH2.0sN, [M +
H]* 337.1547, found 337.1540.

5.1.4. (Z2)-2-(3,4-Dihydroxybenzylidene)-7-hydr oxybenzofuran-3(2H)-one (23)
To a solution of 7-methoxybenzofuran-B{2one (150 mg, 0.914 mmol) in anhydrous

CH.Cl, (25 mL) was added 3,4-dimethoxybenzaldehyde (1831110 mmol) and AD; (3.4
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g), and the suspension was stirred at room temyperédr 2 hours. The solid was removed by
filtration, and the filtrate was concentrated undetuced pressure. The residue was washed
with  MeOH, filtered and dried to afford Z)-2-(3,4-dimethoxybenzylidene)-7-
methoxybenzofuran-3&)-one (113 mg, 40%) as a yellow soltett NMR (CDCh) 6 7.64 (d,
1H,J = 2.0 Hz), 7.52 (dd, 1H); = 8.4 Hz,J, = 2.0 Hz), 7.40 (dd, 1H)}; = 6.8 Hz,J, = 2.0
Hz), 7.16 (m, 2H), 6.97 (d, 1H,= 8.4 Hz), 6.91 (s, 1H), 4.03 (s, 3H), 4.00 (s,),38196 (s,
3H). *C NMR (CDCk) 6 184.7, 155.7, 151.1, 149.3, 146.2, 146.1, 12®83,5, 123.9, 123.5,
118.7, 116.1, 114.3, 114.0, 111.4, 56.7, 56.1, .56 a solution of Z)-2-(3,4-
dimethoxybenzylidene)-7-methoxybenzofurani)-dne (100 mg, 0.320 mmol) in
anhydrous CkCl; (20 mL) was added BB1(0.618 mL, 6.40 mmol) at O °C, and the mixture
was stirred at room temperature for 3.5 hours. G0 was then added, and the resulting
mixture was extracted with AcOEt. The combined aigdayers were washed with,@& and
brine, dried over MgS§) filtered, and the filtrate was concentrated uneeluced pressure.
The residue was purified by flash chromatographysitioa gel (eluent AcOEt/cyclohexane)
to afford23 (60 mg, 69%) as a red solitH NMR (ds-DMSO) 5 10.51 (br s, 1H), 9.81 (br s,
1H), 9.33 (br s, 1H), 7.48 (d, 1Hd,= 2.1 Hz), 7.39 (dd, 1H}, = 8.3 Hz,J, = 2.1 Hz), 7.22
(dd, 1H,3; = 7.7 Hz,J, = 1.2 Hz), 7.18 (dd, 1H}; = 7.7 Hz,J, = 1.2 Hz), 7.09 (t, 1H) = 7.7
Hz), 6.87 (d, 1HJ = 8.3 Hz), 6.78 (s, 1H):*C NMR (d-DMSO) ¢ 183.6, 153.9, 148.6,
145.6, 144.8, 143.6, 125.2, 124.2, 123.3, 122.2,81218.6, 116.1, 114.0, 113.8. IR (ATR)
3382 (br), 3167 (br), 1644, 1579, 1506, 1289, 12a%8, 1137, 1057, 1024, 909, 862, 791,
746, 732, 691, 620, 573, 557, 524'trhIRMS (ESI) calc. for GH110s [M + H]* 271.0601,
found 271.0601.

5.1.5. (Z)-2-(4-Benzyl oxy-3-methoxybenzylidene)-4,6-dihydr oxybenzofuran-3(2H)-one

(33)
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To a solution of 4,6-dihydroxybenzofuran-B{2one (100 mg, 0.602 mmol) in EtOH (2 mL)
were added an aqueous solution of KOH (50%, 3 milgd ad-benzyloxy-3-
methoxybenzaldehyde (3 mL), and the mixture watuxefl for 2 hours. After cooling,
solvents were removed under reduced pressurethieemsidue was diluted with,8 and an
aqueous solution of HCI (1 N) was added to adjustgH to 2—3. The resulting mixture was
extracted three times with AcCOEt. The combined nig#ayers were washed with,@8 and
brine, dried over MgS§) filtered, and the filtrate was concentrated uneeluced pressure.
The residue was recrystallized from MeOH to aff88(150 mg, 64%) as a yellow solitH
NMR (ds-DMS0) § 10.92 (s, 1H), 10.85 (s, 1H), 7.32—7.54 (m, 7H}47d, 1H,J = 8.5 Hz),
6.59 (s, 1H), 6.23 (d, 1H,= 1.7 Hz), 6.08 (d, 1H] = 1.7 Hz), 5.15 (s, 2H), 3.83 (s, 3HjC
NMR (de-DMSO) ¢ 179.0, 167.6, 167.1, 158.2, 149.0, 148.8, 1463%.7, 128.4, 128.0,
127.9, 125.3, 124.3, 114.2, 113.5, 108.8, 102.77,%0.6, 69.8, 55.5. IR (ATR) 3541 (br),
3059 (br), 1603, 1586, 1509, 1456, 1272, 1243, 12345, 1075, 1003, 885, 818, 741, 697,
679, 635, 626, 562, 541, 519 ¢nHRMS (ESI) calc. for @H;40s [M + H]* 391.1176, found
391.1172.

5.1.6. (2)-2-(3,4-Dimethoxybenzylidene)-6-methoxybenzofuran-3(2H)-one (34)
To a solution of 6-methoxybenzofuran-B(2one (58 mg, 0.354 mmol) in MeOH (5 mL)
were added an aqueous solution of KOH (50%, 0.3pand 3,4-dimethoxybenzaldehyde (59
mg, 0.354 mmol), and the mixture was stirred atrrdemperature for 2 hours. The solid was
then filtered, washed with cold MeOH and dried. Thede product was recrystallized from
MeOH to afford34 (25 mg, 23%) as a yellow solitH NMR (CDCk) 6 7.72 (d, 1HJ = 8.3
Hz), 7.51 (d, 1HJ = 1.9 Hz), 7.48 (dd, 1H); = 8.3 Hz,J, = 1.9 Hz), 6.94 (d, 1H] = 8.3 Hz),
6.80 (s, 1H), 6.77 (dd, 1H; = 8.3 Hz,J, = 2.1 Hz), 6.76 (s, 1H), 3.99 (s, 3H), 3.95 (s),3H
3.94 (s, 3H).**C NMR (CDCk) 5 183.0, 168.4, 167.4, 150.8, 149.2, 147.0, 126259

125.6, 115.3, 113.9, 112.6, 112.2, 111.4, 96.8,5%.2, 56.2. IR (ATR) 1596, 1516, 1442,
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1424, 1292, 1283, 1261, 1169, 1145, 1122, 10913,10415, 949, 896, 862, 835, 816, 771,
700 cm*. HRMS (ESI) calc. for gH;705 [M + H]" 313.1071, found 313.1065.

5.1.7. (2)-2-(2,4-Dimethoxybenzylidene)-4,6-dimethoxybenzofuran-3(2H)-one (38)
To a solution of 4,6-dimethoxybenzofuran-Bf2one (245 mg, 2.06 mmol) in MeOH (30
mL) were added an aqueous solution of KOH (50%,.2 amd 2,4-dimethoxybenzaldehyde
(315 mg, 3.09 mmol), and the mixture was stirretbatn temperature for 2 hours. The solid
was then filtered, washed with cold MeOH and dri€de crude product was recrystallized
from MeOH to afford38 (394 mg, 91%) as a pale yellow soltét NMR (CDCk) 6 8.19 (d,
1H,J = 8.7 Hz), 7.27 (s, 1H), 6.57 (dd, 1Hz= 8.7 Hz,J = 2.3 Hz), 6.45 (d, 1H] = 2.3 Hz),
6.36 (d, 1HJ = 1.7 Hz), 6.11 (d, 1H] = 1.7 Hz), 3.94 (s, 3H), 3.90 (s, 3H), 3.87 (s),3%186
(s, 3H).**C NMR (CDCk) 6 180.6, 168.5, 168.4, 162.2, 160.1, 159.2, 14632,8, 114.6,
105.6, 105.5, 105.3, 97.9, 93.7, 89.0, 56.1, 58505, 55.4. IR (ATRp 1591, 1566, 1426,
1318, 1240, 1208, 1157, 1088, 1042, 1030, 945, 888, 845, 806, 783, 696, 675, 550, 507

cmt. HRMS (ESI) calc. for @H1006 [M + H]" 343.1176, found 343.1170.

5.2. Biology

5.2.1. Microorganism strains and growth conditions
Bacterial strains used in this study were referesica@ns and were obtained from either the
American Type Culture Collection (ATCC), the Germiagibniz Institute(DSMZ) or the
French Pasteur Institute (CIP). Gram negative biattstrains used wereAcinetobacter
baumannii (CIP 110431), Acinetobacter baumannii multi resistant strain (MRS) (CIP
110431),Bacteroides thetaioataomicron (DSM 2255), Citrobacter farmeri (ATCC 51631),
Citrobacter rodentium (ATCC 51116) Escherichia coli (ATCC 8739),Escherichia coli multi
resistant strain (MRS) (DSM 22314), Enterohemorih&g coli -EHEC (K88),Helicobacter
pylori (ATCC 43504),Klebsiella pneumoniae (DSM 26371),Klebsiella variicola (DSM

15968), Pseudomonas aeruginosa (CIP 107398),Salmonella enterica (CIP 80.39),Shigella
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flexneri (ATCC 12022),Vibrio alginolyticus (DSM 2171),Vibrio diabolicus (generous gift
from Dr Aurélie Tasiemski from EEP UMR 8198). Grawositive bacterial strains used were:
Arthrobacter gandavensis (DSM 2446), Bacillus subtilis (ATCC 6633), Nisin-resistanB.
subtilis (DSM 347), Clostridium botulinum (DSM 1985), Clostridium coccoides (DSMZ
935), Clostridium difficile (DSMZ 1296), Clostridium perfringens (ATCC 13124),
Enterococcus faecalis (DSM 13591) L actococcus lactis (MG1363),Propionibacterium acnes
(ATCC 6919), Streptococcus thermophilus (LMD-9), and Methicillin Resistan&. aureus
strain MRSA USA300 (ATCC BAA-1717 USA 300 CA-MRSA)n addition to Gram
negative and Gram positive straiiycobacterium smegmatis (mc2155, ATCC 700084) was
also used as model of Mycobacterium species. Baatare cultured as previously described
[24-26]. Briefly, all bacterial strains (excef. thetaioataomicron, C. botulinum, C.
coccoides, C. difficile, C. perfringens, E. faecalis, P. acnes, M. smegmatis and S
thermophilus) were grown on Luria Bertani (LB) agar plates and_B broth at 37 °C in
aerobic condition.M. smegmatis was cultured in Middlebrook 7H10 agar plate and
Middlebrook 7H10 broth at 37 °C in aerobic conditi®. thetaioataomicron, C. botulinum,

C. coccoides, C. difficile, C. perfringens, E. faecalis, P. acnes, M. smegmatis and S
thermophilus were cultured in Brain Heart Infusion (BHI) agalates and BHI broth
supplemented or not with fetal calf serum (10%)3@t°C in an anaerobic cabinet (Coy
Laboratory Products, Grass Lake, MI). Fungi usedhis study wereAspergillus flavus
(DSMZ 1959),A. niger (ATCC 9142),A. ochraceus (DSMZ 824),Candida albicans (DSM
10697), Fusarium graminearum (DSMZ 1095), F. oxysporum (DSMZ 62316),
F. verticillioides (DSMZ 62264), Penicillium verrucosum (DSMZ 12639), Sachybotrys
chartarum (DSMZ 2144).C. albicans was grown on LB agar plates and in liquid RMPI

medium (buffered with MOPS of final concentratiod® M for pH 7.0 from Thermofisher).
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All other fungal strains were grown on Potatoes tese agar and RMPI medium at room

temperature for 2 to 5 days.

5.2.2. Antimicrobial activity assay
Antimicrobial activity of aurone derivatives wasadwated using determination of the minimal
inhibitory concentration (MIC) using two-fold selridilutions of antimicrobial peptides in
bacterial liquid media following the National Conttae of Clinical Laboratory Standards
(NCCLS, 1997) as previously described [24-26]. Byjesingle colonies of the different
bacterial strains cultured on specific agar platese used to inoculate 3 mL of Mueller-
Hinton (MH) broth for all species except fd@. thetaioataomicron, C. botulinum, C.
coccoides, C. difficile, C. perfringens, E. faecalis, P. acnes and S thermophilus that were
cultured in 3 mL of BHI oM. smegmatis that was cultured in 3 mL of Middlebrook 7H10
broth. Tubes were then incubated overnight (foreximately 16 h) at 37 °C under stirring
(200 rpm). The next day, optical density (OD) of thacterial suspensions were read at 600
nm, adjusted to 1 with medium before bacteria veiited 1/100 in 3 mL of fresh medium
and incubated at 37°C, 200 rpm until bacteria reddbg phase growth (QBnmaround 0.6).
Stock solutions of aurone derivatives at 200 mMewprepared in DMSO. Bacteria were
diluted in medium to reach bacterial density aroddbacteria / mL. 10Q.L per well of
bacterial suspension were then added into stevigpppylene 96 well microplates (Greiner
BioOne) already containing 100 pL of medium witlergasing concentrations of aurone
derivatives obtained by serial dilution (from 0860 puM, 1:2 dilution). Volume of DMSO
corresponding to the highest dose of aurone deresttested (0.2 % DMSO final
concentration) was used as negative control andfevasl inactive. Plates were incubated at
37 °C for 18-24 h for all bacteria except perfringens and M. smegmatis that where
incubated for 24 and 72 hours respectively. Alltbdal strains were tested in aerobic

conditions exceptB. thetaioataomicron, C. botulinum, C. coccoides, C. difficile, C.
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perfringens, P. acnes, M. smegmatis and S thermophilus that were tested at 37 °C in an
anaerobic cabinet (Coy Laboratory Products, Grad®] MI).H. pylori andE. faecalis were
tested in anaerobic conditions generated usingor@naerobic BD GasPack system. Eor
albicans, plates were incubated at 35 °C during 24 hourf®rbereading.A. flavus, A.
ochraceus, F. graminearum, F. oxysporum, F. verticillioides, P. verrucosum andS. chartarum
plates were incubated at room temperature for 3 ttays before reading. Finally, féx
niger, plates were incubated at 35 °C during 48 houfsrbereading. At the end of the
incubation, ORyonmWas measured using microplate reader (SynergyBibtek). The MIC
was defined as the lowest concentration of drugittiabited visible growth of the organism.
Experiments were conducted in independent trigdicat = 3). Antimicrobial activity of
aurone derivatives was also evaluated by deteriomabf the minimal bactericidal
concentration (MBC)j.e. the minimum concentration of the molecule killia§.9% of the
bacteria [24—-26]. MBCs were measured by streakidgull of wells with no growth of
previously prepared MIC plates on proper agar platfter incubation in the proper
condition, numbers of colonies were counted. Cottadons where< 1 colony grew were

considered the MBC.

5.2.3. Cytotoxic assay on human cells
The impact of aurone derivatives on the viabilitynormal human cells was evaluated using
Resazurin assay with some modifications [27]. Ndrmaman cells were preferred to cell
lines (.e. cancer cells) as cancer cells and normal cells disyylay different sensitivity to
drugs [28]. Normal human cells used were BEAS-2BIG& CRL-9609) and IMR-90
(ATCC CCL-186) corresponding respectively to humaormal lung epithelial and lung
fibroblast cells. Cells were cultured in Dulbeccowdified essential medium (DMEM)
supplemented with 10% fetal calf serum (FCS), tgutamine and 1% antibiotics (all from

Invitrogen) and were seeded onto 25°dtasks maintained in a 5% G@ncubator at 37 °C.
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Cells grown on 25 ch flasks were detached using trypsin—-EDTA solutidnong
Thermofisher), counted using Mallasez counting dbemand seeded into 96-well cell culture
plates (Greiner bio-one) at approximately &6lls per well. The cells were left to grow for
48-72 h at 37 °C in a 5% GGOncubator until they reached confluence. Plateseviken
aspirated and increasing concentrations of aureneatives were added to the cells for 48 h
at 37 °C in a 5% Cg@incubator, DMSO (0.2% DMSO final concentrationjrgeused as
negative control. At the end of the incubation, lsvelere emptied and cell viability was
evaluated using Resazurin based in vitro toxicggag kit (from Sigma-Aldrich) following
manufacturer’s instructions. Briefly, Resazurincétgolution was diluted 1:100 in sterile PBS
containing calcium and magnesium (PB$H 7.4) and empty wells were filled with 100 pL
of the diluted solution. After 4 h incubation at 3Z, fluorescence intensity was measured
using microplate reader (Synergy Mx, Biotek) with excitation wavelength of 530 nm and
an emission wavelength of 590 nm. The fluorescenabges were normalized by the controls
(DMSO treated cells) and expressed as percent lityabThe IG5y values of aurone
derivatives on cell viabilityi(e. the concentration of derivative causing a reductib50% of
the cell viability) were calculated using GraphPdetism 7 software. t-Test and two way
ANOVA analyses were used to address the signifiddférences between mean values with

significance set at p < 0.05.
5.2.4. Membrane permeability assay

Bacterial membrane permeabilization was evaluatdguthe cell-impermeable DNA/RNA
probe propidium iodide as previously explained 283}, Logarithmic growing bacterial
suspension was prepared from overnight bactergpesusion by 1 in 10 dilution. After 3 h
incubation at 37 °C, 200 rpm, bacterial suspensiwere centrifuged for 5 min at 3000xg.
Cell pellets were then resuspended in sterile PBhaut 16 bacteria/mL. Propidium iodide
(solution at 1 mg/mL from Sigma Aldrich) was theddad to the suspension at a final
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concentration of 60 pM. 100 pL of this suspensiareathen transferred into 96-well black
plates already containing 100 pL of medium withréasing concentrations of aurone
derivatives obtained by serial dilution (1:2 diar). Volume of DMSO (vehicle)
corresponding to the highest doses of derivatives wsed as negative control and was found
inactive. Kinetics of fluorescence variations (¢atton at 530 nm and emission at 590 nm)
were then recorded over 240 min of incubation at°@7in anaerobic condition using a
microplate reader (Biotek, Synergy Mx), cetyl tritnidammonium bromide (CTAB) at 300
MM and Nisin at 5-times its MIC value being used msitive controls giving 100%
permeabilization. Results were expressed in % ohpability. All experiments were done in

triplicate.
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