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Abstract: Taking advantage of microwave-assisted syntheffisjent and expedite procedures
for preparation of a library of fusaric acid and &8alogues are reported. The fusaric acid
analogues were tested in cell-based screening agsaynhibition of thelas and rhl quorum
sensing system ifPseudomonas aeruginosand thelux quorum sensing system Mibrio
fischeri Eight of the 40 compounds in the library incluglifusaric acid inhibitedux quorum
sensing and one compound inhibited activity of lHequorum sensing system. To our delight,

none of the compounds showed growth inhibitoryatéfén the tested concentration ranges.

Keywords: fusaric acid, quorum sensing inhibitors, microerassisted synthesis.

1. Introduction

The mycotoxin fusaric acid=@, Fig. 1) was originally isolated by Yabuta in 1934 frone th
fungusFusarium heterosporurfl]. Later studies have revealed that the compaamitoduced
by a large number of species belonging toRbsariumgenus and maybe even by Rllsarium
species. In some cultures, more than 1 mgAfper gram medium is produced. The agent was
the first compound shown to have a pivotal rolplemt diseases such as tomato, cucumber and
banana wilt [2, 3]. In addition to the involvementplant diseases [2-4FEA has a number of
pharmacological properties even though only in maigeto high doses [5, 6] and possesses the
ability to augment the effects of other mycotoxiDgspite a number of effects in ranging from
alteration of membrane activity, decreased mitodniah activity, inhibition of ATP synthesis
and reduced production of polyphenol oxidase amdxpgases, the mechanismfeA is still not
fully delineated [2].FA is also reported to chelate divalent cations anmbit of dopamineB-
hydroxylase [7a-b]. Over the yedA has undergone several preclinical and clinicalgrior

treatment of diseases such as mania, cancer aedtéypion [7].



We hypothesized thdA can be considered a bioequivalentNidhexanoylt-homoserine
lactone, a signal molecule involved in gorum sem¢@S) in bacteria. In additioRA like some
QS inhibitors (QSIs) possesses a pyridine rifig.(19. QSIs are very encouraging for design of
new antimicrobial drugs acting through a hithembapped bacterial pathway. No nhew molecular
entities are currently in clinical trials for infering with QS in patients. Notably however,
azithromycin, one of the best-selling antibioticas been demonstrated to inhibit virulence and
cooperation oPseudomonas aeruginoiarough QS mechanism [8a]. Recently, hamamelitanni
analogues were suggested to increase the sustigptbia methicillin-resistanStreptococcus

aureusstrain through QS inhibition [8b].

Fig. 1

During QS bacteria use small signal molecules twiaducers for cell-cell communication.
QS enables bacteria to coordinate a collectiveoresp such as biofilm formation as a protection
towards external factors. Therefore, compounds gssa3g QS inhibitory ability but void of
bactericidal or bacteriostatic activity inactivdtacteria defense systems, reduce the production
of toxins and most importantly are less prone tect®n for resistance than traditional cytotoxic
remedies [9, 10]. In Gram-negative bacteria, th8 &gnal compounds arbl-Acyl-L-
homoserine lactones (AHLS) [9-11]. Many QSIs basedtructure of AHLs have been designed

and tested [12]. As shown kig. 2 FA might be considered bioequivalent to the AHL.

Fig. 2

FA comprises of a pyridine nucleus decorated witaraaxylic group at C-2 and ambutyl
moiety protruding from C-5. Overlay of the esterbmmyl of the two molecules, C-3 of

homoserine lactone with C-2 &fA, and the methylene groups in the side chains @ftio



molecules gives a good match indicating that tigrseps might be bioequivale(fig. 2). In
addition, molecules containing a pyridine ring (ROl 1Go of 24 pg/ml or 171 pM [12c, 13])
and these structural features are found to be @%ds 1b, §. Bloemberg et al. [14] have also
reported thaFA prevents the production of the signaling molediaexanoylt-homoserine
lactone (C6-HSL) but n&A analogues were synthesized and evaluated torgetse-activity
relationship and thereby maybe hint to understdred mhechanism of action. Based on these
argumentsFA was chosen as a suitable template for construdfi@library of potential QSls

[15].

2. Results and discussion

2.1. Strategy for design of library

Fig. 3

The strategy behind the design of the library td sfeucture-activity relationship and
thereby to identify pharmacophore descriptors lissttated inFig. 3. To further elaborate on
these structural features the compounds showralile 1 were designed, prepared and screened
as QSI. The importance of the substituent at C-5 iwaestigated by decorating with a broad

plethora of substituents with different lengthgyraatic rings and functional groups.

2.2. Microwave assisted synthesis of fusaric aod @analogues

Only a few analogues &A have been reported [16-19]. Common for all regbpetocols,
however, are that they only afford a limited spectrof analogues. No biological studies have

been performed on these compounds and none ofefieeted methods describe microwave-



assisted synthesis. Taking advantage of microwaathedology, we have developed a protocol

for fast preparation dfA and a diverse library of analogu&heme L

Scheme 1

Treatment of 2,5-dibromopyridinel)(with TMSCHLIi-LIDMAE in toluene at 0°C for 30
min afforded the 2-lithiated intermediate seledinf@0]. Addition of methyl or ethyl formate at
-78°C and stirring for 3h followed by oxidation withdime in methanol or ethanol introduced an
ester group at C-2 in medium yield to give methybrémopicolinate Za) or ethyl 5-

bromopicolinate Zb), respectively.

FA and analogues can be prepared from key internee2badr 2b. In pathway 1, compound
2a or 2b is converted into methyl or ethyl 5-(4,4,5,5-tatethyl-1,3,2-dioxaborolan-2-
yl)picolinate Ba or 3b, respectively) by treatment with bis(pinacolatbjmton. The reaction was
accelerated by irradiation with microwave and gatadl with 10 mol % of Pd(dppf)&lAfter
just 15 min, all starting material was convertetb ithe target compoungl (in situ) as observed
by TLC and UPLC (compared to 12-36 h in traditiohakting). Crude compour@h or 3b
(without purification) was subsequently treatedhwdifferent bromo- or chloroalkanes or with
halogenated heterocycles to afford estens excellent yield. An alternative successful peily
(Pathway 2) consisted in treatment of key interrad® with various boronate esters using the
same condition as stated above for Pathway 1, umbdesh conditions este$ were formed in

good vyield. All esterd were converted to corresponding acidsy saponificationgcheme 1

The alkoxy groups at C-57) were installed via a Williamson ether synthesisnf the
reaction of methyl 5-hydroxypicolinat®)(with an alkyl halide under basic condition at moo

temperature for 18 - 48 h. The use of microwavéstss synthesis reduced the reaction time to



only 30 to 180 min. Saponificatiohafforded the carboxylic acids The ester methyl 5-(2-oxo-
2-(phenylamino)ethoxy)picolinate’€) was completely hydrolyzed in 4 h to give 5-(2-&%o
(phenylamino)ethoxy)picolinic acidd€). Remarkably, the instability d8c was illustrated by
complete conversion into 5-(carboxymethoxy)picaiacid @c') if work up of the reaction was
postponed until the next day. Compouhipropyl-5-(propylamino)picolinamide1Qa was
obtained directly fron2a by reaction with propylamine in the presence ofd@ % Pd(dppf)Cl
under microwave irradiation. Under these conditisnbstitution of the ester as well as the 5-
bromo group occurred to giveéOa in good yield. Ethyl 5-(chloromethyl)picolinat®)(was
successfully converted into ethyl 5-((ethylthio)mgipicolinate (Ob) by treatment with

ethanethiol at room temperatucheme 2

Scheme 2

Overall, the broad spectrum BA and analogues can be prepared from the key intkatee
2al2b using our microwave-assisted synthesis methods Pinotocol can be used for fast

expansion of the library compounds for biologidaldses in the future.

2.3. Synthesis of fusaric acid

The microwave irradiation condition enabled synithed ester ofFA in 90 % vyield via
Pathway 2 using-butylboronic acid pinacol ester a2t as starting materials to give ethyl 5-

butylpicolinate FAE). Saponification oFAE afforded 75 % oFA (Scheme 3

Scheme 3



Pathway 1 using2b converted into ethyl 5-(4,4,5,5-tetramethyl-1,8j@xaborolan-2-
yh)picolinate and n-butyl bromide as starting miatlerfor preparation dFAE succeeded in 70 %

yield from2b over 2 steps§cheme 3.

In summaryFA and a library of 39 analogues was prepared byffasieat microwave-assisted

synthesis. The members of the library are depictddble 1

Table 1

2.4.Biological assays

Fig. 4

Table 2

Three cell-based biological screens were usedstdde QSI activity. The first two reporter
systemslasB-gfp[21] andrhlA-gfp[22] in P. aeruginosaackground contain fusions of the QS-
controlledlasB promoter orrhlA promoter to Green Fluorescence Protejfipj((ASV)) encoding
an unstable GFP variant. The third QS reporteresysiuxI-gfp [23] in an Escherichia coli
background contains the promoter region of Ithe fused togfp (ASV} and aluxR gene. With
these reporter systems activation of QS can beunséby an increase in fluorescence. Presence
of a QSI will therefore results in a decrease irPGdxpression. Bacterial growth was measured

simultaneously to be certain the test compoundsad@affect the growth rate.

Activities as inhibitors of théux QS system were found for compoudlol 4g, 7a, 7b, 7c,
FAE andFA (Fig. 4, Table 3. To our delight, none of the compounds affectesl bacterial
growth in the tested concentration ranges excegtAo No QSI activity was found against two

QS reporter strainsB-gfpandrhlA-gfp in concentrations up to 100 pg/ml. Three compounds



5¢, 8a, 8b reduced the GFP expression, however that reduataspotentially generated by a
simultaneous growth inhibition meaning that it cainbe regarded as a Q&#ig. 5). FA seem to
delay the bacterial growth in concentrations raggirom 6.2 to 100 pug/ml, whereas at a
concentration of 3.1 pg/ml a small reduction in GEpression was seen with no simultaneous
inhibition of growth. The estdfAE showed clearly QSI activity in concentrations frér to 50
pa/ml. All compounds with QSI activity are shownhkig. 4. (See supporting information for
screening results of other compounds). The largenber of compounds targeting thex QS
system compared to thas andrhl systems are potentially because of a higher bindffinity

for theLux receptor protein and the use of different backgdostrains in the monitor systems.

Fig. 5

2.5. Structure-activity relationship

Except for our lead compourkh, all the QSIsAb, 4g, 7a, 7b, 7c, andFAE are esters. The
ester group might simulate the intermolecular exd#on solicited by the lactone moiety in
structures of current QSI&if. 1b). Another possibility is that the zwitterionic chater of the
free acids prevents penetration over the cell whlblasma membrane. This latter hypothesis,

however, is unsubstantiated by the observationahdhe growth inhibitor&c, 8a, 8b are acids

(Fig. 5).

The QS inhibitory activities odb, 4g and7c possessing 5-methoxy-2-pyridyl-, phenyl- and
2-0x0-2-(phenylamino)- ethoxy-, respectively, rdgethat a lipophilic alkyl group in the 5
position as in the case fétA as well as AHL is not mandator¥i¢. 4). In contrast the ester
moiety at C-2 position seems to be favorable fori@fthition. In addition,FA is delaying the

growth of bacterial as did some of the other cayboacids.



Compounds2a, 4j, 5e¢ 5k, 5, 8c, 8c” did not show QS inhibitory activity or growth
inhibitory effect in concentrations up to 100 pg/milt concentrations above 125 pg/ml
compound2a inhibited lasB expression in théasB-gfpreporter without affecting growth-ig.

6).
Fig. 6

In summary, the observed structure-activity rel&top for inhibition of QS suggested by

this study is depicted iRig. 7.
Fig. 7
2.6. Screening for the inhibition of plasma memerdfi-ATPase (Pmal)

Reduced stomatal [24] conductance has been obsdoretbanana plants infected by
Fursarium spp[4, 25] suggesting that the agent might stimutheeH-ATPase. The possibility
of inhibition of H'-ATPase [26, 27] inspired us to test our librarwaods the pump, but no

compounds showed any significant activity (datagiawn).
3. Conclusions

An efficient, facile and expedite microwave-assisgynthesis oFA and analogues have
been developed and used to prepare a library cindlogues. The compounds were tested in
three QS screening systentesB-gfp(P. aeruginosg rhlA-gfp (P. aeruginosaandluxI-gfp (E.
coli). In theluxl-gfp system compounddb, 4g, 7a, 7b, 7c and FAE revealed QS inhibitory
activity in the concentration range 6.25 to 100npig/Compound2a showed good inhibitory
activity in concentration from 125 pg/ml towdabB-gfp In theluxI-gfp systemFA showed a

little QS inhibition activity at 3.13 pg/ml while &igher concentrations from 6.25 to 100 pg/ml



the delaying of cell growth were observed alonchv@@S inhibitory activity. Structure-activity
relationship studies suggest that the ester groapais essential for QS inhibition. In contrast,
the alkyl substituent at the 5-position can be erged with an alkoxy or aromatic/heterocyclic
aromatic ring. Even though the compounds reveabdest QS inhibitory activity-A analogues
have not previously been found to possess thigsyshaking it a new scaffold for developing
QSIs. Moreover, we have demonstrated that a nafmadluct scaffold with homologous
structure toward the QS signals could serve suftdBs@s a starting point for design of a

focused library of new compounds with QS activities
4. Experimental section

4.1. Biology

4.1.1. QSI screening Assay

The QS reporter strainasB-gfp(P. aeruginosa[21], rhlA-gfp (P. aeruginosa[22]
and luxl-gfp (E. coli) [23] were used for measuring inhibition of QS. Tiodowing
growth medium was used for bacterial growth; BT ima medium (B medium plus
2.5 mg thiamine [') supplemented with 10% A10, 0.5% (wt/vol) gluco8&% (wt/vol)
Casamino Acids. An overnight culture of each regostrain was grown for 16 h at 37 °C
with shaking at 180 rpm. The overnight cultureseveifuted to a final optical density at
450 nm (OD450) of 0.1. The biological assays wersadacted in 96-well microtiter
dishes (Black Isoplafe Perkin EIme?, Waltham Massachusetts, USA). Test compounds,
growth media and reporter strains were added toniloeotiter dishes. The corresponding
signal molecule 3-oxo-C6-HSL was added in a firmlaentration of 10 nM to the screen

with the reporter strajriuxl-gfp. Growth and green fluorescent protein (GFP) e)gioes
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was monitored using Victor™ X4 multilabel plate dea (Perkin EImét, Waltham

Massachusetts, USA) set at a constant temperaftd4 % measuring every 15 min over
a time course of 14 h. GFP expression was measasdtlorescence at an excitation
wavelength of 485 nm and an emission wavelengtb3& nm. Please see [28] for full

protocol.
4.1.2. Pmal ATPase Screening Assay

Yeast plasma membrane protein Pmal was preparedSascharomyces cerevisiae
as previously described [29a]. The protein actiwitgs measured based on Baginski
method [29b], by using 0.pg of purified Pmal protein in 300L of reaction mixture
containing 5 mM Nahl 3.5 mM sodium molybdate, 50 mM KNO10 mM MgSQ,
5mM ATP, 20 mM MES-KOH adjusted to pH 5.9. Pmal 'uest pre-incubated with 100
KM of compounds for 30 min at room temperature.cReas were stopped after 30 min
by adding 300 pL of an ice-cold stop solution (eamihg 93 mM ascobic acid, 0.273 N
HCI, 0.059 % SDS, 5 mM ammonium heptamolybdate) Tiibes were continuously
incubated on ice for 10 min to allow formation dietphosphate-molybdate complex.
Excess molybdate was complexed by the addition 5ff gL of an arsenite-solution
(containing 154 mM NaAs§) 68 mM trisodium citrate, 350 mM acetic acid). &ftc0
min of incubation at room temperature, the absarbanwas determined

spectrophotometrically at 860 nm.
4.2.Chemistry

4.2.1. General information
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Commercially available reagents (Aldrich) were useithout further purification
unless otherwise noted. Microwave reactions wergethout in an automatic Biotage®
Initiator equipped with robot sixty (an automate@-@sition system) and using high
precision microwave vials and aluminum seals. NMeesra were acquired using a 400
or 600 MHz Bruker Avance Il HD equipped with a ogenically cooled 5 mm dual
probe optimized for*C and'H. Samples were dissolved in one of following satve
DMSO-ds, CDCk, MeOH-d; and analyzed at 300KH, COSY, HMBC, and HSQC
spectra were acquired at 400 or 600 MHE. spectra were recorded at 151 MHz or 101
MHz. Chemical shifts{) are reported in ppm relative to the residual solvpeak H
NMR) or the solvent peak3C NMR) as the internal standard. The coupling camtsg)
are reported in Hertz. Solvents used for the symh&ere of analytical grade, dried over
activated 4 A molecular sieves when necessarysfllents used under dry conditions
had a water content <25 ppm). Analytical TLC wadgened using pre-coated silica gel
60 Fys4 plates and visualized using UV light. Flash columinromatography was
performed using Merk silica 60. Melting points wetetermined on a Mettler Toledo
MP70 Melting Point system. All tested compoundssess>95% purity (purified by
preparative RP-HPLC for compounds less than 90% ypuPurity determinations were
performed on a Waters 2795 system equipped withatekd¥ 996 PDA detector and a
Waters Symmetry C18 Column (2.1 x 50 mm, 3.5 Inthwi flow of 0.2 ml mii*. 100%
— 0% A 0-10 min (A: 0.1% aq formic acid, B: 95% §IN in 0.05% aq formic acid).
High-resolution mass spectral (HRMS) data wereinbthon an electrospray (ESI) or a

MALDI-TOF mass spectrometer.

4.2.2. General synthetic procedure for compoudsb
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N,N-Dimethyl aminoethanol (0.85 ml, 85 mmol, 1 equiv.and
(trimethylsilyl)methyllithium 1M (25.3 ml, 25.3 mnho3 equiv.) was added dropwise to
25 ml of dry toluene at 0 °C and the solution wiagsesl for 30 min to form TMSCHLI-
LIDMAE (in situ). Then, A solution of 2,5-dibromopgine 1 (2 g, 8.5 mmol, 1 equiv.) in
9 ml of dry toluene was added dropwise. The reactioxture was stirred for 30 min,
cooled to -78 °C and added methyl formate (5.2858Immol, 10 equiv.) or ethyl formate
(6.9 ml, 85 mmol, 10 equiv.) in 10 ml of toluenkhe reaction mixture stirred for 3
hours, and4 (6.4 g, 25.5 mmol, 3 equiv.),.E0; (5.8 g, 42.5 mmol, 5 equiv.) and 20 ml
methanol or ethanol were added. The mixture wasedtiat room temperature for 18
hours and added 10 ml of a sat. aqueousSNasolution. Water (10 ml) was added and
the mixture extracted with dichloromethane (3 xmd), washed with water (1 x 25 ml)
and brine (1 x 25 ml). The residue was purified b¥ica-gel flash column

chromatography (eluent: heptane/diethyl ether 4 Pto obtairRa—h
4.2.2.1. Methyl 5-bromopicolinate2@a).

From 1 (2 g) gave2a (997 mg, 55%); white solid; >99% purity; mp 103164 °'C
(reported 98.0-102.1@); *H-NMR (600 MHz, CDC}) 6 8.77 (dd,J = 0.74, 0.71 Hz, 1H,
H2), 8.01 (ddJ = 0.84, 0.79 Hz, 1H, H5), 7.98 (ddi= 2.3, 2.2 Hz, 1H, H6)*C NMR
(100 MHz, CDC}): § 165.0(C=0, C-7), 151.0(C-2), 146.3(C-4), 139.7(C106.3(C-5),
125.1(C-1); HRMS (ESI) m/z [M+H]calcd for GH,BrNO," 215.9660, found 215.9659.

Data was in accordance with those reported [30a].

4.2.2.2. Ethyl 5-bromopicolinateZb)
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From1 (2 g) gave2b (889 mg, 46%); yellow solid; >99% purity; mp 59684 C
(reported 63-64 °C [102])H NMR (600 MHz, CDC}) ¢ 8.77 (dd,J = 2.2 Hz,J = 0.79,
0.75 Hz, 1H, H2), 7.99 (dd] = 0.73, 0.74 Hz, 1H, H5), 7.95 (dd= 2.2, 2.2 Hz, 1H,
H6), 4.45, (qJ = 7.1 Hz, 2H, H11), 1.40 (8 = 7.1 Hz, 3H; H12}*C NMR (100 MHz,
CDCL): 5 164.6(C=0, C-8), 151.1(C-2), 146.7(C-4), 139.7(C126.3(C-5), 124.9(C-1),
62.2(C-11), 14.3(C-12); HRMS (ESI) m/z [M+HFEalcd for GHsBrNO," 229.9817,

found 229.9807. Data was in accordance with theperted [30a-b].
4.2.3. General synthetic procedure for compouddsm.

4.2.3.1. Method

4.2.3.1.1.Method 1.

A mixture of 2a or 2b (1 g, 1 equiv.), bis(pinacolato)diboron (1.2 equiy1,1-
bis(diphenylphosphino)ferrocene] dichloropalladiincomplex with dichloromethane
(10 mol %), potassium acetate (2 equiv.), 1,4-dex@l5 ml) and water (7.5 ml) was
sealed in a 20 ml microwave reaction vial (Biotage)yhe vial was irradiated in a
microwave apparatus at 110 °C, high absorptionléomin. The reaction mixture was
cooled to room temperature (afforded crid@deor 3b) and used to the next step without
purification. An appropriate alkyl halide (0.95 @g), cesium carbonate (2.0 equiv) and
water (4 ml) were added directly to the reactiorxtome. The vial was sealed and
irradiated in a microwave apparatus at 110 °C, abrabsorption for 30-90 min. After
cooling to room temperature, water (100 ml) waseaddnd the mixture was extracted
with ethyl acetate (4 x 100 ml). The organic lay&s washed with brine (200 ml), dried

with anhydrous NgB50Oy(s) and concentrated. The residue was purifiedilmagel flash
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column chromatography (eluent: ethyl acetate/heptari:1) to obtain the esteds and

4j-m.
4.2.3.1.2.Method 2.

A mixture2aor 2b (1 g, 1 equiv.), an appropriate pinacol boronatere(1.2 equiv.),
[1,1'-bis(diphenylphosphino)ferrocene]dichloropalladiuiin( complex with
dichloromethane (10 mol %), cesium carbonate (guive), 1,4-dioxane (8 ml) and water
(4 ml) was sealed in a 20 ml microwave reactial {(Biotage). The vial was irradiated
in a microwave apparatus at 110 °C, normal absmrptor 30-90 min. The reaction
mixture was cooled to room temperature and workmag performed as described in

method 1to obtain the esterth-i.
4.2.3.2. Ethyl 5-butylpicolinate RAE).

Method 2;2b (1 g) gaveFAE (810 mg, 90%). If method 1 was used the yield was
70% over 2 steps; yellow oil; >98% purity4 NMR (600 MHz, CDC}) § 8.57 (d,J = 2.2
Hz, 1H, H2), 8.05 (dJ = 7.8 Hz, 1H, H5), 7.63 (dd,= 2.2, 7.8 Hz, 1H, H6), 4.47 (4,
=7.1 Hz, 2H, H14), 2.69 (§ = 7.6 Hz, 2H, H10), 1.62 (m, 2H, H11), 1.44Xt 7.1, 3H,
H15), 1.37 (qtJ =7.3, 7.6 Hz, 2H, H12), 0.94 (@,= 7.3 Hz, 3H, H13}°C NMR (151
MHz, CDCkL) § 165.4(C=0, C-7), 150.1(C-2), 145.9(C-4), 141.9(C-136.5(C-6),
124.8(C-5), 61.7(C-14), 32.9(C-10), 32.7(C-11), 22e-12), 14.4(C-15), 13.8(C-13);
HRMS (ESI) m/z [M+HJ calcd for GoH1gNO," 208.1338, found 208.1340. Data was in

accordance with those reported [30c].

4.2.3.3. Methyl 5-benzylpicolinaté4a).
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Method 1;2a (1 g) gaveda (925 mg, 88%); white solid; >98% purity; mp 66-67
'H NMR (600 MHz, CDCY) § 8.63 (dd,J = 1.6, 1.6 Hz, 1H, H9), 8.05 (d= 7.3 Hz, 1H,
H12), 7.59 (dd,) = 2.4, 2.4 Hz, 2H, H13), 7.30-7.32 (m, 2H, H4, HBR3-7.27 (M, 1H,
H2), 7.15-7.17 (dJ = 7.3 Hz, 2H, H1, H3), 4.05 (s, 2H, H7), 3.9938, H17);°*C NMR
(151 MHz, CDC}) § 165.7(C=0, C-14), 150.2(C-9), 146.0(C-8), 140.8(0; 138.8(C-
5), 137.2(C-13), 128.8(C-4, C-6), 128.8(C-1, C-B}6.8(C-2), 125.1(C-12), 52.8(C-7),

39.0(C-17); HRMS (ESI) m/z [M+H]calcd for G4H14NO," 228.1025, found 228.1025.
4.2.3.4. Characterization data of compoundbk-4m: see supporting information.
4.2.4. General synthetic procedure for compouds 5a-m and?2".

Ester FAE, 4am, 2a or 2b (500 mg scale, 1 equiv.) was dissolved in 6 mFTad
0°C in a 25 ml round-bottom flask. Then NaOH(aq)e(fiv.) was added dropwise and
stirred for 15h at room temperature. After startmgterials were consumed (by TLC),
water (20 ml) was added. The reaction mixture wash&d with ethyl acetate (2 x 20 ml).
The aqueous solution was acidified (pH 2-3) witl HCl(aq) causing precipitation of a
solid, which was filtered and dried under vacuunecfystallization in ethanol afford

clean compound.
4.2.4.1. Fusaric acid FA).

FAE (500 mg) gaveFA (324 mg, 75%); slightly yellow solid; >99% purisfter
recrystallization from ethanol; mp 96.9-98.0°C @epd 96-99°C[172])!H NMR (600
MHz, DMSO-a&): § 8.46 (d,J = 2.2 Hz, 1H, H2), 8.16 (d,= 8.1 Hz, 1H, H5), 7.76 (dd,
= 8.1, 2.2 Hz, 1H, H6), 2.74 @,= 7.7x(2) Hz, 2H, H10), 1.66 (M, 2H, H11), 1.4, d¢E

7.3x(3), 7.7x(2) Hz, 2H, H12), 0.96 (1 = 7.3, 7.3 Hz, 3H, H13)*C NMR (151 MHz,
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DMSO-a) § 164.2(C=0, C-7), 148.2(C-2), 143.8(C-4), 143.5)C1B8.1(C-6), 123.4(C-
5), 32.9(C-11), 32.8(C-10), 22.2(C-12), 13.8(C-13RMS (ESI) m/z [M+H] calcd for

C10H14NO," 180.1025, found 180.1025. Data was in accordatriitetihose reported [19].
4.2.4.2. 5-Benzylpicolinic acid3a).

4a (500 mg) gavésa (432 mg, 92%); white solid; >98% purity; mp 147819 C; *H
NMR (600 MHz, DMSO-@) J 13.09 (s, 1H, OH), 8.64 (d,= 2.2 Hz, 1H, H9), 7.98 (d,
= 7.9 Hz, 1H, H12), 7.79 (dd,= 2.3, 2.2 Hz, 2H, H13), 7.31-7.34 (m, 2H, H4, HBR7-
7.28 (br, 2H, H2, H3), 7.21 (br, 1H, H2), 4.07 28], H7);*C NMR (151 MHz, DMSO-
d6) § 166.5(C=0, C-14), 150.1(C-9), 146.8(C-8), 141.Q(0; 140.3(C-5), 137.7(C-13),
129.2(C-4, C-6), 129.1(C-1, C-3), 126.9(C-2), 126:02), 38.3(C-7); HRMS (ESI) m/z

[M+H] " calcd for GsH12NO," 214.0868, found 214.0868.

4.2.4.3. Characterization data of compoundSb-m and 2: see supporting

information.
4.2.5. General synthetic procedure for compouidsc.

A mixture of methyl 5-hydroxypicolinatés (1.0 g, 4.6 mmol, 1 equiv.), the
appropriate alkyl halide (5.06 mmol, 1.1 equiv.Jgssium carbonate (1.3 g, 9.2 mmol, 2
equiv.) and DMF (5 ml) was stirred at room tempamatfor 18 - 48 hours. Water (100
ml) was added and the mixture was extracted wi@AX€et (4 x 100 ml). The organic layer
was washed with brine (200 ml) dried with anhydrdlesSOy(s) and concentrated. The
residue was purified by silica-gel flash column arhatography (eluent: ethyl

acetate/heptane = 1:1) to give—c
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4.2.5.1. Methyl 5-propoxypicolinat€ra).

From6 (1 g) gave7Za (1.13 g, 89%); yellow semi-solid; >98% purity; l38—40°C;
'H NMR (600 MHz, CDGJ) 6 8.39 (d,J = 2.8 Hz, 1H; H2), 8.10 (dJ = 8.7 Hz, 1H, H5),
7.25 (ddJ= 2.9, 2.9 Hz, 1H, H6), 4.03 @,= 6.5 Hz, 2H, H12), 3.98 (s, 3H, H10), 1.83-
1.88 (m, 2H, H13), 1.07 (8,= 7.4, 3H, H14)}*C NMR (151 MHz, CDGJ) § 165.5(C=0,
C-7), 157.8(C-4), 139.9(C-1), 138.6(C-2), 126.5(0C-F20.2(C-5), 70.2(C-12), 52.6(C-
10), 22.4(C-13), 10.4(C14); HRMS (ESI) m/z [M+Hialcd for GoH14NOs" 196.0974,

found 196.0974.
4.2.5.2. Methyl 5-(cyclopropylmethoxy)picolinaéb).

From6 (1 g) gaverb (1.10 g, 79%); white solid; >98% purity; mp 53.9-&C; *H
NMR (600 MHz, CDC}) 5 8.39 (d,J = 6 Hz, 1H, H2), 8.08 (ddl = 0.6, 0.6 Hz, 1H, H5),
7.25 (ddJ = 2.9, 2.9 Hz, 1H, H6), 3.98 (s, 3H, H10), 3.93Jd&; 6.7 Hz, 2H, H12), 1.27-
1.33 (m, 1H, H13), 0.67-0.70 (m, 2H, H14, H16),B®B41 (m, 2H, H14, H16)°C
NMR (151 MHz, CDC}) 165.4(C=0, C-7), 157.7(C-4), 139.9(C-1), 138.8)C126.5(C-
6), 120.2(C-5), 73.4(C-12), 52.5(C-10), 9.99(C-133(C-14, C-16); HRMS (ESI) m/z

[M+H] ™ calcd for GiH14NOs™ 208.0974, found 208.0974.
4.2.5.3. Methyl 5-(2-oxo-2-(phenylamino)ethoxy)picolinafe)(

From 6 (1 g) gave7c (1.5 g, 83%); yellow solid; >98% purity; mp 185-61€; 'H
NMR (600 MHz, CDC}) 6 8.54 (d,J = 2.9 Hz, 1H, H13), 8.18 (dl = 8.8 Hz, 2H, H16,
H17), 7.59 (dJ = 7.9 Hz, 2H, H4, H6), 7.37 (dd,= 2.6, 6.5 Hz, 3H, H1, H2, H3), 7.18
(t, J=7.4 Hz, 1H, NH), 4.72 (s, 2H, H9), 4.00 (s, 3#21); °C NMR (151 MHz, CDG))

§ 165.0(C=0, C-8), 164.5(C=0, C-18), 155.6(C-12)1.84C-15), 138.7(C-13), 136.4,
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129.2 (C-4, C-6), 126.7(C-5), 125.3, 120.9(C-2)0.B2C-4, C-6), 67.6(C-9), 52.9(C-21):

HRMS (ESI) m/z [M+H] calcd for GsH1sN,O," 287.1032, found 287.1030.
4.2.6. Synthetic procedure for compoursc.

Compounds8a-c were synthesized fronac (200 mg scale) using the same

procedure as described fogm.
4.2.6.1. 5-Propoxypicolinic acid&a).

From 7a (200 mg) gaveBa (149 mg, 80%); white solid; >98% purity; mp 128.9—
129.2°C; 'H NMR (600 MHz, DMSO-¢) § 12.82 (s, 1H, OH), 8.35 (8, = 2.4 Hz, 1H,
H2), 8.01 (dd J = 1.7, 1.7 Hz, 1H, H5), 7.48 (di,= 2.5, 2.6 Hz, 1H, H6), 4.03 (td,=
1.7, 1.7, 1.7 Hz, 2H, H12), 1.73-1.79 (m, 2H, HIBP8 (td,J =1.7, 1.7, 1.7, 3H, H14);
13C NMR (151 MHz, DMSO-g) § 166.2(C=0, C-11), 157.7(C-4), 140.7(C-1), 138.3(C-
2), 126.7(C-6), 121.1(C-5), 70.2(C-12), 22.3(C-13)).7(C-14); HRMS (ESI) m/z

[M+H] " calcd for GH1,NOs" 182.0817, found 182.0815.
4.2.6.2. 5-(Cyclopropylmethoxy)picolinic aci@b).

From7b (200 mg) gave8b (131 mg, 70%); white solid; >98% purity; mp 138913
‘C; '"H NMR (600 MHz, DMSO-¢) § 12.81 (s, 1H, OH), 8.36 (d,= 2.7 Hz, 1H, H2),
8.01 (dd,J= 0.5, 0.5 Hz, 1H, H5), 7.48 (dd~= 2.9, 2.9 Hz, 1H, H6), 3.99 (d,= 7.1 Hz,
2H, H11), 1.23-1.29 (m, 1H, H12), 0.59-0.62 (m, 2H,3, H14), 0.35-0.38 (m, 2H, H13,
H14); C NMR ¢ (151 MHz, DMSO-¢) 166.2(C=0, C-7), 157.7(C-4), 140.7(C-1),
138.4(C-2), 126.6(C-6), 121.2(C-5), 73.4(C-11),3[(G-12), 3.6 (C-13, C-14); HRMS

(ESI) m/z [M+HTJ calcd for GoH12NO3" 194.0817, found 194.0816.
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4.2.6.3. 5-(2-0Ox0-2-(phenylamino)ethoxy)picolinic acRL).

For 4 h of reaction time of hydrolysi& (200 mg) gave3c (139 mg, 73%); yellow
solid; >98% purity; mp 225—-22€; *H NMR (600 MHz, DMSO-g) § 12.9 (s, 1H, OH),
10.18 (s, 1H, NH), 8.45 (dl = 2.9 Hz, 1H, H13), 8.04 (d, J = 8.7 Hz, 1H, H1Bp2
(dbr, 2H, H4, H6), 7.53 (dd, J = 2.9, 2.9 Hz, 1H, M 7.31-7.35 (m, 2H, H1, H3), 7.09
(m, 1H, H2), 4.91 (s, 2H, H9)*C NMR (151 MHz, DMSO-g) 6 166.1(C=0, C-12),
166.1(C=0, C-7), 157.0(C-4), 141.5(C-1), 138.7(C-638.6(C-13), 129.2(C-1, C-3),
126.6(C-16), 124.3(C-2), 121.6(C-17), 120.2(C-46)C-67.6(C-9); HRMS (ESI) m/z

[M+H] " calcd for G4H13N,O,4" 273.0875, found 273.0873.
4.2.6.4. 5-(Carboxymethoxy)picolinic aci@¢").

Compound8c” was obtained fronTc after 24h of hydrolysis7c (200 mg) gave3c”
(127 mg, 92%); >98% purity; mp 263.9—264G; yellow solid;*H NMR (600 MHz,
DMSO-d) 6§ 13.04 (br, 2H, OH), 8.38 (d, = 2.9 Hz, 1H, H2), 8.02 (d] = 8.7 Hz, 1H,
H5), 7.48 (dd,J = 2.9, 3.0 Hz, 3H, H6), 4.90 (s, 2H, H1HC NMR (151 MHz, DMSO-
de) 6 169.9(C=0, C-12), 166.1(C=0, C-7), 156.9(C-1),.B4T-4), 138.4(C-2), 126.5(C-
5), 121.5(C-6), 65.2(C-11); HRMS (ESI) m/z [M+Htalcd for GHsNOs" 198.0402,

found 198.0401.
4.2.7. N-Propyl-5-(propylamino)picolinamidel0a).

A mixture of 2a (500 mg, 2.3 mmol), propylamine (0.3 ml, 3.45 mntob equiv.),
[1,1-bis(diphenylphosphino)ferrocene]dichloropalladitifn( complex with
dichloromethane (168 mg, 6 mol %), cesium carbof@t g, 6.9 mmol, 2.0 equiv.) and

toluene (10 ml) were added to a 20 ml microwavetrea vial (Biotage). The vial was
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sealed and irradiated in a microwave apparatusl@t°C, high absorption for 45 min.
The reaction mixture was cooled to room temperatadeled 100 ml of water and the
resultant mixture was extracted with ethyl acefdtex 100 ml). The organic layer was
washed with brine (2 x 200 ml), dried with anhydsoNaSQOu(s). The residue after
concentration was purified by silica-gel flash eolu chromatography (eluent: ethyl
acetate/heptane = 1:1) to give 372 md @& Yield 73 %; colorless oil; >98% purityH
NMR (600 MHz, CDC}): ¢ 7.99 (d,J = 8.6 Hz, 1H, H2), 7.87 (dJ = 2.7 Hz, 1H, H5),
7.78 (br, 1H, NH), 6.90 (dd = 2.8, 2.8 Hz, 2H, H6), 4.09 (br, 1H), 3.41 (dd; 6.8, 6.4
Hz, 2H, H14), 3.14 (t, J = 7.1, 2H, H10) 1.60-1(f1, 4H, H11, H15), 0.96-1.03 (M, 6H;
H12, H16);°C NMR (151 MHz, CDGJ) J§ 164.9(C=0, C-7), 146.3(C-1), 139.1(C-4),
133.6(C-5), 123.3(C-2), 117.7(C-6), 45.1(C-10), 4C-14), 23.1(C-15), 22.5(C-11),
11.5(C-12), 11.5(C-16); HRMS (ESI) m/z [M+Hgalcd for GoH2oN;O' 222.1606, found

222.1606.
4.2.8. Ethyl 5-((ethylthio)methyl)picolinatel 0b).

A solution of ethyl 5-(chloromethyl)picolinaté (500 mg, 2.5 mmol, 1 equiv.),
ethanethiol (233 mg, 3.75 mmol, 1.5 equiv.) anchapsium carbonate (690 mg, 5 mmol, 2
equiv.) in 5 ml DMF was transferred to a 20 ml rdtbottom flask. The mixture was
stirred overnight at room temperature. When stgntivaterials were consumed 100 ml of
water was added and the mixture was extracted etilyl acetate (4 x 100 ml). The
organic layer was washed with brine (2 x 200 miJ dned with anhydrous N8O(s).
The residue after concentration was purified bicaigel flash column chromatography
(eluent: ethyl acetate/heptane = 1:1) to oblidih Alternatively a microwave reactor was

used. By transferring, then sealed and irradiatea imicrowave apparatus at 60 °C, high

21



absorption for 30 min. Workup procedure is the sawmeolution phase stated above of
method 1 to obtain 366 mg @bb. Yield 65%:; yellow oil; >98% purity*H NMR (600
MHz, CDCL): § 8.66 (d,J = 2.2 Hz, 1H, H2), 8.10 (dJ = 7.2 Hz, 1H, H5), 7.83 (dd,=
2.3, 2.2 Hz, 1H, H6), 4.48 (dd,= 7.1, 7.1 Hz, 2H, H10), 3.76 (s, 2H, H11), 2(d48,J =
7.4, 7.4 Hz, 2H, H13), 1.48 (,= 7.2, 3H, H15), 1.23 (§ = 7.4 Hz, 3H, H14)**C NMR
(151 MHz, CDC}) 6 165.1(C=0, C-7), 150.0(C-2), 147.0(C-4), 138.3)C1B7.2(C-6),
125.0(C-5), 61.9(C-10), 32.8(C-11), 25.4(C-13),4{@-15), 14.3(C-14); HRMS (ESI)

m/z [M+H]" calcd for GiH16NO,S" 226.0902, found 226.0903.
Acknowledgements

This work was supported by the University of Copmydn Excellency Program for
Interdisciplinary Excellence (KU2016) and by a drdrom Kirsten & Freddy Johansen

Foundation to M.G.
References

[1] T. Yabuta, K. Kambe, T. Hayashi, Biochemical steda# the 'bakanae' fungus of
rice. |. Fusarinic acid, a new product of the 'Ba& fungus, Nippon Nogei Kagaku Kaishi.

10 (1934) 1059-68.

[2] C. W. Bacon, J. K. Porter, W. P. Norred, J. F. iegdProduction of fusaric acid by

Fusarium species, Appl. Environ. Microbiol. 62 (699039-43.

[3] C. Li, C. Zuo, G. Deng, R. Kuang, Q. Yang, C. Hu,Sheng, S. Zhang, L. Ma, Y.

Wei, J. Yang, S. Liu, M.K. Biswas, A. Viljoen, G.i,YContamination of bananas with

22



beauvericin and fusaric acid produced by Fusaridgsgorum f. sp. cubense, PLoOS one. 8

(2013) €70226.

[4] M. Wang, Y. Xiong, N. Ling, X. Feng, Z. Zhong, Qhéh, S. Guo, Detection of the
dynamic response of cucumber leaves to fusaric asithg thermal imaging, Plant

Physiology and Biochemistry (Issy-les-Moulineaurarkce). 66 (2013) 68-76.

[5] H. Hidaka, T. Nagatsu, K. Takeya, T. Takeuchi, Hd& K. Kojiri, M. Matsuzaki,
H. Umezawa, Fusaric acid, a hypotensive agent pexmtlby fungi, J. Antibiot. (Tokyo). 22

(1969) 228-30.

[6] H. Wang, T.B. Ng, Pharmacological activities ofdtis acid (5-butylpicolinic acid),

Life Sci., 65 (1999) 849-56.

[7] (@) B. C. Jr Stack, J. P. Hansen, J. M. Ruda, dlowaki, J. Shvidler, C. S.
Hollenbeak, Fusaric acid: a novel agent and meshato treat HNSCC, Otolaryngol Head
Neck Surg. 131 (2004) 54-60; (b) M. Asano, H. HalaRelaxation of isolated aorta of the
rabbit by picolinic acids, Br. J. Pharmac. 61 (19Z83-9; (c) R. L. Sack, F. K. Goodwin,
Inhibition of dopamine-b-hydroxylase in manic patge A clinical trial and fusaric acid,
Arch Gen Psychiatry. 31 (1974) 649-54; (d) F. Taves M. Kameyama, The clinical trial
of a new hypotensive agent, "fusaric acid (5-butgnic acid)": the preliminary report,

Jpn Circ J. 35 (1971) 339-57.

[8] (@) T. Kbhler, G. G. Perron, A. Buckling, C. vanl@®en, Quorum sensing inhibition
selects for virulence and cooperation in Pseudosy@eauginosa, PLoS Pathog. 6 (2010)
€1000883; (b) A. Vermote, G. Brackman, M. D. P.sReuw, B. Vanhoutte, P. Cos, K. V.

Hecke, K. Breyne, E. Meyer, T. Coenye, S. V. Caéggh, Hamamelitannin Analogues that

23



Modulate Quorum Sensing as Potentiators of Antitsotgainst Staphylococcus aureus,

Angew. Chem. Int. Ed. 55 (2016) 6551-5.

[9] (@) W. C. Fuqua, S.C Winans, E. P. Greenberg, @uaensing in bacteria: the
LuxR-Lux!l family of cell density-responsive trangitronal regulators, J Bacteriol. 176
(1994) 269-75; (b) T. B. Rasmussen, M. Givskov, Quoosensing inhibitors: a bargain of
effects, Microbiology. 152 (2006), 895-904; (c) D. Sifri, Healthcare epidemiology:

quorum sensing: bacteria talk sense, Clin Infest BY (2008) 1070-6; (d) S. T. Rutherford,
B. L. Bassler, Bacterial quorum sensing: its rol&irulence and possibilities for its control,

Cold Spring Harb Perspect Med. 2 (2012) a012427.

[10] (@) I. Castillo-Juarez, T. Maeda, E. A. Mandujanoneto, M. Tomas, B. Perez-

Eretza, S. J. Garcia-Contreras, T. K. Wood, R. faa@ontreras, Role of quorum sensing in
bacterial infections, World J Clin Cases. 3 (20%3%-98; (b) A. Deep, U. Chaudhary, V.
Gupta, Quorum sensing and Bacterial Pathogeni€itpm Molecules to Disease, J Lab
Physicians. 3 (2011) 4-11; (c) G. Brackman, T. Geei@Quorum sensing inhibitors as anti-

biofilm agents, Curr Pharm Des. 21 (2015) 5-11.

[11] (a) M. R. Parsek, E. P. Greenberg, Acyl-homoselaotone quorum sensing in
gram-negative bacteria: a signaling mechanism uelin associations with higher
organisms, Proc Natl Acad Sci US A. 97 (2000) 8%989-(b) W. R. Galloway, J. T.

Hodgkinson, S. D. Bowden, M. Welch, D. R. SpringjoQum sensing in Gram-negative
bacteria: small-molecule modulation of AHL and AlgRgorum sensing pathways, Chem.
Rev. 111 (2011) 28-67; (c) B. LaSarre, M. J. Fegdtkploiting quorum sensing to confuse

bacterial pathogens, Microbiol. Mol. Biol. Rev. Z013) 73-111.

24



[12] (a) M. Hentzer, H. Wu, J. B. Andersen, K. Riedel,BI Rasmussen, N. Bagge, N.
Kumar, M. A. Schembri, Z. Song, P. Kristoffersen, Manefield, J. W. Costerton, S.
Molin, L. Eberl, P. Steinberg, S. Kjelleberg, N. iblg M. Givskov, Attenuation of
Pseudomonas aeruginosa virulence by quorum semdiigtors, EMBO J. 22 (2003) 3803-
15; (b) TH. Jakobsen, T. Bjarnsholt, PJ. JensenGMskov, N. Hgiby, Targeting quorum
sensing in Pseudomonas aeruginosa biofilms: curaect emerging inhibitors, Future
Microbiol. 8 (2013) 901-21; (c) A. Beury-Cirou , Manniéres,C. Minard , L. Soulere, T.
Rasamiravaka, R. H. Dodd, Y. Queneau, Y. DessdbxGuillou , O. M. Vandeputte, D.
Faure, At a supra-physiological concentration, hursaxual hormones act as quorum-

sensing inhibitors, PLoS One. 8 (2013) €83564.

[13] T. B. Rasmussen, T. Bjarnsholt, M. E. SkindersoeHdntzer, P. Kristoffersen, M.
Kote, J. Nielsen, L. Eberl, M. Givskov, Screenimg §uorum-sensing inhibitors (QSI) by

use of a novel genetic system, the QSI select®aceriol. 187 (2005) 1799-814.

[14] (a) E. T. van Rij, M. Wesselink, T. F. Chin-A-WaenG. V. Bloemberg, B. J.
Lugtenberg, Influence of environmental conditions the production of phenazine-1-
carboxamide by Pseudomonas chlororaphis PCL1391, mMfEnt Microbe Interact. 17
(2004) 557-66; (b) E. T. van Rij, G. Girard, BLaigtenberg, G. V. Bloemberg, Influence of
fusaric acid on phenazine-1-carboxamide syntheasis gene expression of Pseudomonas

chlororaphis strain PCL1391, Microbiology. 151 (8D@805-14.

[15] (@) J. A. Olsen, R. Severinsen, T. B. Rasmussendaitzer, M. Givskov, J. Nielsen,
Synthesis of new 3- and 4-substituted analoguesylfhomoserine lactone quorum sensing

autoinducers, Bioorg. Med. Chem. Lett. 12 (200%-82(b) T. HjelImgaard, T. Persson, T.

25



B. Rasmussen, M. Givskov, J. Nielsen, SynthesisfusAnone-based natural product
analogues with quorum sensing antagonist actiBityorg. Med. Chem. 11 (2003) 3261-71;
(c) T. Persson, S. K. Johansen, L. Martiny, M. &s J. Nielsen, Synthesis of carbon-14
labelled (5Z)-4-bromo-5-(bromomethylene)-2(5H)-fovae: a potent quorum sensing
inhibitor, J. Label Compd. Radiopharm. 47 (20047@2; (d) T. Persson, T. H. Hansen, T.
B. Rasmussen, M. E. Skindersg, M. Givskov, J. Migeldational design and synthesis of
new quorum-sensing inhibitors derived from acylatesmoserine lactones and natural
products from garlic, Org. Biomol. Chem. 3 (200582%62; (e) T. Hjelmgaard, M. Givskov,

J. Nielsen, Expedient total synthesis of pyrrothimgural products and analogs, Org.
Biomol. Chem. 5 (2007) 344-8; (f) B. Koch, T. Liiges, T. Persson, J. Nielsen, S.
Kjelleberg, M. Givskov, The LuxR receptor: the sitef interaction with quorum-sensing
signals and inhibitors, Microbiology. 151 (2005)8%5602; (g) T. H. Jakobsen, M. V.

Gennip, R. K. Phipps, M. S., Shanmugham, L. D. €bansen, M. Alhede, M. E.

Skindersoe, T. B. Rasmussen, K. Friedrich, F. Uth&€d. Jensen, C. Moser, K. F. Nielsen,
L. Eberl, T. O. Larsen, D. Tanner, N. Hgiby, T. Bjsholt, M. Givskov, Ajoene, a sulfur-

rich molecule from garlic, inhibits genes contrdlley quorum sensing, Antimicrob. Agents

Chemother. 56 (2012) 2314-25.

[16] A. N. Kost, P. B. Terent'ev, L. V. Moshentseva, ®sis of fusaric acid and its

analogs, Chemistry of Natural Compounds. 2 (1967)4.

[17] A. Waldner, A short synthesis of fusaric acid amélagues, Synth. Commun. 19

(1989) 2371-4.

26



[18] A. R.Renslo, R. L. Danheis@ynthesis of Substituted Pyridines via Regiocoldl

[4 + 2] Cycloadditions of Oximinosulfonates , JgO€hem. 63 (1998) 7840-50.

[19] J.J. Song, N. K. Yee, A concise synthesis of fasarid and (S)-(+)-fusarinolic acid,

J. Org. Chem. 66 (2001) 605.

[20] (@) A. Doudouh, P. C. Gros, Y. Fort, C. WoltermahMSCH(2)Li—-LIDMAE: a new
nonnucleophilic reagent for C-2 lithiation of hayoidines, Tetrahedron. 62 (2006) 6166-71,
(b) A. Doudouh, C. Woltermann, P. C. Gros, TMSCH{2nd TMSCH(2)Li-LiDMAE:
efficient reagents for noncryogenic halogen-lithiexchange in bromopyridines, J. Org.

Chem. 72 (2007) 4978-80.

[21] M. Hentzer, K. Riedel, T. B. Rasmussen, A. Heyddi, Andersen, M. R. Parsek,
S. A. Rice, L. Eberl, S. Molin, N. Hgiby, S. Kjdllerg, M. Givskov, Inhibition of quorum
sensing in Pseudomonas aeruginosa biofilm badigria halogenated furanone compound,

Microbiology. 148 (2002) 87-102.

[22] L. Yang, M. T. Rybtke, T. H. Jakobsen, M. HentZEr Bjarnsholt, M. Givskov, T.
Tolker-Nielsen, Computer-aided identification ofcognized drugs as Pseudomonas

aeruginosa quorum-sensing inhibitors, AntimicrogeAts Chemother. 53 (2009) 2432-43.

[23] J. B. Andersen, A. Heydorn, M. Hentzer, L. Eberl, Qeisenberger, B. B.
Christensen, S. Molin, M. Givskov, gfp-based N-abgimoserine-lactone sensor systems
for detection of bacterial communication, Appl. Eown Microbiol. 67 (2001) 575-85.

[24] J. Jiao, B. Zhou, X. Zhu, Z. Gao, Y. Liang, Fusaad induction of programmed
cell death modulated through nitric oxide signglin tobacco suspension cells, Planta. 238
(2013) 727-37.

27



[25] X. Dong, N. Ling, M. Wang, Q. Shen, S. Guo, Fusacd is a crucial factor in the
disturbance of leaf water imbalance in Fusariunedétéd banana plants, Plant Physiology

and Biochemistry (Issy-les-Moulineaux, France)(3012) 171-9.

[26] A. D'Alton, B. Etherton, Effects of fusaric Acid olmmato root hair membrane

potentials and ATP levels, Plant Physiol. 74 (198244 2.

[27] J. Pavlovkin, I. Mistrik, M. Prokop, Some aspedtshe phytotoxic action of fusaric

acid on primary Ricinus roots, Plant Soil Envir60.(2004) 397-401.

[28] T. Bjarnsholt, M. van Gennip, T. H. Jakobsen, L.dhristensen, P. @. Jensen, M.
Givskov, In vitro screens for quorum sensing infuits and in vivo confirmation of their

effect, Nat Protoc. 5 (2010) 282-93.

[29] a) K. Ekberg, A. G. Wielandt, M. J. Buch-Pederddin,G. Palmgren, A conserved
asparagine in a P-type proton pump is requirecfiocient gating of protons, J Biol Chem.
288 (2013) 9610-8; b) E. S. Baginski, P. P. FoaZék, Microdetermination of inorganic
phosphate, phospholipids, and total phosphatedlodic materials, Clin Chim. 13 (1967)

326-32.

[30] a) For 2a: R. J. Chambersa, A. Marfata, Regiosige€arboalkoxylation of 2,5-
Dibromopyridine, Synth. Commun. 27 (1997) 515-58pfor 2b: T. Martin, C. Laguerre,
C. Hoarau, F. Marsais, Highly efficient borylati®uzuki coupling process for 4-bromo-2-
ketothiazoles: straightforward access to microgwatel and saramycetate esters, Org. Lett.
11 (2009) 3690-2; c) For FAE: B. Potthoff and Eei@naier, Pyridine durch Cyano-[4+2]-

Cycloaddition, Synthesis, 7 (1986) 584-6.

28



ABBREVIATIONS
AHLs, N-Acyl-L-homoserine lactones; MW, Microwave; 4-NPO, 4-mpimadineN-oxide;

Pmal, plasma membrané-ATPase; QS, quorum sensing; QSI, quorum senshigitor; TLC,

thin layer chromatography; UPLC, ultra performahgeid chromatography.
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Figure, scheme and table captions

Fig. 1 Homologous structure &fA and analogues toward the QS signal molebkitexanoyl-
L-homoserine lacton&); QSI containing structural features of QS signalecule 4-bromo-5-
[1-bromo-meth-Z)-ylidene]-3-butyl-3-furan-2-one If) and reported QSI containing pyridine 4-

NPO (4-nitropyridineN-oxide) €)

Fig. 2 Overlap betweelN-hexanoylt-homoserine lactone arkeA

Fig. 3: FA and strategy for design of library

Fig. 4: QSI activity of compoundBAE, FA, 4b, 4g, 7a, 7b and7c tested with the QS monitor
luxI-gfp. GFP fluorescence (RFU), GFP expression is cdatdly the QS controlleldix|
promoter. None of the compounds showed growth itdripeffects in the tested concentration
ranges, except fdfA. All Compounds were tested in triplicate in 2-faliéutions from 100

ug/ml.

Fig. 5. QSI activity of compoundSc, 8a and8b tested in the QS monittuxI-gfp. a) Bacterial
growth (OD450). b) GFP fluorescence (RFU), GFP eggion is controlled by the QS controlled

luxI promoter. All Compounds were tested in triplicat@-fold dilutions from 10Qug/ml.

Fig. 6: QSI activity of compoun@a tested with théasB-gfpmonitor. GFP fluorescence (RFU),
GFP expression is controlled by the QS contrdie promoter. No growth inhibitory effects
in the tested concentration ranges. Compound vstesdén triplicate and in 2-fold dilutions from

1000pug/ml.

Fig. 7: Simplified structure-activity relationship based our study
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Scheme 1 Synthetic pathway for preparation of a librarytning 5-substituted picolinic acids
and esters thereof. a) i) TMSGIHLIDMAE, toluene, 0°C, 30min .ii) HCOOCH or

HCOOGH:s, -78°C, 3h. iii) I,, K.COs, methanol or ethanol; b) bis(pinacolato)diboron,
postassium acetate, 10 mol % Pd(dppfi@implex with chloroform, MW, 30 min; ¢)?FCI or
R?-Br for Pathway 1 and substituted boronate estePé&hway 2, Pd(dppf)etomplex with
chloroform 10 %, C££0;, 1,4-Dioxane/water (1/0.5), MW, 90 min; d) NaOHY&5 equiv.), rt,

12h.

Scheme 2 Synthesis of the different alkyls side chainR&)Cl or R-Br, DMF, rt, 18 - 48 h or
MW, 180 min; b) NaOH(aq) (5 equiv.), rt, 12h; cppyl amine, 6 mol % Pd(dppf)&tomplex
with dichloromethane, GEO; (2 equiv.), toluene, MW, 90min; d) ethanethioOs, DMF, rt,

5h.

Scheme 3Fast synthesis ¢fA using microwave-assisted methodogy. a) n-butylbicracid
pinacol ester, 10 mol % Pd(dppfX@omplex with chloroform, GEOs (2 equiv.), 1,4-
Dioxane/water (1/0.5), MW, 90 min; b) NaOH(aq) ¢ue.), rt, 12h; c) bis(pinacolato)diboron,
postassium acetate, 10 mol % Pd(dppf)@mplex with chloroform, MW, 30 min; d) n-butyl
bromide, 10 mol %,Pd(dppf)&tomplex with chloroform, GEO;s, 1,4-dioxane/water (1/0.5),

MW, 90 min.
Table 1: Structures of tested analogued=a&f and yield

Table 2 1Csq values for QSI activity of compoun&&E, FA, 4b, 4g, 7a, 7b and7ctested with

theluxl-gfp monitor screens.
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Table 1: Structures of tested analoguesa&f and yield

| X
NN
o

Cpds X Y Method Yield®
2a Br OMe - 55
2b Br OEt - 46
2 Br OH saponification 90
4a benzyl OMe 1 88
4b 6-methoxypyridine-2-yl OMe 2 92
4c furan-2-yl OMe 2 77
4d 5-methylthiophen-2-yl OMe 2 82
4e thiazol-2-yl OMe 2 78
4f 2-methyl-2H-indazol-6-yl OMe 2 80
49 phenyl OEt 2 80
4h 4-methylphenyl OEt 2 70
4i naphthalen-1-yl OEt 2 82
4 quinolin-4-yl OMe 1 78
4k 2-methylquinolin-4-yl OMe 1 88
41 6-methoxyquinolin-4-yl OMe 1 81
am 7-methoxyquinolin-4-yl OMe 1 77
5a benzyl OH saponification 92
5b 6-methoxypyridine-2-yl OH saponification 92
5c furan-2-yl OH saponification 80
5d 5-methylthiophen-2-yl OH saponification 62
5e thiazol-2-yl OH saponification 69
5f 2-methyl-2H-indazol-6-yl OH saponification 90
59 phenyl OH saponification 81
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5h
5i

5]
5k
5|
5m
7a
7b
7c
8a
8b
8c
8¢
10a
10b
FAE
FA

4-methylphenyl OH saponification

naphthalen-1-yl OH saponification
quinolin-4-yl OH saponification
2-methylquinolin-4-yl OH saponification
6-methoxyquinolin-4-yl OH saponification
7-methoxyquinolin-4-yl OH saponification
propyl OMe Williamson
cyclopropylmethyl OMe Williamson
2-0x0-2-(phenylamino)ethyl OMe Williamson
propyl OH saponification
cyclopropylmethyl OH saponification
2-ox0-2-(phenylamino)ethyl OH saponification
carboxymethyl OH saponification
propylamino propylamino -
(ethylthio)methyl OEt -

butyl OEt 2

butyl OH saponification

91
89
80
83
78
90
89
79
83
80
70
73
g2
73
65
90
75

‘Isolated yield (%) after Suzuki or Williamson orpBaification reaction as described in meth&t was
synthesized fron7cin 4 hours*8c'was obtained by let the hydrolysis & overnight. — see experimental
section for method.
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Table 2 ICsp values for QSI activity of compoun&AE, FA, 4b, 4g, 7a, 7b and7ctested with

theluxl-gfp monitor screens.

No. Compounds  ICso (ng/ml)

1 FAE 55
2 FA ND*
3 4b 95
4 49 12
5 7a ND*
6 7b 14
7 7c 64
8 Ajoene* 4

*Ajoene [15g] was used as positive control.

*Not determined.

Half-maximal inhibitory concentration (k) values were
calculated from curves showing the GFP expre:
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Highlights

- 40 novel FA analogues were prepared efficiently by microwave-assisted synthesis
- Fusaric acid is bioequivalent with the endogenous QS signal molecules

- Natural product scaffolds as a starting point for developing QSIs

- Eight compounds inhibit /ux QS system and one compound inhibit /as QS system
- Structure-activity relationships have been established



