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mellonella model.

Diseases caused by biofilm-forming pathogens are becoming increasingly prevalent and represent a major threat
to human health. This trend has prompted a search for novel inhibitors of microbial biofilms which could, for
example, be used to potentiate existing antibiotics. Naturally-occurring, halogenated furanones isolated from
marine algae have proven to be effective biofilm inhibitors in several bacterial species. In this work, we report
the synthesis of a library of novel furanones and their subsequent evaluation as biofilm inhibitors in several
opportunistic human pathogens including S. enterica, S. aureus, E. coli, S. maltophilia, P. aeruginosa and C. albicans.
A number of the most potent compounds were subjected to further analysis by confocal laser-scanning micro-
scopy for their effects on P. aeruginosa and C. albicans biofilms individually, in addition to mixed polymicrobial
biofilms. Lastly, we investigated the impact of a promising candidate on survival rates in vivo using a Galleria

1. Introduction

The discovery and development of antibiotics represents one of the
major advances in human health [1,2]. Bacterial infections, which were
previously potentially fatal, were suddenly made readily treatable [3,4].
However, even at the very early stages of the so-called ‘golden age’ of
antibiotics, some warning signs were noted. In 1947, the first bacterial
strain resistant to penicillin was identified and within a year of its
clinical introduction, resistant strains of Staphylococci were isolated in
patient samples [5].

As the use, overuse and misuse of antibiotics has increased over the

intervening decades, so too has the problem of antimicrobial resistance
(AMR). The World Bank has calculated that AMR could lead to ten
million deaths each year by 2050, accompanied by an economic impact
comparable to the 2008 financial collapse [6]. Over the next 35 years,
300 million are predicted to die prematurely as a result of AMR [7]. The
six leading pathogens for deaths associated with resistance are Escher-
ichia coli, Staphylococcus aureus, Klebsiella pneumoniae, Streptococcus
pneumoniae, Acinetobacter baumannii, and Pseudomonas aeruginosa, in
that order [8]. They constitute important opportunistic pathogens and
are a frequent cause of nosocomial infections.

This challenge has been made all the greater by problems with the
antibiotics pipeline where few new classes of antimicrobials have come
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Abbreviations

AHL Acyl Homoserine Lactone

AlI-2 Autoinducer-2

AMR Antimicrobial Resistance

CAL C. albicans M2396

CLSM Confocal laser-scanning microscopy
DME Dimethoxyethane

DMSO  Dimethyl sulfoxide

ECO E. coli ATCC 9637

LB Lysogeny broth

NOESY Nuclear Overhauser Effect Spectroscopy
PAO P. aeruginosa PAO1

PAR P. aeruginosa PAR7244

PBS Phosphate-buffered saline
PCR Polymerase chain reaction
QS Quorum sensing

RFP Red fluorescence protein
RBF Round bottomed flask

SAU S. aureus Newman

SEN S. enterica sv. Typhimurium

SMA S. maltophilia K279a

SOB Super Optimal Broth

SPhos  2-Dicyclohexylphosphino-2’,6'-dimethoxybiphenyl
TSB Tryptic Soy Broth

YPD Yeast Extract-Peptone-Dextrose

to market in recent years. Only three new classes of antibiotics have
been launched since 1990, and for one of these, the oxazolidiones,
resistance was identified soon after their introduction [9].

Taking these factors into account, it is clear that new strategies are
required. One such strategy involves targetting the resistance mecha-
nisms of pathogenic bacteria, such as the production of biofilms.
Biofilm-producing bacteria can be over 1000-fold more resistant to an-
timicrobials than their planktonic equivalents [10]. Additionally, the US
National Institute of Health has noted that 80% of persistent infections
in patients are associated with bacterial biofilms [11]. As biofilms are
often polymicrobial in nature, the innate resistance of one population
can reduce the susceptibility of another population in the biofilm lead-
ing to “herd-protection” [12]. Such polymicrobial infections are closely
associated with diseases such as cystic fibrosis, ear and urinary in-
fections, respiratory tract infections, diabetic ulcers, wounds, as well as
with certain medical devices [13].

Biofilms are regulated by quorum sensing (QS), an intercellular
communication system, which influences microbial virulence, second-
ary metabolites production and DNA uptake [14,15]. QS is coordinated
by small signalling molecules known as autoinducers (AI). Autoinducers
are biosynthesised by bacteria until their extracellular concentration
reaches a particular threshold, which then triggers a change in gene
expression [16]. One of the main autoinducers in Gram-negative bac-
teria are the N-acylated-L-homoserine lactones (AHLs). Autoinducer-2
(AI-2) is an intra- and interspecies communication molecule which has
been identified in both Gram-negative and -positive bacteria. The
development of new antimicrobial agents that interfere with bacterial
quorum sensing, thereby inhibiting biofilm formation and increasing
antibiotic sensitivity, has been the focus of significant research [17].

De Nys et al. have previously reported the isolation of halogenated
furanones from the marine alga Delisea pulchra [18]. A number of these
molecules were subsequently found to inhibit colonisation of the algal
surface and were identified as potential anti-fouling agents, with bro-
mofuranone 1 being recognised as one of the more promising candidates
(Fig. 1) [19]. This discovery prompted further research into this class of
compounds in the intervening years. A large number of halogenated
furanones, and related synthetic analogues, were later discovered to
inhibit biofilm formation in a variety of bacterial pathogens including
Salmonella enterica sv. Typhimurium [20], P. aeruginosa [21], E. coli [22]

n-Bu Br HO: :OH
— — OO
Br Br HO!
1 2:R=H Al-2 (4)
3:R=Br

Fig. 1. Comparison of AI-2 with furanone-based quorum sensing inhibitors.

and Staphylococcus epidermis [23]. We have previously reviewed the
structure-activity relationships of these bioactive furanones, although
the impact of structure on activity does vary considerably depending on
the microbe under investigation [24]. It has been suggested that these
compounds may constitute potential QS inhibitors. There is strong evi-
dence that halogenated furanones, such as 2 and 3, interfere with the
AI-2 (4) signalling system present in several species [16,25]. For
example, Zang et al. demonstrated that certain furanones deactivate the
LuxS enzyme which plays a key role in the production of AI-2 [26]. Some
evidence also exists that these compounds can inhibit AHL-dependent
phenotypes [27,28].

Herein, we describe the synthesis of a range of structurally diverse
furanones using a variety of palladium-cataysed coupling reactions.
These compounds are evaluated for their inhibitory effects on biofilm
production in opportunistic human pathogens such as S. enterica,
S. aureus, P. aeruginosa, E. coli and S. maltophilia, as well as the fungal
pathogen C. albicans. The impact of furanone structure on biological
activity is also discussed.

2. Results and Discussion
2.1. Chemistry

We have previously described the preparation of gem-dibromofur-
anone 3 from maleic anhydride via a modified Ramirez olefination [29].
Subsequent palladium-mediated coupling of 3, in the presence of the
SPhos ligand, was attempted with a variety of boronic acids (Table 1). In
general, monoarylated furanones resulted when 1.1 equivalents of the
boronic acid were employed and the reaction conducted at room tem-
perature (entries 1, 4, 6, 8, 10). These couplings proceeded with high
stereoselectivity, with formation of the Z-isomers favoured. Similar
selectivity has been previously noted with comparable gem-di-
bromoolefin substrates [30-32]. The preparation of diarylated fur-
anones was achieved by increasing the equivalents of boronic acid from
1.1 to 3, and by raising the reaction temperature to 100 °C (entries 2, 5,
7,9, 11, 15). The introduction of a m- or p-nitro group to the arylboronic
acid was associated with significantly reduced reactivity, and couplings
failed to proceed at room temperature. When these reactions were
repeated at 100 °C, a mixture of mono- and diarylated furanones were
recovered (entries 12, 13). Attempted coupling of p-hydrox-
yphenylboronic acid under these conditions was not achieved and pro-
todeboronation instead afforded phenol as the major by-product. By
adapting the conditions developed by Noteberg and colleagues [33],
where Pd(OAc),/SPhos was replaced with Pd(PPh3),;Cl, and DME/e-
thanol used in place of toluene, bis(phenol)-substituted furanone 21 was
produced in 58% yield under microwave irradiation (entry 14).

Dibromoolefination of methylsuccinic anhydride (23) afforded a
mixture of regioisomeric products (Scheme 1). 4-Methyl-substituted
gem-dibromofuranone 24 was isolated in 46% yield along with minor



A.-C. Gomez et al. European Journal of Medicinal Chemistry 242 (2022) 114678

Table 1
Synthesis of arylated furanones via Suzuki coupling.

— R'-B(OH), _ 1
Br P R
O% i, i or iii o o ~

3 Br R2
Entry R! R'B(OH), Temp. (°C) Conditions Product R? Yield
(eq.)
1 \(@ 1.1 T.t. i 5 Br 32%
2 \p 3 100 ii 6 \(@ 82%
3 | 1.1 50 ii 7 Br 59%
O: :
8 | 7%
O: :
4 o/ 1.1 r.t i 9 Br 67%
5 o/ 3 100 ii 10 O/ 75%
6 [ 11 rt. i 11 Br 29%
S
7 | 3 100 ii 12 | 83%
\/@f ) \)@f i

8 \(©/ F 1 r.t. i 13 Br 15%
9 Y©/ F 3 100 ii 14 Y©/ F 86%
10 \(©/C F3 1 10 i 15 Br 26%
11 \(©/CF3 3 100 i 16 \Q/CFS 84%
12 N 02 3 100 ii 17 Br 24%

18 NO, 1%
13 \(©/N02 3 100 ii 19 Br 20%

20 p/ NO, 8%

(continued on next page)
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Table 1 (continued)
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14 \(©/OH 3 120

15 / \ 3 100

S

iii 21

\p/OH 58%

ii 22 / \ 25%

S

i. PA(OAc), (3 mol%), SPhos (2 mol%), K3PO4 (2 eq.), PhMe, 48 h; ii. PA(OAc), (1 mol%), SPhos (2 mol%), K3PO4 (3 eq.), PhMe, 3 h; iii. Pd(PPh3),Cl, (8 mol%),

NayCOs (3 eq.), m.w., DME/EtOH 4:1, 40 min.

CBry (1.5 €q)
P(O-iPr)3 (2 eq.)

éd CH,Cly, N,
- 0°C-rt., 3h - Br - Br
e —— =~ =
Br
23 24 (46%) 25 (31%)

Scheme 1. Preparation of methylated gem-dibromofuranone 24.

product 25 in 31% yield. 25 has been previously investigated as a QS
inhibitor and was not evaluated in this study [22].

The addition of an allylic halide to a furanone ring has been linked to
improved QS activity [20,22,34]. With that in mind, a modified Ramirez
olefination of anhydride 26, prepared using a procedure described by
Reynauld et al. [35], was attempted (Scheme 2). Treating 26 with a
combination of carbon tetrabromide and triisopropyl phosphite fur-
nished dibromoolefin 27 in 36% yield as the major product. Known
furanone 28 was also identified as a minor product but proved impos-
sible to isolate as a pure compound. 27 could be distinguished from
regioisomer 28 by comparison of the chemical shift of H-3 at 6.58 ppm
in 27 which was significantly upfield of the equivalent signal in 28 [35].

Several groups have investigated ring-brominated furanones as po-
tential QS inhibitors [20,22,23,34,36]. Accordingly, a number of dia-
rylated furanones were initially treated with bromine at reflux, followed
by addition of triethylamine at O °C, to produce the corresponding
ring-brominated furanones in high overall yields (Table 2). Bromination
was found to proceed with high regioselectivity (entries 1-3), with the
halogen introduced into the 3-position exclusively as confirmed by
correlations between H-4 and the aromatic protons in 2D-NOESY
spectra. The electron-donating effect of a 4-methoxy group led to the
formation of two products, with concomitant ortho-bromination of the
activated aromatic rings being observed (entry 2). Bromination of 4-tri-
fluoromethylphenyl-substituted furanones in diethyl ether proceeded
sluggishly with significant amounts of unreacted substrate recovered.
Gratifyingly, switching to higher boiling point chloroform saw complete
consumption of starting materials with a yield of 76% recorded (entry
3).

Chlorine- and iodine-containing furanones have received far less
attention to date than their brominated analogues [24]. For example,
gem-dichlorofuranone 33, prepared by addition of trichloroacetate to
succinic anhydride at reflux and subsequent acidification with concen-
trated sulfuric acid [37,38], has never been investigated for its QS ac-
tivity (Scheme 3). A subsequent microwave-mediated Finkelstein
reaction transformed 33 into gem-chloroiodofuranone 34 in 43% yield.
Alternatively, Suzuki coupling of 33 with phenyl boronic acid furnished
35 solely as the Z-isomer in 50% yield. Coupling with 4-methoxyphenyl

CBr4 (1.6 eq)
gr P(0-Pr); (2 eq.)

I/C CH,Cly, N, Br Br
= 0°C-rt., 6 h =\ & =\ g
—_— S =
07”0 0o 07
Br Br
26 27 (36%) 28 (<5%)

Scheme 2. Preparation of allylic bromide 27.

Table 2
Introduction of bromine onto the furanone ring.
Br
— R 1. Bry, solvent, reflux, 4 h —
o?\/—)ﬁ 2.NEt;, 0°C, 1 h o ~R
O O
R R
Entry R Solvent Product Yield
1 \(@ Et,0 29 81%
2 | Et,0 30 36%
‘(© O
Br [ Et,0 31 34%
ﬁ°
3 \/©/CF3 CHCl3 32 76%

boronic acid proceeded more readily, with 36 recovered in 76% yield
again as its Z-isomer. gem-Dichlorofuranone 34 proved to be a less
reactive substrate than gem-dibromofuranone 3, as reflected by the
complete absence of diarylated equivalents of 35 or 36 after 48 h.

Furanones bearing alkyne substituents have exhibited promising QS
inhibition against P. aeruginosa [36]. Sonogashira coupling of dibro-
moolefin 3 with 2.2 equivalents of 4-ethynylanisole at 80 °C furnished
37 exclusively in 34% yield under solvent-free conditions (Scheme 4).
Attempted isolation of the corresponding monoalkynyl-substituted
analogue using 1.1 equivalents of 4-ethynylanisole was ultimately un-
successful, as the product was found to co-elute with trace amounts of
37.

2.2. Biofilm inhibition activity of furanone library

Our library of novel furanones was next evaluated for their effects on
different microorganisms of public health significance. We first tested
their impact on microbial growth. Most of the compounds assessed did
not impair growth significantly (Fig. 2). The largest effects were
observed in the fungal pathogen C. albicans, with control furanones 2
and 3 inhibiting growth to the greatest extent. By contrast, both strains
of P. aeruginosa proved largely insensitive to our library. These findings
are of interest, as an ideal QS disruptor should minimally impact mi-
crobial growth, thus avoiding increased evolutionary pressure on the
target.

S. enterica is a foodborne bacterium that colonises the gastrointes-
tinal tract of infected individuals [39]. Tribromofuranone 27, which
incorporates an allylic bromide in addition to the common dibromoo-
lefin motif, was the most active compound and significantly reduced
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R-B(OH), (1.1 eq.)
Pd(OAc), (3 mol%)

SPhos (2 mol%)

Ny, rt., 48 h

- R
=
Oﬂo\(
Cl

35R = Ph (50%)
36:R= 4-MeOC6H4 (76%)

Scheme 3. Synthesis of chlorine- and iodine-containing furanones.

Nal (10 eq)
DMF
__ M.W., 160 °C _
- Cl 3 min - Cl
"o % OO
Cl
34 33
4-MeOCgH,——

PdCI,(PPhj3), (10 mol%)
Cul (20 mol%)
PPh3 (20 mol%)
Diisopropylamine
N,, 80 °C, 24 h
34%

OMe

37

Scheme 4. Synthesis of 37 via Sonogashira coupling.

24 100%
3 ]
5-
64
7-
84
9 80%
104
114
12
134
144
154
16 60%
174
184
194
20
21 "
224 L] 0,
24 40%
26
27 .
29
30
314
32 F 120%
334
34 —
354
36+
374
DMSO-

Compounds

T T T T T T T — 0%
SEN SAU ECO SMA PAO PAR CAL
Strains
Fig. 2. Percentage growth inhibition by individual furanones. Heat map of
mean growth inhibition values from at least three independent experiments for
S. enterica sv. Typhimurium (SEN), S. aureus Newman (SAU), E. coli ATCC 9637
(ECO), S. maltophilia K279a (SMA), P. aeruginosa PAO1 (PAO), P. aeruginosa
PAR7244 (PAR) and C. albicans M2396 (CAL). The scale displays 0%-100%
growth inhibition at 50 pM concentration of each furanone. Controls contain
the same volume of neat DMSO.

biofilm formation in S. enterica sv. Typhimurium by 72% at 50 pM
concentration (Fig. 3 & Supplementary Figure B1l). Known gem-di-
bromofuranone 3, which was used as a control in this study, displayed
comparable activity with 67% inhibition. Chlorine-substituted

-
5-
6
7=
8-
9 80%

10—

114

12+ —

13

14

15

16 60%

17

18

19

20

214 1

22

24

26

27 -

29

30

314

324

33

-

36
374
DMSO

Compounds

t 1 40%

- 120%

T T T T T T T T — 0%
SEN SAU ECO SMA PAO PAR CAS CAD
Strains
Fig. 3. Percentage biofilm inhibition by individual furanones. Heat map of
mean biofilm inhibition values from at least three independent experiments for
S. enterica sv. Typhimurium (SEN), S. aureus Newman (SAU), E. coli ATCC 9637
(ECO), S. maltophilia K279a (SMA), P. aeruginosa PAO1 (PAO), P. aeruginosa
PAR7244 (PAR) and C. albicans M2396 (CA). For C. albicans M2396, inhibition
of biofilm formation was analysed by sustained (CAS) and developmental
(CAD) inhibition assays. The scale displays 0%-100% biofilm inhibition at 50
pM concentration of each furanone. Controls contained the same volume of
neat DMSO.

furanones have traditionally been underexplored for their effects on
bacterial biofilms. Interestingly, gem-chloroiodofuranone 34 was highly
active with 59% inhibition recorded. Activity in S. enterica was quite
structure specific, with most of our library having little or no impact on
biofilm formation. Control 3 was found to reduce bacterial growth,
along with 27 and 34 to a lesser extent (Fig. 2 & Supplementary
Figure Al).

S. aureus is a Gram-positive opportunist bacterium that colonises the
skin and mucosae of approximately 30% of the human population [40].
S. aureus causes a wide range of illnesses including impetigo, endo-
carditis, osteoarticular infection, pneumonia and toxic shock syndrome,
as well as prosthetic device and catheter infections [41].
Methicillin-resistant S. aureus (MRSA) is currently responsible for 10
times more infections than all other multi-drug resistant Gram-negative
pathogens combined [42]. MRSA poses a major challenge as current
antimicrobial therapies are often associated with poor outcomes. As
with S. enterica, tribromofuranone 27 was the most potent molecule,
significantly inhibiting S. aureus Newman biofilm production by 71%
(Fig. 3 & Supplementary Figure B2). Of the remaining candidates,
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bis-4-hydroxyphenyl-substituted furanone 21 was the next most effica-
cious compound with 52% inhibition recorded. The structurally similar
4-methoxyphenyl-substituted analogue 12 displayed a comparable de-
gree of inhibition, and reduced biofilm growth by 44%. Neither of these
compounds contains a halogen atom, which is often considered a pre-
quisite for biofilm-inihibiting furanones [24]. Transposing the methoxy
group to either the 2- or 3-position saw a fall-off in activity with values
of 7% recorded for 8 and 30% for 10. 4-Methoxyphenylacetylene-substi-
tuted furanone 37, a close analogue of 12 but incorporating an acetylene
spacer, also exhibited a moderate effect (36% inhibition). Several of the
biofilm inhibitors identified above (e.g. 12 and 21) had minimal impact
on bacterial growth (Supplementary Figure A2).

The Gram-negative bacterium E. coli is a common cause of several
debilitating infections, including enteritis, urinary tract infections, sep-
ticaemia and neonatal meningitis [43]. The effect on biofilm production
in E. coli ATCC 9637 was reduced relative to the other species under
investigation (Fig. 3). Molecules lacking a dihaloolefin motif were
generally more potent. Bis-4-methoxyphenylacetylene-substituted 37
was the most active compound, inhibiting biofilm growth by 31%
(Supplementary Figure B3). The ring-brominated furanone 31 was
moderately active with a 15% reduction noted. Neither of the two
brominated controls 2 or 3 affected biofilm production. Several of these
biofilm inhibitors moderately reduced bacterial growth in the order of
8% for 37 (Supplementary Figure A3). The largest effect was recorded
with chloroiodofuranone 34 (28% reduction) which was not itself a
biofilm inhibitor.

S. maltophilia is also an important nosocomial pathogen that has been
linked to respiratory tract and blood infections, and is particularly sig-
nificant in immunocompromised lung cancer patients [44]. None of our
furanones inhibited growth (Supplementary Figure A4) or biofilm for-
mation in S. maltophilia K279a (Fig. 3 & Supplementary Figure B4). The
latter result is, perhaps, unsurprising as neither AI-2 nor AHL play sig-
nificant roles in S. maltophilia QS [45].

P. aeruginosa is a significant driver of nosocomial infections, mainly
in intensive unit care, where it is associated with ventilator-associated
pneumonia, urinary tract infections, wound infections and various
sepsis syndromes [46]. This pathogen poses a particular threat to
immunocompromised patients [47]. In comparison to other bacteria,
P. aeruginosa PAO1 biofilms proved sensitive to a wider range of fur-
anone structures (Fig. 3). The most active compound was found to be
control monobromofuranone 2 which inhibited biofilm growth by 75%
(Supplementary Figure B5). Methyl-containing dibromofuranone 24
was almost equipotent with 70% inhibition observed. Its tribominated
analogue 27, which was the most active inhibitor of S. enterica and
S. aureus biofilms, was slightly less effective against P. aeruginosa (60%
inhibition). Although bromine-containing compounds were generally
more potent, both dichlorofuranone 33 and chloroiodofuranone 34
inhibited biofilm production in P. aeruginosa PAO1 by 52% and 51%
respectively. However, as with S. enterica, the presence of a halogen
atom was not necessarily required for activity. Indeed, diarylated fur-
anones 8 and 10, which bear methoxy substituents at the 2- and 3-posi-
tions respectively, were found to be more active than their
monoarylated equivalents 7 and 9, and reduced biofilm growth by 41%
and 44% respectively. None of the furanones inhibited the growth of
P. aeruginosa PAO1 by more than 5% except for bromofuranone 24
which reduced bacterial growth by just 11% (Supplementary Figure A5).
This is noteworthy as it suggests that these compounds reduce bacterial
biofilm production without causing cell death, highlighting their po-
tential as QS inhibitors.

P. aeruginosa PAR7244 is a recent clinical isolate identified in pa-
tients with tracheobronchitis and is classified as a high biofilm former
[48]. In contrast to PAO1, biofilm production in PAR7244 was less
sensitive overall (Fig. 3). Methyl-substituted dibromofuranone 24 was
the most potent inhibitor, reducing biofilm growth significantly by 44%
compared to a 70% reduction in PAO1 (Supplementary Figure B6).
Surprisingly, control bromofuranone 2, which was the most effective

European Journal of Medicinal Chemistry 242 (2022) 114678

inhibitor in PAO1, had no impact on biofilm formation in PAR7244. As
with PAO1, bacterial growth in P. aeruginosa PAR7244 was mostly un-
affected by our library (Supplementary Figure A6).

While C. albicans is prevalent in the gastrointestinal and genitouri-
nary tracts of healthy individuals, it may become pathogenic when the
host’s microbiota or immunity are disrupted [49,50]. C. albicans bio-
films can be 1000 times more resistant to antimicrobials than their
planktonic equivalents [51]. The presence of biofilm increases resis-
tance to both antifungal agents and the host’s immune system. Such
biofilms pose a significant clinical challenge as they frequently form on
implanted medical devices such as pacemakers, catheters and prosthetic
joints [52]. Although a small number of brominated furanones have
been investigated as fungal growth inhibitors of C. albicans [53], their
impact on Candida biofilm formation remains unexplored.

Several furanones as analysed by sustained inhibition assays dis-
rupted biofilm formation in C. albicans M2396 (Fig. 3). At 50 uM con-
centration, controls 2 and 3 completely inhibited biofilm production,
with a strong inhibitory effect (92% inhibition) also observed for
chloroiodofuranone 34 (Supplementary Figure B7). There was a
noticeable overlap between compounds that inhibited biofilm formation
with those furanones that also retarded cell growth (Supplementary
Figure A7). By contrast, the next most active candidate, namely 4-tri-
fluoromethylphenyl-substituted 15, reduced biofilm production by
75% but had a much smaller effect on cell growth. Tribromofuranone
27, which was the most potent inhibitor in several bacterial species, was
less active against C. albicans biofilm with an inhibition value of 51%.
The replacement of the two bromines in 3 with chlorines saw a fall-off in
activity for 33 (21% inhibition). Other structural changes, such as the
introduction of a methyl group onto the C4-position of the furanone
ring, were similarly detrimental with 24 reducing biofilm formation by
only 38%. As previously observed with bacterial biofilms, the presence
of a vinylic halogen was not a prequisite for activity. Bis-4-
methoxyphenyl-substituted furanone 12 and the closely related bis-3-
methoxyphenyl-substituted furanone 10 reduced fungal biofilm
growth by 61% and 53% respectively.

We also examined the effect of our library on biofilm growth in the
developmental phase of C. albicans M2396 where a different pattern
emerged. In particular, the correlation of inhibitory effects on biofilm
growth with cell growth was less pronounced. Once again, dibromo-
furanone 3 completely inhibited Candida biofilm, but mono-
bromofuranone 2 proved much less effective (Supplementary
Figure B8). 4-Trifluoromethylphenyl-substituted 15 was more active in
the developmental phase with 85% inhibition recorded. Non-
halogenated bis-4-methoxyphenyl-substituted furanone 12 and bis-3-
methoxyphenyl-substituted furanone 10 reduced fungal biofilm
growth by 75% and 71% respectively. A reduced inhibitory effect was
observed with chloroiodofuranone 34 (52% inhibition) in the develop-
mental phase.

2.3. Disruption of mixed bacterial-fungal biofilms by selected furanones

In both natural and clinical environments, biofilms are often poly-
microbial in composition. Inter-kingdom (e.g. bacteria/fungi) biofilms,
such P. aeruginosa/C. albicans, have been identified in infections of the
lungs, skin and in medical devices [13]. When these microorganisms are
co-isolated, their interaction may be simultaneously competitive, syn-
ergistic and/or antagonistic [54]. We wondered if our furanones with
significant anti-biofilm activity were also capable of disrupting mixed
fungal-bacterial biofilms. The chosen furanones were initially subjected
to further analysis for their effect on single-species biofilms of
P. aeruginosa and C. albicans using confocal laser-scanning microscopy
(CLSM). Under these conditions, some of the compounds assayed dis-
rupted biofilm formation in both target pathogens (Fig. 4). These results
were in accordance with those obtained by the crystal violet staining
method (Supplementary Figure B5) and the XTT reduction assay (Sup-
plementary Figure B7) using microtiter plates. For C. albicans, the most
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Fig. 4. Furanones with significant anti-biofilm activity as analysed by confocal laser-scanning microscopy (CLSM). (A) CLSM images of C. albicans M2396 in the
presence of 2, 3,7, 10, 12, 15, 27, 29 and 34. (B) Representative CLSM images of biofilm formed by P. aeruginosa PAO1 in the presence of 2, 3, 10, 24, 33 and 34. In

both panels, control (Ctrl) represents biofilms treated with neat DMSO.

pronounced effects were observed with bromofuranones 2, 3, tri-
bromofuranone 27 and chloroiodofuranone 34 (Fig. 4A). Chlor-
oiodofuranone 34 was also one of the most effective compounds against
P. aeruginosa PAO1 (Fig. 4B).

Based on these results, we studied the effect of bromofuranones 2, 3
and chloroiodofuranone 34 on the formation of mixed biofilms
composed of both species. Fig. 5 shows CLSM images of dual-species
biofilms formed by C. albicans M2396 with P. aeruginosa PAO1. Under
the growth conditions used, C. albicans showed less adherence to
p-Slides than P. aeruginosa, probably due to the inhibitory effect of
P. aeruginosa exoproducts on the fungus [13]. Bromofuranones 2, 3 and
chloroiodofuranone 34 were all found to decrease the biomass of both
microorganisms within the mixed biofilms (Fig. 5).

2.4. Invitro and in vivo toxicity and efficacy of candidate compounds

We next evaluated the toxicity of our most promising furanones in
vitro and in vivo, using HK-2 human kidney cells and G. mellonella larvae
respectively. We first examined the in vitro effect of 2, 10, 24, 27 and 33
at 50 pM on the HK-2 human cell line. Bis-3-methoxyphenyl-substituted
furanone 10 showed no indication of significant toxicity (Fig. 6A). 10
was the sole non-halogenated furanone in this group which may account

for its reduced toxicity. The other compounds tested, namely 2, 24, 27
and 33, proved toxic to human kidney cells which could prevent their
use in humans, at least in their current formulation (data not shown). By
contrast, in vivo toxicity screening of the same compounds at double
concentration (100 pM) showed that none was toxic to the larvae as no
animal died or showed signs of melanization (Fig. 6B). Toxicity testing
in G. mellonella larvae has recently emerged as a reliable predictor of
chemical toxicity [55].

Since 10 was non-toxic in human cells, we investigated its in vivo
antimicrobial activity in the G. mellonella acute model following infec-
tion with P. aeruginosa. The strain PAO1 is known to be highly virulent
for Galleria larvae [56]. Despite the low concentration tested (100 cfu
per larva), we recorded 100% mortality after 24 h (data not shown). We
instead infected the larvae with the clinical isolate PAR7244 which has
been shown to be less virulent for Galleria [48]. Treatment with 10
resulted in a significant increase in larvae survival (72%) compared with
non-treated larvae at 48% survival (Fig. 7). Furanone 10 was not asso-
ciated with significant biofilm inhibition in P. aeruginosa PAR7244
(Supplementary Figure B6), so the basis of increased larval survival
remains to be elucidated.
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Fig. 5. Confocal laser-scaning microscopy (CLSM) images of dual-species biofilms formed by C. albicans M2396 (red) and P. aeruginosa PAO1 (yellow) in the presence
of furnanones 2, 3 and 34. The control (Ctrl) represents a mixed biofilm treated with neat DMSO.

3. Conclusion

We have described the synthesis of a variety of bromine-, chlorine-
and iodine-containing furanones which were subjected to further
modification via Pd-catalysed coupling reactions. Several compounds in
this diverse library were found to strongly inhibit bacterial biofilm
formation in S. enterica, S. aureus, P. aeruginosa and to a lesser extent in
E. coli. In particular, tribromofuranone 27 exhibited equal or better
inhibitory activity against S. enterica, S. aureus, P. aeruginosa compared
to known dibromofuranones 2 or 3. Compounds which inhibited biofilm
formation did not generally impact on bacterial growth, highlighting
their potential as QS inhibitors. A number of compounds were also found
to impede biofilm growth in the fungal pathogen C. albicans with 4-

trifluoromethylphenyl-substituted 15 being identified as a promising
candidate. These effects were confirmed by confocal laser-scaning mi-
croscopy. While compound cytotoxicity was identified as a potential
issue, this was not replicated in toxicity testing with G. mellonella.
Interestingly, diarylated furanone 10 was not only found to be non-toxic
but also increased the survival rates of G. mellonella infected with
P. aeruginosa PAR7244.

The discovery of antibiotics remains one of the crowning achieve-
ments of the 20th century. However, since their introduction, the
problem of antimicrobial resistance has grown exponentially, with ever
more cases of resistant infections being reported in the literature. Dis-
eases caused by resistant bacteria now constitute the second most
common cause of death globally [57]. It is clear that a multipronged
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Fig. 6. In vitro and in vivo toxicity of selected furanones. A) Cytotoxicity in
human kidney cells. MTT-based assay with furanone 10 at a concentration of
50 uM on HK-2 cells. The viability percentage was calculated using non-treated
cells (Control). Vehicle is DMSO with a concentration of 0.5%. DMSO 5% was
used as a cytotoxicity control. B) Toxicity in G. mellonella of 2, 10, 24, 27 and
33 at 100 pM. Vehicle is DMSO with a concentration of 1%. The surviving
percentage was calculated using larvae injected with the vehicle.
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Fig. 7. Kaplan-Meier survival curves of G. mellonella larvae infected with
P. aeruginosa PAR7244. The larvae were treated with furanone 10 at a con-
centration of 50 pM in PBS (difference significant by log-rank test, P < 0.001).
DMSO at concentrations of 0.5% in PBS was used as vehicle control for un-
treated animals.
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approach to tackling AMR is required. The use of small molecule in-
hibitors of QS has long been touted as one promising strategy. The re-
sults reported here support this approach for the treatment of common
nocosomial infections.

4. Experimental section
4.1. Chemistry

Known compounds 2 [58], 3 [29,59] & 33 [29,37] were prepared via
previously reported procedures. Analytical data are provided as Sup-
plementary data.

4.1.1. General procedure for the preparation of monoarylated furanones

To an oven-dried RBF was added 3 (202 mg, 0.787 mmol, 1 eq.), the
appropriate boronic acid (0.866 mmol, 1.1 eq.), tripotassium phosphate
(334 mg, 1.574 mmol, 2 eq.), palladium(II) acetate (5 mg, 3 mol%),
SPhos (7 mg, 2 mol%) and toluene (4 mL) under a flow of nitrogen. The
reaction mixture was stirred at room temperature for 48 h and then
diluted with dichloromethane (30 mL). The solution was filtered
through a layer of Celite and the solvents were evaporated under
reduced pressure. The crude product was purified via column chroma-
tography with 4%-8% ethyl acetate in hexane to afford the mono-
arylated furanone product.

4.1.1.1. (Z)-5-(Bromo(phenyl)methylene)furan-2(5H)-one (5) [32].
Yield: 32%

1H NMR (CDCl3, 400 MHz): 6.32 (1H, d, J = 5.5 Hz, H-3), 7.42-7.48
(6H, m, H-4, H-2/, H-3', H-4, H-5', H-6'); 13C NMR (CDCl3, 100 MHz):
110.98 (CBr), 120.81 (C3), 128.78 and 130.12 (C2/, C6/, C3', C5'),
130.27 (C4'), 135.36 (C1’), 140.96 (C4), 149.08 (C5), 168.53 (C2); IR
(ATR, cmfl): 2922, 1776, 1759, 1624, 1547, 1487, 1444, 1230, 1107,
1069, 1033, 955, 925, 902, 861, 809, 755, 711. 693, 627; HRMS (ESIM):
Exact mass calculated for C;;HgBrO3 [M+H]" = 250.9708; Found =
250.9704.

4.1.1.2. (Z)-5-(Bromo(2-methoxyphenyDmethylene)furan-2(5H)-one
(7). Yield: 59%

'H NMR (CDCls, 400 MHz): 3.86 (3H, s, OCH3), 6.23 (1H, d, J = 5.5
Hz, H-3), 6.96-7.02 (2H, m, H-3/, H-5), 7.17 (1H, d, J = 5.5 Hz H-4),
7.25-7.28 (1H, m, H-6'), 7.42 (1H, td, J = 7.8 Hz, 1.31 Hz, H-4); 13C
NMR (CDCl3, 100 MHz): 55.79 (OCH3), 106.13 (CBr), 111.59 (C3'),
120.11 (C3), 120.57 (C5’), 123.63 (C1’), 131.87 (C4"), 132.03 (C6’),
141.11 (C4), 149.92 (C5), 157.47 (COCH3), 168.82 (C2); IR (ATR,
crnfl): 3071, 2932, 2839, 1776, 1762, 1595, 1578, 1488, 1462, 1250,
1108, 1068, 1048, 956, 862, 810, 776, 754, 704, 624,; HRMS (ESI1):
Exact mass calculated for C1oH;oBrO3 [M+H]" = 280.9813; Found =
280.9806.

4.1.1.3. (Z)-5-(Bromo(3-methoxyphenyl)methylene)furan-2(5H)-one
(9). Yield: 67%

TH NMR (CDCl3, 400 MHz): 3.85 (3H, s, OCH3), 6.31 (1H, d, J = 5.5
Hz, H-3), 6.97-7.03 (3H, m, H-2', H-4/, H-6"), 7.32 (1H, t, J = 7.8 Hz, H-
5'), 7.46 (1H, d, J = 5.5 Hz, H-4); 3C NMR (CDCls, 100 MHz): 55.48
(OCH3), 110.65 (CBr), 115.72 (C2'), 115.88 (C4'), 120.75 (C3), 122.43
(C6'), 129.77 (C5'), 136.54 (C1'), 141.04 (C4), 149.15 (C5), 159.62
(C3%), 168.51 (C2); IR (ATR, cmfl): 3139, 2937, 2843, 1782, 1758,
1596, 1576, 1548, 1486, 1427, 1287, 1251, 1202, 1108, 1049, 1033,
976, 883, 812, 774, 711, 690; HRMS (ESI"): Exact mass calculated for
Ci12H1oBrO3 [M+H]" = 280.9813; Found = 280.9806.

4.1.1.4. (Z)-5-(Bromo(4-methoxyphenyl)methylene)furan-2(5H)-one
(11). Yield: 29%

'H NMR (CDCls, 300 MHz): 3.86 (3H, s, OCH3), 6.29 (1H, d, J = 5.5
Hz, H-3), 6.95 (2H, dt, J = 8.9 Hz, 3.0 Hz, H-3/, H-5'), 7.40-7.44 (3H, m,
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H-4, H-2/, H-6'); 3C NMR (CDCls, 75.5 MHz): 55.53 (OCHs), 111.43
(CBr), 114.18 (C3, C5'), 120.31 (C3), 127.64 (C1’), 131.63 (C2/, C6),
140.91 (C4), 148.43 (C5), 161.19 (C4’), 168.71 (C2); IR (ATR, cm™1):
3138, 3109, 2840, 1759, 1776, 1602, 1508, 1545, 1253, 1237, 1175,
1110, 1031, 904, 864, 809, 703, 579; HRMS (ESI"): Exact mass calcu-
lated for C;oH1oBrO3 [M+H]" = 280.9813; Found = 280.9803.

4.1.1.5. (Z)-5-(Bromo(4-fluorophenyl)methylene)furan-2(5H)-one (13).
Yield: 15%

THNMR (CDCl3, 400 MHz): 6.34 (1H, d, J = 5.5 Hz, H-3), 7.14 (2H, t,
J = 8.6 Hz, H-3', H-5'), 7.39 (1H, d, J = 5.5 Hz, H-4), 7.45-7.48 (2H, m,
H-2/, H-6); '3C NMR (CDCls, 100 MHz): 109.55 (CBr), 116.02 (d, J =
22.2 Hz, C3', C5'), 121.08 (C3), 131.47 (d, J = 3.4 Hz, C1'), 132.07 (d, J
= 8.7 Hz, C2/, C6'), 140.58 (C4), 149.14 (C5), 163.65 (d, J = 252.2 Hz,
C4’),168.37 (C2); IR (ATR, cmfl): 3072, 2955, 2853, 2922, 1782, 1765,
1601, 1549, 1505, 1236, 1106, 866, 807, 567, 535; HRMS (ESI™): Exact
mass calculated for Cy1H;BrFO3 [M-+H]t = 268.9613; Found =
268.9607.

4.1.1.6. (Z)-5-(Bromo(4-(trifluoromethyl)phenyDmethylene)furan-2(5H)-
one (15). Yield: 26%

'H NMR (CDCls, 400 MHz): 6.39 (1H, d, J = 5.5 Hz, H-3), 7.41 (1H,
d, J=5.5Hz, H-4),7.60 (2H, d, J = 8.1 Hz, H-2’, H-6/), 7.72 2H, d, J =
8.1 Hz, H-3, H-5'); '3C NMR (CDCls, 75.5 MHz): 108.42 (CBr), 121.75
(C3), 123.37 (q, J = 272.5 Hz, CF3), 125.81 (q, J = 3.8 Hz, C3/, C5'),
130.50 (C2/, C6'), 132.04 (q, J = 32.9 Hz, C4'), 138.87 (C1’), 140.35
(C4), 149.86 (C5), 168.01 (C2); IR (ATR, cm™}): 2957, 2923, 2853,
1782, 1765, 1615, 1551, 1408, 1320, 1166, 1122, 1104, 1065, 1018,
957, 844, 809, 765, 710, 600,; HRMS (ESI"): Exact mass calculated for
C12H7BrF303 [M+H]" = 318.9582; Found = 318.9574.

4.1.1.7. (Z)-5-(Bromo(3-nitrophenyl)methylene)furan-2(5H)-one (17).
Yield: 24%

'H NMR (CDCls, 300 MHz): 6.43 (1H, d, J = 5.6 Hz, H-3), 7.41 (1H,
d, J = 5.6 Hz, H-4), 7.67 (1H, td, J = 8.0 Hz, 0.64 Hz, H-5'), 7.82 (1H,
ddd, J = 8.0 Hz, 1.6 Hz, 1.2 Hz, H-6'), 8.30-8.34 (2H, m, H-2, H-4'); 13C
NMR (CDCl3, 75.5 MHz): 106.88 (CBr), 122.30 (C3), 124.75 (C2),
124.84 (C4'), 130.05 (C5"), 135.77 (C6'), 137.09 (C1’), 139.92 (C4),
148.31 (C5), 150.22 (C3°), 167.68 (C2); IR (ATR, cm™1): 3081, 2904,
2854,1781,1762,1612, 1550, 1528, 1474, 1348,1290, 1107, 984, 882,
812, 737, 676; HRMS (ESIT): Exact mass calculated for C;;H;BrNOZ
[M+H]' = 295.9558; Found = 295.9551.

4.1.1.8. (Z)-5-(Bromo(4-nitrophenyl)methylene)furan-2(5H)-one (19).
Yield: 20%

H NMR (CDCl3, 400 MHz): 6.44 (1H, d, J = 5.6 Hz, H-3), 7.41 (1H,
d, J=5.6 Hz, H-4), 7.67 (2H, d, J = 8.7 Hz, H-2’, H-6/), 8.32 (2H, d, J =
8.7 Hz, H-3/, H-5); 13¢ NMR (CDCl3, 100 MHz): 107.18 (CBr), 122.36
(C3), 123.99 (€3, C5'), 131.10 (C2/, C6'), 140.02 (C4), 141.55 (C1'),
148.46 (C4’), 150.32 (C5), 167.67 (C2); IR (ATR, cmfl): 3141, 3108,
3053,1770,1767,1595, 1551, 1517, 1346,1232,1108, 1033, 957, 859,
767; HRMS (ESI1): Exact mass calculated for G;;H;BrNOZ [M+H]" =
295.9558; Found = 295.9548.

4.1.2. General procedure for the preparation of diarylated furanones

To an oven-dried RBF was added 3 (200 mg, 0.787 mmol, 1 eq.), the
appropriate boronic acid (2.361 mmol, 3 eq.), tripotassium phosphate
(501 mg, 2.361 mmol, 3 eq.), palladium(II) acetate (3 mg, 1 mol%),
SPhos (7 mg, 2 mol%) and toluene (5 mL). The reaction mixture was
heated to 100 °C for 3 h under a flow of nitrogen. The reaction was
cooled to room temperature and dichloromethane (30 mL) was added to
the reaction flask. The solution was filtered through a layer of Celite and
the solvents were evaporated under reduced pressure. The crude prod-
uct was purified via column chromatography with 5% ethyl acetate and
hexane to afford the diarylated furanone product.
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4.1.2.1. 5-(Diphenylmethylene)furan-2(5H)-one (6) [32]. Yield: 82%

TH NMR (CDCl3, 400 MHz): 6.21 (1H, d, J = 5.2 Hz, H-3), 7.26-7.50
(11H, m, H-4, H-2/, H-2", H-3/, H-3", H-4', H-4", H-5, H-5", H-6', H-6");
13¢ NMR (CDCl3, 100 MHz): 118.60 (C3), 128.24 and 128.49 (C2/, C6’,
C2”, C6"), 128.75 (C6), 128.90 (C4"), 129.08 (C4"), 131.23 and 131.25
(c3’, ¢5, €3”, €5"), 136.55 (C1'), 137.24 (C1"), 143.93 (C4), 147.13
(C5),170.50 (C2); IR (ATR, Cmfl): 3056, 1768, 1746, 1545, 1491, 1444,
1230, 1110, 1069, 1031, 999, 931, 877, 772, 757, 695, 659; HRMS
(ESIM): Exact mass calculated for C;7H;303 [M+H]T = 249.0916;
Found = 249.0910.

4.1.2.2. 5-(Bis(2-methoxyphenyDmethylene)furan-2(5H)-one (8). Yield:
7%

THNMR (CDCl3, 400 MHz): 3.65 (3H, s, OCH3’), 3.74 (3H, s, OCH3"),
6.15 (1H, d, J = 5.8 Hz, H-3), 6.89-6.98 (4H, m, H-5/, H-5”, H-3’, H-3"),
7.19 (2H, td, J = 8.3 Hz, 1.56 Hz, H-4', H-4"), 7.26-7.35 (2H, m, H-6/, H-
6"), 7.37 (1H, d, J = 5.8 Hz, H-4); 3C NMR (CDCls, 100 MHz): 55.74
(OCH3y’), 55.86 (OCH3"), 111.55 and 111.62 (C3/, C3"), 118.98 (C3),
120.21 and 120.30 (C5/, C5”), 122.73 and 126.31 (C1’, C1”), 126.50
(C6), 129.79 and 130.01 (C6’, C6”), 131.06 and 132.38 (C4’, C4"),
143.12 (C4), 148.09 (C5), 157.20 and 157.75 (C2' and C2"), 170.51
(C2); IR (ATR, Cm_l): 3069, 3000, 2935, 2836, 1771, 1744, 1595, 1488,
1246, 1228,1179, 1162, 1111, 1023, 961, 937, 881, 751; HRMS (ESI"):
Exact mass calculated for C;oH;704 [M+H]'T = 309.1127; Found =
309.1117.

4.1.2.3. 5-(Bis(3-methoxyphenyl)methylene)furan-2(5H)-one
Yield: 75%

'H NMR (CDCls, 400 MHz): 3.79 (3H, s, OCHs’), 3.80 (3H, s, OCH3"),
6.20 (1H, d, J = 5.5 Hz, H-3), 6.80 (1H, dd, J = 2.4 Hz, 1.67 Hz, H-2),
6.86-6.91 (2H, m, H-4/, H-6), 6.96 (1H, ddd, J = 8.5 Hz, 2.7 Hz, 1.0 Hz,
H-4"), 7.05-7.11 (2H, m, H-2", H-6"), 7.26-7.35 (2H, m, H-5/, H-5"),
7.43 (1H, d, J = 5.5 Hz, H-4); 3¢ NMR (CDCl3, 100 MHz): 55.33
(OCH3’), 55.36 (OCH3"), 114.32 (C4"), 114.71 (C4'), 116.73 (C2"),
116.82 (C2), 118.63 (C3), 123.68 (C6'), 123.82 (C6"), 128.22 (C6),
129.15 (C5'), 129.45 (C5"), 137.61 (C1’), 138.41 (C1"), 143.99 (C4),
147.22 (C5), 159.28 (C3'), 159.49 (C3"), 170.37 (C2); IR (ATR, cm™1):
2959, 2935, 2835, 1779, 1750, 1594, 1574, 1486, 1429, 1286, 1247,
1207, 1109, 1047, 983, 889, 809, 792, 771, 736,; HRMS (ESI™): Exact
mass calculated for C19H;704 [M+H] "™ = 309.1127; Found = 309.1129.

(10).

4.1.2.4. 5-(Bis(4-methoxyphenylmethylene)furan-2(5H)-one (12).
Yield: 83%

THNMR (CDCl3, 400 MHz): 3.84 (3H, s, OCH3’), 3.87 (3H, s, OCH3"),
6.14 (1H, d, J = 5.3 Hz, H-3), 6.88 (2H, d, J = 8.9 Hz, H-3", H-5"), 6.94
(2H, d, J = 8.7 Hz, H-3/, H-5'), 7.19 (2H, d, J = 8.7 Hz, H-2/, H-6'), 7.40
(1H, d, J = 5.4 Hz, H-4), 7.47 (2H,d, J = 9.0 Hz, H-2", H-6"); 13C NMR
(CDCl3, 100 MHz): 55.37 (OCH3’), 55.41 (OCH3»), 113.68 (C3”, C5"),
113.86 (C3',C5'),117.13 (C3), 128.72 (C6), 129.27 (C1"), 129.61 (C1"),
132.60 (C2/, C6"), 133.06 (C2", C6"), 143.93 (C4), 146.07 (C5), 160.21
(C4"), 160.28 (C4"), 170.98 (C2); IR (ATR, Cmfl): 3004, 2956, 2838,
1770, 1744,1602, 1540, 1509, 1251, 1175, 1031, 883, 835, 562; HRMS
(ESIM): Exact mass calculated for CioH;704 [M+H]T = 309.1127;
Found = 309.1118.

4.1.2.5. 5-(Bis(4-fluorophenyl)methylene)furan-2(5H)-one
86%

'HNMR (CDCl3, 400 MHz): 6.23 (1H, d, J = 5.5 Hz, H-3), 7.06 (2H, t,
J = 8.7 Hz, H-3", H-5"), 7.14 (2H, t, J = 8.8 Hz, H-3, H-5), 7.23-7.26
(2H, m, H-2', H-6'), 7.38 (1H, d, J = 5.5 Hz, H-4), 7.46-7.50 (2H, m, H-
2, H-6"); '3C NMR (CDCls, 100 MHz): 115.47 (d, J = 21.7 Hz, C3’,
C5”),115.81 (d, J=21.9 Hz, C3/, C5’), 118.88 (C3), 126.36 (C6), 132.48
(d, J = 3.47 Hz, C1’), 132.98 (d, J = 3.3 Hz, C1”), 132.8 (d, J = 8.3 Hz,
C2/, C6'), 133.18 (d, J = 8.5 Hz, C2", C6"), 143.54 (C4), 146.97 (C5),
162.99 (d, J = 251.0, C4'), 163.15 (d, J = 250.0 Hz, C4"), 170.21 (C2);

(14). Yield:
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IR (ATR, Cl‘nfl): 2923, 1770, 1746, 1596, 1546, 1504, 1343, 1233,
1158,1107, 951, 879, 838, 807, 801, 570, 592, 524; HRMS (ESI"): Exact
mass calculated for Ci7H;;Fo03 [M+H]" = 285.0721; Found =
285.0722.

4.1.2.6. 5-(Bis(4-(trifluoromethyl)phenyl)methylene)furan-2(5H)-one
(16). Yield: 84%

THNMR (CDCl3, 400 MHz): 6.34 (1H, d, J = 5.50 Hz, H-3), 7.41-7.43
(3H, m, H-4, H-2', H-6'), 7.57 (2H, d, J = 8.5 Hz, H-2", H-6"), 7.63 (2H,
d, J=8.51 Hz, H-3", H-5"),7.73 (2H, d, J = 8.1 Hz, H-3/, H-5'); 1*CNMR
(CDCls, 75.5 MHz): 120.56 (C3), 122.53 (C6), 123.77 (q, J = 272.2 Hz,
CF3"), 123.80 (q, J = 272.2 Hz, CF3’), 125.33 (q, J = 3.6 Hz, C3", C5"),
125.76 (q, J = 3.6 Hz, C3’, C5') 130.86 (q, J = 32.7 Hz, C4"), 131.32 (q,
J = 32.7 Hz, C4'), 131.24 (C2", C6"), 131.49 (C2/, C6'), 139.35 (C1"),
140.20 (C1), 143.11 (C4), 148.39 (C5), 169.36 (C2); IR (ATR, cmfl):
3144, 1776, 1752, 1616, 1573, 1320, 1235, 1165, 1110, 1067, 1017,
966, 957, 923, 877, 769, 752, 731; HRMS (ESI™): Exact mass calculated
for C19H11F¢03 [M+H]" = 385.0663; Found = 385.0656.

4.1.2.7. 5-(Bis(3-nitrophenyDmethylene)furan-2(5H)-one
11%

1H NMR (CDCl3, 300 MHz): 6.42 (1H, d, J = 5.6 Hz, H-3), 7.44 (1H,
d, J = 5.6 Hz, H-4), 7.61-7.66 (2H, m, H-5", H-6'), 7.72 (1H, t, J = 8.0
Hz, H-5), 7.89 (1H, ddd, J = 7.9 Hz, 1.7 Hz, 1.1 Hz, H-6"), 8.17-8.20
(2H, m, H-2, H-2"), 8.24 (1H, ddd, J = 8.2 Hz, 2.3 Hz, 1.1 Hz, H-4"),
8.36 (1H, ddd, J = 8.0 Hz, 2.3 Hz, 1.2 Hz, H-4); 3¢ NMR (CDCl3, 75.5
MHz): 121.83 (C3), 122.97 (C6), 124.27 (C4"), 124.60 (C4'), 125.62
(€2"), 125.95 (€2, 130.00 (C5"), 130.55 (C5'), 136.88 (C6"), 137.12
(C6"), 137.53 (C1"), 137.97 (C1’), 142.88 (C4), 148.63 (C3"), 148.84
(C3’), 149.58 (C5), 169.05 (C2); IR (ATR, Cmfl): 3082, 3924, 2854,
1781, 1754, 1526, 1345, 1235, 1201, 1075, 994, 879, 815, 762, 709,
662; HRMS (ESI™): Exact mass calculated for C17H;1NoOg [M+H]t =
339.0617; Found = 339.0607.

(18). Yield:

4.1.2.8. 5-(Bis(4-nitrophenyDmethylene)furan-2(5H)-one
8%

'H NMR (CDCls, 300 MHz): 6.43 (1H, d, J = 5.5 Hz, H-3), 7.42 (1H,
d,J=5.5Hz, H-4), 7.48 (2H, d, J = 8.5 Hz, H-2/, H-6/), 7.63 (2H, d, J =
8.7 Hz, H-2", H-6"), 8.25 (2H, d, J = 8.7 Hz, H-3", H-5"), 8.35 (2H, d, J
= 8.5 Hz, H-3, H-5'); 3¢ NMR (CDCl3, 75.5 MHz): 121.77 (C3), 123.05
(C6), 123.70 (C3”, C5"), 124.18 (C3', C5'), 131.73 (C2", C6"), 132.06
(C2/, C6'), 141.67 (C1/, C1"), 142.63 (C4), 147.67 (C4'), 148.31 (C4"),
149.21 (C5), 168.63 (C2); IR (ATR, em ™) 3109, 3077, 1778, 1754,
1552, 1515, 1406, 1344, 1191, 1107, 1041, 857, 845, 752, 734, 625;
HRMS (ESI'): Exact mass calculated for Ci7H;iN.O¢ [M+H]" =
339.0617; Found = 339.0606.

(20). Yield:

4.1.2.9. 5-(Di(thiophen-2-yl)methylene)furan-2(5H)-one
Yield: 25%

'H NMR (CDCls, 300 MHz): 6.19 (1H, d, J = 5.7 Hz, H-3), 7.08 (1H,
dd, J = 5.2 Hz, 3.9 Hz, H-4"), 7.13 (1H, dd, J = 5.2 Hz, 3.5 Hz, H-4'),
7.21 (1H, dd, J = 3.5 Hz, 1.3 Hz, H-3'), 7.42 (1H, dd, J = 3.9 Hz, 1.3 Hz,
H-3"),7.49 (1H, d, J = 5.7 Hz, H-4), 7.51 (1H, dd, J = 5.2 Hz, 1.3 Hz, H-
5'),7.55 (1H, dd, J = 5.2 Hz, 1.3 Hz, H-5"); 13C NMR (CDCls, 75.5 MHz):
115.01 (C6), 118.11 (C3), 127.03 (C4'), 127.50 (C4"), 128.08 (C3"),
130.79 (C3'), 131.00 (C5"), 132.08 (C5'), 136.31 (C2), 139.55 (C2"),
143.04 (C4), 146.23 (C5), 169.55 (C2); IR (ATR, cm_l): 3106, 2921,
1780, 1761, 1579, 1539, 1412, 1238, 1105, 1066, 892, 806, 706; HRMS
(ESI): Exact mass calculated for Ci3Hg0,S3 [M+H]" = 261.0044;
Found = 261.0036.

22) [32].

4.1.3. Synthesis of 5-(Bis(4-hydroxyphenyl)methylene)furan-2(5H)-one
2D

To an oven dried microwave reaction vial was added 3 (200 mg,
0.787 mmol), 4-hydroxyphenylboronic acid (326 mg, 2.363 mmol),
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sodium carbonate (251 mg, 2.368 mmol), bis(triphenylphosphine)
palladium(II) dichloride (44 mg, 0.062 mmol), DME (2 mL) and ethanol
(0.5 mL). The vial was flushed with nitrogen and heated at 120 °C in a
microwave reactor for 40 min. The crude reaction mixture was filtered
over a layer of Celite and the solvent was evaporated under reduced
pressure. The crude product was purified via column chromatography
with 10%-20% ethyl acetate in hexane to afford 21.

Yield: 58%

'H NMR (CDCls, 300 MHz): 6.09 (1H, d, J = 5.4 Hz, H-3), 6.84 (2H,
d,J = 8.7 Hz, H-3", H-5"), 6.89 (2H, d, J = 8.5 Hz, H-3/, H-5'), 7.09 (2H,
d, J = 8.5 Hz, H-2/, H-6'), 7.38-7.41 (3H, m, H-4, H-2", H-6"); 13C NMR
(DMSO-dg), 75.5 MHz): 115.62 (C3”, €5”),115.81 (C3/, C5'), 117.19
(C6), 127.91 (C3), 128.07 (C1"), 129.23 (C1'), 132.92 (C2/, C6'), 133.18
(C2", C6"), 144.85 (C4), 145.52 (C5), 158.73 (C4"), 158.87 (C4"),
170.80 (C2); IR (ATR, em ™ ): 3210, 2924, 2853, 1774, 1742, 1605,
1536, 1512, 1275, 1234, 1171, 1046, 1024, 954, 842, 810; HRMS
(ESI"): Exact mass calculated for C;7H;304 [M+H]T = 281.0814;
Found = 281.0808.

4.1.4. Synthesis of 5-(Dibromomethylene)-4-methylfuran-2(5H)-one (24)
[29]

To a solution of methylsuccinic anhydride (1.606 mL, 17.844 mmol)
in dichloromethane (40 mL) was slowly added a solution of carbon
tetrabromide (8.876 g, 26.766 mmol) in dichloromethane (20 mL). The
reaction mixture was cooled to 0 °C and triisopropylphosphite (8.804
mL, 35.684 mmol) in dichloromethane (10 mL) was added over 1 h. The
mixture was stirred at room temperature for 2 h under nitrogen. The
reaction was quenched with sodium bicarbonate (30 mL) and the
mixture extracted with dichloromethane (3 x 30 mL). The combined
organic layers were washed with brine (20 mL), dried with magnesium
sulfate and the solvent was removed in vacuo. The crude product was
purified by column chromatography with 2%-5% ethyl acetate in hex-
ane to afford 24.

Yield: 46%

HNMR (CDCls, 400 MHz): 2.48 (3H, d, J = 1.4 Hz, CH3), 6.20 (1H, q,
J = 1.4 Hz, H-3); '3C NMR (CDCl3, 100 MHz): 17.04 (CHs), 80.68 (CBry),
121.04 (C3), 150.08 (C5), 153.87 (C4), 165.87 (C2); IR (ATR, Cmfl):
3114, 2922, 1770, 1759, 1603, 1383, 1325, 1254, 1235, 1056, 1033,
949, 905, 848, 820, 711, 651; HRMS (ESI): Exact mass calculated for
CeHsBr,03 [M+H]" = 266.8656; Found = 266.8648.

4.1.5. Synthesis of 4-(Bromomethyl)-5-(dibromomethylene)furan-2(5H)-
one (27)

To a solution of 3-(bromomethyl)furan-2,5-dione (100 mg, 0.523
mmol) in dichloromethane (2 mL) was slowly added a solution of carbon
tetrabromide (277 mg, 0.835 mmol) in dichloromethane (1 mL). The
reaction mixture was cooled to 0 °C and triisopropylphosphite (0.258
mlL, 1.047 mmol) in dichloromethane (0.5 mL) was added over 2 h. The
mixture was stirred at room temperature for 4 h under nitrogen. The
reaction was quenched with sodium bicarbonate and the mixture
extracted with dichloromethane (3 x 10 mL). The combined organic
layers were washed with brine, dried with magnesium sulfate and the
solvent was removed in vacuo. The crude product was purified by careful
column chromatography with 2%-10% ethyl acetate in hexane to
furnish 27.

Yield: 36%

H NMR (CDCls, 400 MHz): 4.57 (2H, d, J = 1.3 Hz, CH3Br), 6.58
(1H, t, J = 1.3 Hz, H-3); 13¢ NMR (CDCl3, 100 MHz): 23.60 (CHBr),
81.45 (C6), 123.59 (C3), 147.64 (C5), 152.18 (C4), 164.36 (C2); IR
(ATR, em™1): 3117, 2926, 1762, 1730, 1600, 1404, 1367, 1313, 1205,
1165, 1065, 1044, 956, 898, 864, 852, 832, 754, 736, 720, 679, 636,
536, 426; HRMS (ESI™): Exact mass calculated for CgH4BrsO3 [M+H] ™"
= 344.7761; Found 344.7766.

4.1.6. General ring-bromination procedure
To a stirred solution of the appropriate diarylated furanone (0.253
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mmol, 1 eq.) in diethyl ether (0.4 mL) was slowly added a solution of
bromine (0.01 mL, 0.251 mmol, 1 eq.) in diethyl ether or chloroform
(0.4 mL). The reaction mixture was heated to reflux for 4 h, after which
time the mixture was sparged with nitrogen for 10 min to remove excess
bromine. The resulting solution was then cooled to 0 °C and a solution of
triethylamine (0.07 mL, 0.503 mmol, 2 eq.) in diethyl ether (0.2 mL) was
added dropwise over 10 min. The reaction was stirred for an additional
hour at 0 °C before the reaction was allowed to reach room temperature.
The reaction mixture was washed with water (3 x 5 mL) and brine (5
mL), dried over anhydrous magnesium sulfate and solvents were
removed under reduced pressure. The crude reaction mixture was pu-
rified via column chromatography with 5%-10% ethyl acetate in hexane
to afford the ring-brominated product.

4.1.6.1. 3-Bromo-5-(diphenylmethylene)furan-2(5H)-one
81%

TH NMR (CDCls, 300 MHz): 7.26-7.47 (10H, m, H-2/, H-2", H-3/, H-
3", H-4, H-4", H-5, H-5", H-6/, H-6"), 7.52 (1H, s, H-4); '3C NMR
(CDCl3, 75.5 MHz): 111.80 (C6), 128.35 and 128.65 (C2/, C6', C2", C6"),
129.25 and 129.45 (C4/, C4"), 129.69 (C5),131.13 and 131.29 (C3’, C5/,
C3”, €5”), 136.05 and 136.90 (C1’, C1”), 141.87 (C4), 145.38 (C5),
165.97 (C2); IR (ATR, Cm_l): 3057, 1761, 1545, 1492, 1444, 1228,
1109, 980, 924, 772, 741, 696, 659, 640; HRMS (ESI"): Exact mass
calculated for Cy4H;2BrO3 [M+H]" = 327.0021; Found = 327.0009.

(29). Yield:

4.1.6.2. 5-(Bis(4-methoxyphenyl)methylene)-3-bromofuran-2(5H)-one
(30). Yield: 36%

THNMR (CDCl3, 400 MHz): 3.84 (3H, s, OCH3"), 3.88 (3H, s, OCH3’),
6.89 (2H, d, J = 8.7 Hz, H-3", H-5"), 6.95 (2H, d, J = 8.5 Hz, H-3', H-5),
7.19 (2H, d, J = 8.5 Hz, H-2/, H-6"), 7.44 (2H, d, J = 8.7 Hz, H-2", H-6"),
7.49 (1H, s, H-4); 13¢ NMR (CDCl3, 75.5 MHz): 55.40 (OCH3"), 55.45
(OCH3’), 109.89 (C6), 113.81 (C3”, C5"), 114.03 (C3’, C5), 128.74
(€3), 129.23 (€1'), 129.73 (C1"), 132.56 (C2/, C6'), 133.18 (C2", C6"),
141.98 (C4), 144.28 (C5), 160.49 (C4'), 160.59 (C4"), 166.36 (C2); IR
(ATR, cmfl): 2917, 2848, 1768, 1594, 1496, 1287, 1266, 1054, 1016,
988, 816, 747, 668; HRMS (ESI™): Exact mass calculated for C;9H16BrO4
[M+H]" = 387.0232; Found = 387.0231.

4.1.6.3. 5-(Bis(3-bromo-4-methoxyphenyl)methylene)-3-bromofuran-2
(5H)-one (31). Yield: 34%

'HNMR (CDCl3, 400 MHz): 3.94 (3H, s, OCH3"), 3.98 (3H, s, OCH35’),
6.91 (1H, d, J = 8.7 Hz, H-5"), 6.97 (1H, d, J = 8.4 Hz, H-5'), 7.18 (1H,
dd, J=8.4Hz, 2.18 Hz, H-6), 7.44 (1H, d, J = 2.2 Hz, H-2/), 7.47 (1H, s,
H-4),7.48 (1H, dd, J = 8.7 Hz, 2.2 Hz, H-6"), 7.57 (1H, d, J = 2.2 Hz, H-
2M); 3¢ NMR (CDCl3, 100 MHz): 56.40 (OCH3"), 56.45 (OCH3’), 111.47
(C5"), 111.62 (C6), 111.78 (C5'), 111.84 (C3"), 112.17 (C3'), 126.17
(€C3), 129.59 (C1”), 129.94 (C1), 131.39 (C6'), 132.97 (C6"), 135.52
(€2", 135.76 (C2"), 141.32 (C4), 145.10 (C5), 156.81 (C4'), 156.88
(C4™), 165.67 (C2); IR (ATR, cm™1): 2917, 2848, 1768, 1594, 1496,
1461, 1439, 1287, 1266, 1054, 1016, 988, 816, 747, 668, 623; HRMS
(ESI™): Exact mass calculated for Ci9H14Brs04 [M+H]"T = 542.8436;
Found = 542.8435.

4.1.6.4. 5-(Bis(4-(trifluoromethyl)phenyl)methylene)-3-bromofuran-2
(5H)-one (32). Yield: 76%

TH NMR (CDCl3, 400 MHz): 7.42 (2H, d, J = 8.1 Hz, H-2/, H-6'), 7.51
(1H, s,H-4),7.55(2H, d, J = 8.3 Hz, H-2",H-6"), 7.64 (2H, d, J = 8.3 Hz,
H-3", H-5"), 7.74 (2H, d, J = 8.1 Hz, H-3', H-5'); 13¢ NMR (CDCl3, 100
MHz): 114.38 (C6) 123.68 (q, J = 272.0 Hz, CF3’), 123.79 (q, J = 271.7
Hz, CF3"), 125.47 (q, J = 3.7 Hz, C3", C5"), 125.64 (C3), 125.95 (q, J =
3.6 Hz, C3/, C5'), 131.03 (q, J = 32.62 Hz, C4'), 131.26 (C2", C6"),
131.37 (C2/, C6'), 131.61 (q, J = 33.0 Hz, C4"), 138.86 (C1'), 139.87
(C1"), 140.87 (C4), 146.73 (C5), 164.96 (C2); IR (ATR, cmfl): 2923,
1852, 1772, 1617, 1552, 1410, 1321, 1235, 1160, 1130, 1117, 1109,
1069, 986, 855, 845, 730, 665, 610; HRMS (ESI™): Exact mass calculated
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for C19H10BrF60§r [M+H]t = 462.9768; Found = 462.9758.

4.1.7. Synthesis of (Z)-5-(chloroiodomethylene)furan-2(5H)-one (34)
[29]

gem-Dichlorofuranone 33 (50 mg, 0.303 mmol), sodium iodide (454
mg, 3.030 mmol) and anhydrous DMF (1.8 mL) were placed in an oven-
dried microwave reaction vial, flushed with nitrogen and sealed. The
reaction mixture was heated to 160 °C for 3 min in a microwave reactor.
The reaction mixture was then cooled to room temperature, poured onto
ice water and extracted into diethyl ether (3 x 15 mL). The combined
organic extracts were washed with water (15 mL) and brine (15 mL),
dried over magnesium sulfate and the solvent was evaporated under
reduced pressure. Purification of the crude reaction mixture via column
chromatography with 4% ethyl acetate in hexane afforded 34.

Yield: 43%

'H NMR (CDCls, 400 MHz): 6.43 (1H, d, J = 5.5 Hz, H-3), 7.75 (1H,
d, J = 5.5 Hz, H-4); 13¢ NMR (CDCl3, 100 MHz): 63.28 (CICI), 122.28
(C3), 137.86 (C4), 154.15 (C5), 167.42 (C=0); IR (ATR, cmfl): 3129,
3103, 3063, 1750, 1737, 1633, 1546, 1337, 1248, 1217, 1124, 1079,
971, 889, 844, 812, 711, 538; HRMS (ESI"): Exact mass calculated for
CsH3ClIO3 [M+H]' = 256.8866; Found = 256.8856.

4.1.7.1. (Z)-5-(Chloro(phenyl)methylene)furan-2(5H)-one (35) [29].
Prepared using the general procedure for monoarylated furanones from
gem-dichlorofuranone 33.

Yield: 50%

'H NMR (CDCl3, 300 MHz): 6.28 (1H, d, J = 5.5 Hz, H-3), 7.47-7.51
(6H, m, H-4, H-2', H-3', H-4/, H-5, H-6'); 13¢ NMR (CDCl3, 100 MHz):
120.42 (C3), 120.48 (CCl), 128.85 and 129.60 (C2’, C6&', C3', C5'),
130.43 (C4'), 134.00 (C1’), 141.44 (C4), 147.32 (C5), 168.46 (C2); IR
(ATR, em™1): 3112, 3064, 1769, 1742, 1627, 1547, 1445, 1230, 1108,
1072, 961, 939, 869, 809, 759, 713, 695, 632, 543; HRMS (ESI™) Exact
mass calculated for C;;HgClO3 [M+H]T = 207.0213; Found
207.0207.

4.1.7.2. (Z)-5-(Chloro(4-methoxyphenyl)methylene)furan-2(5H)-one
(36). Prepared using the general procedure for monoarylated furanones
from gem-dichlorofuranone 33.

Yield: 76%

H NMR (CDCl3, 300 MHz): 3.87 (3H, s, OCH3), 6.25 (1H, d, J = 5.6
Hz, H-3), 6.96-6.98 (2H, m, H-3', H-5'), 7.43-7.45 (2H, m, H-2/, H-6'),
7.50 (1H, d, J = 5.6 Hz, H-4); 13¢ NMR (CDCl3, 75.5 MHz): 55.51
(OCH3), 114.28 (C3/, C5'), 119.84 (C3), 120.72 (CCl), 126.27 (C1"),
131.09 (C2/, C6'), 141.37 (C5), 146.63 (C4), 161.37 (C4’), 168.59 (C2);
IR (ATR, em L) 3025, 2922, 2848, 1770, 1746, 1604, 1544, 1509,
1413, 1301, 1254, 1237, 1176, 1110, 1029, 959, 872, 836, 808, 699,
682, 548; HRMS (ESI™) Exact mass calculated for C;oH;oClO3 [M+H]™
= 237.0318; Found = 237.0312.

4.1.8. Synthesis of 5-(1,5-dis(4-methoxyphenyl)penta-1,4-diyn-3-ylidene)
furan-2(5H)-one (37)

gem-Dibromofuranone 3 (300 mg, 1.181 mmol), triphenylphosphine
(62 mg, 20 mol%), bis(triphenylphosphine)palladium(II) dichloride (83
mg, 10 mol%) and copper iodide (45 mg, 20 mol%) were added to an
oven-dried RBF under a flow of nitrogen. Diisopropylamine (5 mL) and
4-ethynylanisole (0.33 mL, 2.599 mmol) were subsequently added to the
reaction flask. The mixture was stirred at 80 °C for 24 h after which time
the reaction was quenched with saturated aqueous ammonium chloride
solution. The mixture was extracted with dichloromethane (3 x 30 mL)
and the combined organic layers were washed with water (3 x 30 mL)
and brine (3 x 30 mL), dried with anhydrous magnesium sulfate and
concentrated under reduced pressure. The crude product was purified by
column chromatography with 5%-10% ethyl acetate in hexane to afford
37.

Yield: 34%
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1H NMR (CDCl3, 400 MHz): 3.84-3.85 (6H, m, OCH3’, OCH3"), 6.29
(1H, d, J = 5.3 Hz, H-3), 6.88-6.91 (4H, m, H-3', H-5', H-3", H-5"), 7.49
(2H, d, J = 8.8 Hz, H-2/, H-6'), 7.54 (2H, d, J = 8.9 Hz, H-2", H-6"), 7.86
(1H, d, J = 5.3 Hz, H-4); 13C NMR (CDCls, 100 MHz) 55.38 and 55.40
(OCH3y’, OCH3"), 81.95 (C6), 82.61 and 92.76 (C’=C/, C’‘=C"), 95.28
and 100.65 (C'=C/, C‘=C"), 113.86 and 114.06 (C1/, C1”), 114.14 and
144.22 (C3’, C5, C3”,C5"),119.80 (C3), 133.41 (C2/, C6'), 133.82 (C2”",
C6"), 140.32 (C4), 158.38 (C5), 160.50 and 160.65 (C4’, C4"), 168.63
(C2); IR (ATR, cm’l): 2936, 2841, 2187, 1774,1748, 1603, 1509, 1411,
1291, 1250, 1173, 1119, 1105, 1031, 875, 831, 806, 740, 565; HRMS
(ESIM): Exact mass calculated for NaCy3H;604 [M+Na]™ = 379.0936;
Found = 379.0946.

4.2. Biological evaluation

4.2.1. Microbial strains and growth conditions

Bacterial strains were obtained from our own collection. S. enterica
sv. Typhimurium was grown in tryptic soy broth 20 times diluted (1/20
TSB). S. aureus Newman (ATCC 25904) was grown in TSB 0.5 x TSB
supplemented with 1% glucose. P. aeruginosa strains PAOl1 and
PAR7244, E. coli ATCC 9637 and S. maltophilia K279a were grown in LB
broth (10 g/L tryptone, 5 g/L yeast extract and 10 g/L NaCl). All cultures
were incubated at 37 °C and maintained on LB agar plates. If not stated
otherwise, C. albicans M2396 [adh1::(P.ADH1-RFP CaSAT1)] was grown
aerobically with shaking (180 rpm) at either 30 °C or 37 °C in YPD
media (10 g/L yeast extract, 20 g/L peptone and 20 g/L p-(+)-glucose)
supplemented with 200 pg/mL nourseothricin.

4.2.2. Fluorescently labelled strains

The P. aeruginosa strain PAO1 was fluorescently labelled with
enhanced yellow fluorescent protein (eYFP), using the mini-Tn7 de-
livery plasmid pUC18T-mini-Tn7T-Gm-eyfp (Addgene #65031) essen-
tially as described previously [60,61]. For the construction of
P. aeruginosa PAO1:eYFP, the plasmid pUC18T-mini-Tn7T-Gm-eyfp was
transferred to the P. aeruginosa PAO1 wild-type by four-parental mating,
involving E. coli DH5a/pRK2013 [62-64] and E. coli SM10
Apir/pUX-BF13 [63,65] as helper strains, E. coli DH5a/pUC18T-mi-
ni-Tn7T-Gm-eyfp as the donor, and P. aeruginosa PAO1 as the recipient
strain. The strains were grown in LB media, containing kanamycin (30
pg/mL) for E. coli DH5a/pRK2013, 100 pg/mL of ampicillin for E. coli
SM10 M\pir/pUX-BF13, and ampicillin (100 pg/mL) and gentamycin (15
pg/mL) for E. coli DH50/pUC18T-mini-Tn7T-Gm-eyfp. All strains were
grown aerobically with shaking (220 rpm) at 37 °C in LB media, except
E. coli SM10 M\pir/pUX-BF13 was routinely cultured at 30 °C. After
overnight growth, the cells from 1 mL of each E. coli culture and 330 pL
of P. aeruginosa PAO1 were harvested by centrifugation. To prepare a
mating mixture, the cell pellets of all strains were pooled in 1 mL of LB
medium, sedimented by centrifugation, resuspended in 100 pL of super
optimal broth (SOB) (5 g/L yeast extract, 20 g/L tryptone, 10 mM NaCl,
2.5 mM KCl, 20 mM MgSO4) and then spotted onto an SOB agar plate as
described elsewhere for triparental mating experiments [66]. Following
overnight incubation of the SOB agar plate at 30 °C, the bacterial spot
was scraped and resuspended in 1 mL of PBS by rigorous vortexing to
interrupt mating pairs. The P. aeruginosa PAO1 transconjugants were
selected at 37 °C on Vogel-Bonner minimal medium (VBBM) (3 g/L
trisodium citrate, 2 g/L citric acid, 10 g/L KoHPO4, 3.5 g/L NaNH4.
PO4-4H20, 1 mM MgSOy4, 100 uM CaCl,, pH 7.0) agar plates containing
30 pg/ml of gentamycin [61]. The chromosomal insertion of the min-
i-Tn7 element downstream of the gimS gene for glutamine—
fructose-6-phosphate aminotransferase was verified by PCR, using the
primer pairs PTn7R [61] and PAO1-glmS-Ctrll (GCTGAAGCTCAAG-
GAAATTTCC), and PTn7L [61] and PAO1-PA5548-Ctr (TTACCTGC-
GACGTTATCTGAAGC) to amplify the flanking mini-Tn7 regions,
respectively.

The RFP-expressing C. albicans strain M2396 expressing the red
fluorescence protein (RFP) was generated by transforming the wild-type
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strain C. albicans SC5314 [67] with an RFP-cassette obtained from
plasmid pADH1R1 [68]. A single copy of the ADH1 gene was replaced by
the RFP-cassette yielding the RFP-labelled strain. Positive transformants
were selected on YPD agar plates containing 200 pg/mL nourseothricin.
The RFP signal was detected using the red channel (excitation/emission
555/584 — FLUO-N3) of a Leica microscope (Leica DM5500 B). The
correct genomic integration of the RFP-cassette was confirmed by PCR
and Southern blot analyses (data not shown).

4.2.3. Intrinsic cell growth inhibition

To evaluate the growth inhibition potential of furanone compounds,
a variant of the broth microdilution method was used. Bacterial strains
were grown overnight in the appropriated medium and then subcultured
to new cultures with 1:100 dilution. 100 pL of fresh log phase cultures,
adjusted to a final concentration of 1 x 10° cfu/mL, were added per well
to 96-well sterile microtiter plates containing 100 pL of furanone at 0.1
mM (from a stock solution at 10 mM dissolved in DMSO) to obtain a final
concentration of 0.05 mM. Plates were incubated at 37 °C for 20 h and
then the optical density, determined at 550 nm (ODssopm), was
measured using a multilabel microtitre plate reader (Victor 3, Perki-
nElmer LAS, Waltham, MA, USA). Before readout, plates were shaken for
homogenization. DMSO alone was included as control at final concen-
tration of 0.5%. Bacterial growth was expressed in percentage on the
basis of growth in control wells. The screening was done at least three
times. The average of ODssonm values of each sample was used to
calculate the percentage of inhibition.

To assess the growth of C. albicans M2396 in the presence of fur-
anones at 50 uM each, a fresh overnight culture of the yeast grown
aerobically (180 rpm) at 30 °C in YPD medium was diluted to an ODggg
of 0.05, followed by transfer of 199 uL of the diluted cell suspension to
each well of a Corning 96 flat bottom transparent polystyrol microplate
containing 1 pl of the compound stock solution (10 mM in DMSO).
Corresponding controls consisting of 199 pL of the diluted cell suspen-
sion and 1 pL of DMSO were used as a reference to calculate the average
percentage of growth inhibition by each individual furanone from four
independent experiments. The microplates were incubated in a humid-
ified chamber at 30 °C with shaking (100 rpm) for 20 h, followed by
measurement of the ODgoo values of the cell suspensions using a
NanoQuant Infinite 200 Microplate Reader (Tecan Group, Groding,
Austria).

4.2.4. Biofilm inhibition assay

For biofilm formation, the crystal violet method was used as previ-
ously described, with some modifications [69]. Briefly, 100 pl of fresh
log phase bacteria at a final concentration of 1 x 10° cfu/mL, were
added to 96-well non-treated flat-bottom sterile microtiter plates (Del-
talab S.L., Spain) containing 100 pL of furanones at 0.1 mM (0.05 mM as
a final concentration). Plates were incubated for 24 h at 37 °C. The
ODg20nm Was determined using the microtitre plate reader (Victor 3) to
measure bacterial biomass. Supernatants were then aspirated and the
plates were washed three times with distilled water. In order to fix the
biofilm, plates were incubated at 65 °C for 15 min. The biofilm was
stained by adding 200 pL of 0.1% crystal violet and the plates were
incubated for 15 min at room temperature. The crystal violet was dis-
carded and the plates were washed three times with distilled water. The
plates were allowed to dry, incubating at 37 °C for at least 30 min. To
dissolve the crystal violet, 250 pl of 30% acetic acid was added. The
plates were incubated for 15 min at room temperature and 150 puL was
transferred to a new plate and the ODss50nm, Was measured. At least three
replicates per strain and condition were tested. Growth control wells
containing bacteria in the corresponding medium and control wells
containing only sterile medium were included.

Biofilm formation of C. albicans M2396 upon exposure to furanones
at 50 pM each was investigated by sustained and developmental inhi-
bition assays according to published protocols [70]. For the sustained
inhibition assay, the furanones were present in both a 90-min adherence



A.-C. Gomez et al.

step and a 24-h growth period, whereas the developmental inhibition
assay consisted of a 90-min adherence step in absence and a 24-h biofilm
formation period in presence of the compounds. All other steps were
identical for both assays. The ODgoo of a fresh overnight culture of
C. albicans M2396 grown aerobically (180 rpm) at 30 °C in YPD medium
was adjusted to a value of 0.5. For the sustained inhibition assay, 199 pL
of the cell suspension was added to each well of a Corning 96 flat bottom
transparent polystyrol microplate along with 1 pL of the compound
stock solution (10 mM in DMSO), whereas the wells of the develop-
mental inhibition assay contained instead 1 pL of DMSO. The micro-
plates were then incubated without shaking at 37 °C for 90 min. The
media were aspirated and the wells were washed with 200 pL of PBS. A
total volume of 200 pL of YPD medium with the appropriate compound
was added to the corresponding well, and after an incubation of the
microplates in a humidified chamber at 37 °C with shaking (100 rpm)
for another 24 h, the medium was aspirated from each well. Following a
washing step of the biofilm with 200 pL of PBS, cell viability was
examined with the colorimetric 2,3-bis-(2-methoxy-4-ni-
tro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide ~(XTT) reduction
assay as described [70]. The OD4g5 values obtained in quadruplicate for
each condition were averaged and normalized to averaged OD4g; values
of control biofilms formed in YPD medium with 0.5% of DMSO in both
the adherence step and the growth period.

4.2.5. Confocal laser-scanning microscopy of mono- and dual-species
biofilms

Confocal laser-scanning microscopy (CLSM) was used to investigate
the effect of selected furanones at 50 pM each on the formation of mono-
and dual-species biofilms. To prepare the inoculum for biofilm forma-
tion, the cell numbers of exponentially growing cultures of P. aeruginosa
PAO1:eYFP and C. albicans M2396 were adjusted to 6.67 x 10° cfu/mL
in LB media. Each well of a p-Slide 8-Well ibiTreat slide (ibidi GmbH,
Grafelfing, Germany) was then seeded with a total volume of 300 pL,
containing 1 x 10° cfu of each microorganism and 1.5 pL of the com-
pound stock solution (10 mM in DMSO). For mono-species biofilms, 150
pL of the diluted cell suspension was mixed with 150 pL of LB medium,
whereas the inoculum for dual-species biofilm formation consisted of
150 pL of each microorganism with a cell number of 6.67 x 10° cfu/ml.
The corresponding control biofilms were grown in LB media containing
0.5% of DMSO. After incubation of the p-Slides at 37 °C without shaking
in a humidified chamber for 24 h, the culture supernatants were aspi-
rated and the wells were washed with 300 pL of PBS. The biofilms were
then fixed in the dark with 300 pL of a 2% paraformaldehyde solution in
PBS at room temperature for 20 min. Finally, the biofilms were washed
with 300 pL of PBS and overlayed with 150 pL of VECTASHIELD Anti-
fade Mounting Medium (Biozol GmbH, Eching, Germany).

CLSM of the biofilms was performed with a TCS SP5 inverse confocal
laser-scanning microscope (Leica Microsystems, Mannheim, Germany)
and analysed with LAS AF software (version 2.73). The microscope was
equipped with a Leica 63x/NA 1.40 HCX Plan Apochromat CS oil im-
mersion objective. RFP of C. albicans M2396 was excited with 561 nm
laser light and fluorescence emission was detected between 566 and 600
nm, whereas eYFP of P. aeruginosa PAO1:eYFP was excited with 514 nm
laser light and fluorescence emission was detected between 520 and 560
nm.

4.2.6. Cytotoxicity assay

To determinate the cytotoxic effect of furanones on HK-2 tubular
cells, the kit CellTiter 96 Aqueous solution (Promega) was used
following the manufacturer’s instructions. HK-2 cells were seeded at a
concentration of 3.5 x 10 cells per well in 96-well tissue culture plates
with clear bottoms (Nunc™ MicroWell™ 96-Well, Nunclon Delta-
Treated®), using DMEM/F-12 GlutaMAX™ (Gibco™) supplemented
with 10% Fetal Bovine Serum and 1 x Insulin-Transferrin-Selenium
(Gibco™). The plates were incubated for 24 h (37 °C in 5% CO; atmo-
sphere). Furanones were diluted to 50 pM in 200 pl of DMEM per well

14

European Journal of Medicinal Chemistry 242 (2022) 114678

and incubated for 24 and 48 h. The culture medium was then removed.
Next, 100 pL of fresh medium and 20 pL of CellTiter 96 aqueous reagent
were added to each well. The absorbance was read after 4 h of incuba-
tion. A microplate reader (PerkinElmer Victor 3) was used with a
wavelength of 450 nm and 620 nm. The results are expressed as viability
percentage using cells unexposed as a control.

4.2.7. Invivo efficacy in the Galleria mellonella infection model

The larval stage of greater wax moth G. mellonella was used to
evaluate the effect of furanones following bacterial infection. Larvae
were obtained from our own hatchery. At least 15 larvae with no signs of
melanization and a weight of 300-400 mg were used to infect
P. aeruginosa PAR7244. The inoculum was obtained from a log-phase
culture in appropriate media. Log-phase cultures were washed and
adjusted in PBS to the desired doses, based on pilot studies (data not
shown). The infective dose for P. aeruginosa PAR7244 was 1.6-3.2 x 102
cfu per larva. The cell number of the inoculum was confirmed by viable
counts on LB agar plates. Larvae were infected injecting 5 pL of bacteria
in the last left proleg using a 50-yL Hamilton® Microliter™ syringe.
Larvae were incubated at 30 °C for 60 min. After incubation, 5 pL of a
PBS solution containing either DMSO (untreated group) or furanone at a
final concentration of 50 pM was injected in the last right proleg. The
amount of furanones or DMSO solution injected was obtained according
to the larvae weight as was previously described [71]. Larvae were
incubated at 30 °C in darkness and the survival was recorded every 24 h.
Larvae were considered dead when they were unresponsive to touch and
turned dark brown or black in colour. At least two replicates of the ex-
periments were made with different batches of larvae. Kaplan-Meier
survival curves were plotted using GraphPad Prism and statistical sig-
nificance was determined using the log rank (Mantel Cox) test.
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