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ABSTRACT

Bacterial resistance is undoubtedly one of the main public health concerns especially with the
emergence of metallo-B-lactamases (MBLs) able to hydrolytically inactivate B-lactam antibiotics.
Currently, there are no inhibitors of MBLs in clinical use to rescue antibiotic action and the New Delhi
metallo-B-lactamase-1 (NDM-1) is still considered as one of the most relevant targets for inhibitor
development. Following a fragment-based strategy to find new NDM-1 inhibitors, we identified
aurone as a promising scaffold. A series of 60 derivatives were then evaluated and two of them were
identified as promising inhibitors with K; values as low as 1.7 and 2.5 pM. Moreover, these two most
active compounds were able to potentiate meropenem in in vitro antimicrobial susceptibility assays.
The molecular modelling provided insights about their likely interactions with the active site of NDM-
1, thus enabling further improvement in the structure of this new inhibitor family.

1. Introduction

Antibiotics have been successfully used for over 80 years to treat bacterial infections, making an
invaluable contribution to human medicine and global public health. However, the misuse and
overuse of antibiotics, combined with the extraordinary evolutionary capabilities of bacteria led to the
emergence and spread of resistant isolates in the clinical setting accounting for over 1.2 M deaths per
year worldwide (in 2019) while significantly increasing healthcare costs [1,2]. B-lactam antibiotics
were and still are the most widely used antibacterial drugs, and remain a valuable source of recently
approved antibacterial therapies, either alone (e.g. cefiderocol) or in combination with B-lactamase
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inhibitors (e. g. ceftazidime-avibactam, meropenem-vaborbactam) (Fig. 1). These combinations
include molecules targeting hydrolytic bacterial enzymes representing, especially in Gram-negative
opportunistic pathogens, one of the most important mechanisms of resistance to B-lactams, i.e. B-
lactamases. These enzymes, which hydrolyze the amide bond of the B-lactam ring to yield an inactive
product, can be divided into four classes on the basis of their primary structure, reflecting an
important structural and functional heterogeneity. Class A, C and D enzymes are serine-B-lactamases
(SBLs) that open the B-lactam ring of antibiotics through a catalytic mechanism involving the transient
covalent bonding of the antibiotic to an active-site serine residue. By contrast, class B B-lactamases
are zinc-dependent metallo-hydrolases that use one or two divalent zinc cations to activate a
nucleophilic water molecule to hydrolyze the substrate. Metallo-B-lactamases (MBLs) can be further
divided into three subclasses (B1, B2 and B3) according to the nature and position of zinc ligands and
the number of Zn ions in their active site. Among these enzymes, subclass B1 enzymes are currently
the most prevalent and clinically significant MBLs.

Clinically-relevant MBLs are characterized by an exceedingly broad substrate profile, which includes
the last-resort drugs carbapenems notably used to treat infections caused by multidrug-resistant
clinical isolates. MBLs (such as VIM-2 or NDM-1) are increasingly found in the clinical setting (especially
in WHO “critical priority” pathogens for antibiotic R&D, namely carbapenem-resistant
Enterobacterales, Pseudomonas aeruginosa and Acinetobacter baumannii) and represent a worrisome
addition to the already circulating active serine carbapenemases (such as KPC-3 or OXA-48), as
combinations with MBL inhibitors are currently unavailable for clinical uses. MBLs therefore represent
both a threat to public health and a challenge to medicinal chemists attempting to develop more
effective B-lactam-based antibacterials [3-5]. Indeed, the discovery and development of MBL
inhibitors, despite intense scientific research, [6—10] appears difficult and has still not yielded
approved combinations, although taniborbactam, a pan-spectrum bicyclic boronate inhibitor,
developed in association with cefepime (Fig. 1), completed phase 3 clinical trials in 2022 [11].
Xeruborbactam (QPX7728), an orally available inhibitor exploiting a similar scaffold also completed
phase 1 clinical trials in combination with the B-lactam QPX2014 [12].

The New Delhi metallo-B-lactamase-1 (NDM-1), first discovered in 2008, [13] is now regarded,
together with other 40 clinical variants, as one of the most relevant target for inhibitor development
[14]. As a consequence, several studies have been devoted to the design of NDM-1 inhibitors and
more than 500 compounds have been characterized to date [15—20]. Since the antibiotic B-lactam ring
hydrolysis involves two Zn(ll) ions in the active site of NDM-1, most of the reported inhibitors share
common properties or structural patterns: they either include chelating moieties (e.g. 1,4,7-
triazacyclononane-1,4,7-triacetic acid (NOTA)), mercapto aliphatic acids (e.g. D-captopril) or natural
product pedigree (e.g. aspergillomarasmine A (AMA)) (Fig. 1). However, these inhibitors intervene
through various mechanisms of action: for instance, while D-captopril binds to the active site, AMA
extracts Zn ions from their active site. Other inhibitors, such as ebselen, an organoselenium compound
presenting toxicity issues, are known to covalently bind with a cysteine residue at the active site of
NDM-1. Finally, considering the paucity of NDM-1 inhibitors amenable to drug development, finding
new effective inhibitors allowing to stem threatening resistant antibiotic infections is now of utmost
urgency.

Recently, we undertook a fragment-based drug discovery study [21] to identify new scaffolds of NDM-
1 inhibitors. This work led us to evaluate the biological activity of some flavonoids available in our
laboratory that included fragments previously highlighted by a Saturation Transfer Difference (STD)
NMR screening, such as the 2-hydroxyacetophenone (2-HAP) and/or the catechol fragments. As a
result, aurones and indanones were identified as promising NDM-1 inhibitors, showing both in vitro



inhibitory activity and some level of carbapenem potentiation in whole-cell assays against NDM-
producing strains (Fig. 1).
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Figure 1. Structures of serine B-lactamases inhibitors (avibactam and vaborbactam) and of known
NDM-1 inhibitors (A and B rings are specified on the aurone derivatives).

Indanones and aurones are structurally similar compounds: aurones are a subclass of the naturally
occurring flavonoids while indanones are considered as the rigid cousins of chalcones, with an a,f-
unsaturated ketone moiety [22]. In particular, aurones are minor natural products mostly occurring in
some advanced plant species, and their therapeutic potential has only been investigated recently.
Nevertheless, the aurone scaffold became more attractive as their low toxicity and broad spectrum of
biological activities (e.g., anti-inflammatory, anticancer, antiviral, antibacterial, antispasmodic
activities, potent antioxidative and antineurodegenerative effects [23—26]) progressively emerged.

Herein, to deepen our preliminary aurone hit identification (compound 1), we report the synthesis
and the structure-activity relationship (SAR) study of benzofuran-3(2H)-one derivatives, whose MBL
inhibitory activity and spectrum were investigated using enzymatic (NDM-1, VIM-2, IMP-1) and
microbiological assays.

2. Chemistry



The aurone derivatives were synthesized using previously reported methods: they were prepared
starting from substituted benzofuran-3(2H)-ones through an aldol condensation of various aryl
aldehydes. The acidic, basic or neutral conditions of this reaction were chosen depending on the
substituents present in both moieties (Scheme 1). When methoxy- or polymethoxy analogues were
synthesized, an additional deprotection step to access to the hydroxy counterparts was necessary:
boron tribromide in dichloromethane was used.
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Scheme 1. General pathways for the synthesis of aurone derivatives. Reagents and conditions: (i)
KOH/H,0, MeOH or EtOH, 25-80 °C, 5 min to 2-7 h; (ii) ethylenediamine diacetate, MeCN, rt,
ultrasound, 5—-10 min; (iii) SOCl,, MeOH, rt, 24—72 h; (iv) Al,0s, CH,Cl,, rt, overnight; (v) BBrs, CH,Cl,, O
°C, 24-96 h.

This convenient synthetic pathway is notably suitable for the simultaneous SAR exploration of the A
and B rings of aurones but it requires the prior preparation of the properly substituted aryl aldehydes
and benzofuran-3(2H)-ones that are not commercially available (Scheme 2). Compound 3 was
obtained starting from the corresponding diacetoxyacetophenone after an a-bromination followed by
a deprotection and cyclization sequence [27]. Compound 4 was synthesized via a Friedel-Crafts
acylation starting from pyrogallol followed by a cyclization in basic conditions [28]. Compound 5 was
synthesized starting from phloroglucinol, through a Houben-Hoesch reaction using chloroacetonitrile
and zinc chloride in HCI / Et,0, followed by simultaneous hydrolysis and cyclization in refluxed H,0
[29]. The methoxy analogue 6 was obtained using Me,SO, in basic conditions.
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Scheme 2. Synthesis of benzofuran-3(2H)-one cores 3-6 Reagents and conditions: (i)
trimethylphenylammonium tribromide, THF, rt, 6 h; (ii) KOH/H,0, MeOH, 65 °C, 3 h, 37% (for 2 steps);
(iii) CICH2CO2H, BF3.Et20, 65 °C, 12 h, 73%; (iv) NaOAc, EtOH, reflux, 6 h, 91%,; (v) CICH,CN, HCI, ZnCl,,
Et,0, 0 °C, 3 h; (vi) HCI, H,0, 100 °C, 1 h, 84% (for 2 steps); (vii) Me2SQOs, K;COs3, 1,2-dimethoxyethane,
reflux, 5 h, 97%.
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Most of aryl aldehydes used in the aldol condensation were commercially available except the N-
substituted indolecarboxaldehydes obtained by alkylation of the corresponding unsubstituted
analogue with alkyl halides in the presence of sodium hydride (Scheme 3). When chloroalcane were
used, KI was added to promote the nucleophilic substitution.
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Scheme 3. Synthesis of indolecarboxaldehyde derivatives. Reagents and conditions: (i) R’X (X = Br, Cl),
Kl if X = Cl, NaH 60% in mineral oil, DMF, rt, 18-72 h.

3. Results and discussion

Using a spectrophotometric enzyme assay with purified MBL enzymes (see section 4.2. for details),
the inhibitory activity of aurone derivatives were first assessed using a single fixed concentration of
inhibitor (50 uM) in order to rapidly identify potentially interesting molecules (Table 1). Besides NDM-
1, two other clinically relevant subclass B1 MBLs (VIM-2 and IMP-1) were included in the assay to
determine the selectivity of these compounds. Indeed, if our derivatives were initially designed to
target NDM-1 (because of their starting origin through the process of fragment identification and
selection — FBDD strategy), broad-spectrum MBL inhibitors remain a desirable objective for efficiently
hampering antibiotic resistance.



Tested derivatives included a total of 60 aurones — excluding the initial hit compound 1 — bearing
modifications in the A, B or both rings, together with a series of B-heterocyclic indole analogues,
allowing a better understanding of the structural requirements of MBL inhibition.

Starting from compound 1, several 4’-substituted benzylidene 4,6-dihydroxybenzofuran-3(2H)-ones
were tested. The exchange of 1-piperidinyl by cyclohexyl (8) led to a dramatic loss of activity,
highlighting the major role of the N-heteroatom. Overall, all 4’-substituted analogues yielded a weaker
activity than 1 at 50 puM, but some compounds with various substituents maintained ~50% inhibition
(7, 10 and 13, with 4’-ethyl, 4’-1-imidazolyl and 4’-butoxy respectively). The introduction of hydroxy
or methoxy substituents at positions 2’ and 3’ gave additional insights: if the presence of a methoxy
group at position 3’ appeared detrimental (20 and 21 vs. 12), compounds 15, 16 and 19 indicated that
the presence of a substituent at position 2’ could provide a marginal to slightly beneficial impact on
the recorded activity (15 vs. 13, 19 vs. 12). In all cases, no activity was noticed on VIM-2 and only low
or very low activities were found on IMP-1, except for compound 19 with relatively similar moderate
activity on NDM-1 and IMP-1.

Modifications at the A-ring were then proposed. The 4,6-dimethoxy counterpart of compounds 19 and
21, i.e. 22 and 23, led to a completely abolished activity against NDM-1, while 2’,4’-difluoro and 4’-2-
thienyl derivatives 24 and 25 showed a residual effect. These observations could highlight the
importance of the polyhydroxy substitution pattern at the A-ring, as confirmed by the results obtained
from an alternative 6,7-dihydroxy series. Indeed, if compounds 26 and 28 were only found moderately
active (especially when comparing 26 with 19), the 2’-hydroxy-4’-methoxy analogue 27 reached a
higher inhibition rate than the initial parent compound 1 (84.5% at 50 uM). Interestingly, all the
aurone derivatives with no or only one hydroxy substituent at the A-ring, regardless of its position,
were found almost inactive (compounds 32-51), thereby corroborating the importance of the
polyhydroxy substitution pattern at the A-ring for an efficient interaction with NDM-1.

Replacing the B-ring by a heterocyclic indole-based counterpart followed a similar trend, as among
the fifteen evaluated indolaurones (52-66), two of them (65 and 66) only presented one A-ring
hydroxy group and revealed to be as well inactive. The activity level provided by the 4,6-dihydroxy
analogues varied from very weak to significant inhibition (>68%) for the more active derivatives of this
series (compounds 57-58 and 60-61), whereas they demonstrated no activity against VIM-2 and low
or intermediate inhibition against IMP-1. In particular, it is noteworthy that the presence of a bulky N-
substituent was well tolerated at the indole core. That was especially the case with compound 57
which included a cyclohexyl group in this position and still exhibited a high inhibition level (more than
70%). Compounds 59-63, with a substituted benzyl moiety on the indole nitrogen, displayed a variable
activity that seemed to depend mainly on the position of the benzyl substituent. Higher activities were
obtained when a substituent was present in meta position of the benzyl group (compounds 59-61),
and especially when the substituent was polar (60-61 vs. 59).



Table 1. Evaluation of the inhibitory activity of compounds 1 and 7-66 on NDM-1, VIM-2 and IMP-1
(the percentage of inhibition at 50 UM was measured using enzyme assays, see Experimental section

for details).
% inhibition®
Cd Structures NDM-1 VIM-2 IMP-1
R? R3 R¥ R¥
1 H H 1-piperidinyl H 745 17+6 20+5
7 H H Et H 55+7 <10 249+0.9
8 H H cyclohexyl H 16+3 <10 <10
9 H H cl H 11+1 <10 14 +5
10 H H 1-imidazolyl H 51+6 <10 23+5
11 H H OH H <10 <10 12.4+0.2
12 H H OMe H 38+3 <10 20+2
13 H H OBu H 414 <10 25+2
14 OH H OH H <10 <10 14+2
15 OH H OBu H 466 n.d.? n.d.
16 OH H N(Et), H 55+1 <10 27+4
17 OH H H H <10 <10 14+4
18 OH H H Me <10 <10 12+3
19 OMe H OMe H 52+5 <10 43.6+0.6
20 H OMe OMe H 2316 <10 21+6
21 OMe | OMe OMe H 14+ 4 <10 205
R? R¥ R¥
22 OMe H OMe <10 <10 <10
23 OMe | OMe OMe <10 <10 17+2
24 F H F 35+7 <10 32+1
25 H 2-thienyl 39+5 <10 24+6
R? R¥
26 OMe OMe 303 10.3+0.1 28+4
27 OH OMe 84.5+0.8 <10 49+ 2
28 OH OH 203 <10 24 +2
29 H CF; <10 <10 17+2
30 H nBu <10 <10 <10
31 50+ 6 <10 19+6
R? R¥ RY

32 H OMe H 204 <10 <10
33 H COOH H 24+9 <10 <10
34 OH OH OH <10 <10 <10
35 OH OH H <10 <10 <10
36 H F H <10 <10 <10
37 H cl H <10 <10 <10




R? R¥ R¥ RY
38 H OMe OH H <10 145 13+6
39 OMe H OMe H 173 <10 17.9+0.2
40 OH H OH H <10 <10 <10
41 OMe H OH H <10 <10 13+4
42 OH H OH OH <10 <10 <10
43 OH H H H <10 <10 <10
44 H H 4-Me- H <10 <10 19+6
piperazinyl
45 <10 13+6 155
R¥ R¥
46 OH OH 12+3 <10 <10
47 H 4-Me-piperazinyl <10 <10 12+4
R? R¥ R¥
48 OH H OH <10 <10 <10
49 OMe H OH <10 <10 <10
50 H OMe OH <10 <10 <10
51 OMe OMe OMe <10 <10 <10
R’ R
52 Me H 46+ 6 <10 28+3
53 CH,CH=CH, H <10 <10 16+2
54 (S)-CH,CH(CH3)CH,CH; H 49 +5 <10 46 +3
55 CH,CH,CH(CHs), H 18+4 <10 47.1+0.8
56 CH,CH,C(CH3)s H 11.2+0.2 <10 28+7
57 CHacyclohexyl H 72+2 <10 44 +2
58 (CH2)sPh H 68.7+ 0.7 <10 41+2
59 3-MeBn H 5412 11.0+0.8 43+2
60 3-HOBN H 783 <10 314
61 3-BrBn H 6912 <10 43+2
62 4-BrBn H 44 +5 <10 225
63 2-BrBn H <10 <10 2312
64 Bu OH 57t4 <10 303
R? R®
65 OH H <10 <10 21.4+0.3
66 H OH 183 <10 395
JMV-7061° 97.0+0.8 | 96.0+£0.9 40+4
Taniborbactam® >98 >98 41 +2

2n.d.: Not determined




®Inhibition data for JMV-7061, a triazole-thione MBL inhibitor [30] and taniborbactam [31] are
included for comparison and were tested at a final concentration of 100 and 50 uM, respectively. An
additional inhibition control was 5 mM EDTA (observed inhibition for all tested enzymes, > 95%).

Subsequently, the inhibition constants (Ki) were evaluated for the compounds displaying a percentage
of inhibition higher than 65% at 50 UM (Table 2). Among these, aurone 27 and indolaurone derivative
57, appeared to be the most promising compounds, with measured K; on NDM-1 as low as 1.7 £ 0.2
and 2.5 £ 0.2 uM, respectively. The inhibition data allowing the determination of the K; values
(dependence of vo/vi as a function of inhibitor concentration) are in perfect agreement with a
competitive model of inhibition (Figure S2). These five new compounds were also investigated for
their ability to potentiate meropenem (a carbapenem antibiotic) in in vitro antimicrobial susceptibility
assays on recent NDM-1- and NDM-4-producing extensively-drug resistant Klebsiella pneumoniae and
E. coli clinical isolates. Unfortunately, their synergistic activity was rather modest, except for
compound 57, which showed an 8-fold decrease of meropenem MIC. The activity of this compound
was also lower when tested on NDM-1- and NDM-4-producing E. coli isolates, highlighting the
importance of the bacterial host, as well as the nature of the produced NDM-type variant. The overall
modest potentiation of these compounds likely depends on either their modest potency (none of the
K; values are below the micromolar range) or their slow diffusion through the outer membrane,
limiting their accumulation in the bacterial periplasm where their target is located. However, such
data remain encouraging as they provide the experimental evidence that this scaffold could lead to
compounds showing, besides their inhibitory activity in enzyme assays, the ability to reach and engage
its target in the bacterial cell.

Table 2. Inhibition constants (K;) and in vitro antibacterial synergistic activity with meropenem (MEM)
of six representative most active compounds.

MEM MIC (pg/mL)?
Cpd NDM-1 Ki (uM) | K. pneumoniae Sl- E. coli SI-004M E. coli SI-G001
518 (blanom-17) (blanom-17) (blanom-4")

None 128 64 128

1 4.8+0.5 64 64 128

27 1.7+0.2 32 32 128

57 2.5+0.2 16 64 64

58 17+3 32 32 64

60 163 64 64 128

61 5.5+0.6 32 32 64

2 In vitro susceptibility assays, the inhibitor was tested at a fixed concentration of 32 pug/mL against
three epidemiologically unrelated NDM-type MBL-producing strains. Compound JMV-7061, a triazole-
thione MBL inhibitor [30], was used as the positive control of meropenem potentiation in these assays
(MIC values when tested in the presence of 32 ug/mL JMV-7061, <0.5 pg/mL).

Finally, a docking study was employed as the initial step in molecular modelling to explore the
interactions between NDM-1 and the two most active compounds, 27 and 57. We used this method,
acknowledging its limitations in describing the binding mode when metal ions are present in the
docking region. However, in conjunction with our biological results, it can help to identify interactions



with NDM-specific residues and large ligands, such as compounds 27 and 57. We chose the
crystallographic structure of NDM-1 with hydrolysed ampicillin as the co-crystallized ligand and a high
resolution of 1 A (PDB ID: 5ZGE). Different procedures were employed and are detailed in the
computational section, particularly with or without the hydroxide ion from the crystallographic
structure in the active site of NDM-1. Consistent results were obtained with the hydroxide ion in the
active site (Figure 2). For these dockings with an excellent agreement obtained during the re-docking
of the co-crystalized ligand (see Figure S1, in Supporting Information), the most populated clusters
were the lowest energy one, containing a high number of conformers. Conversely, results obtained
without the hydroxide anion showed greater variability and were inconclusive.

The analysis of the docked positions obtained for 27 and 57 highlighted several well-defined
interactions, which provide a structural basis for the observed biochemical and biological results
(Figure 2). Indeed, for compound 27, three hydrogen-bond donors and/or acceptors were identified:
one between the hydroxy group in position 5 and Glul52, one between the methoxy group and
Asn220 and one between the oxygen of the carbonyl function and Aspl124 — itself in bridged
interaction with one Zn through the hydroxide ion present in the active site. The B-ring hydroxy group
also interacts with the second Zn ion of the active site. Finally, a m-stacking interaction between the
residue His122 and the aromatic A-ring of the aurone 27 was also observed. Regarding compound 57,
four hydrogen bond donors and/or acceptors were identified: these involved the four
oxygens/hydroxy groups of the benzofuran core of compound 57 that interact with residues GIn123,
Glul52, Asn220 and Asp223. m-Stacking interactions were also noticed between the ligand 57 and
residues Trp93 and His122. In this case, no interaction was highlighted with the Zn ions but the
complementary shape of the molecule and the active site is interesting to note, together with the
relative space available to accommodate the cyclohexyl substituent. Furthermore, the binding of
these compounds involves functionally important and conserved residues in NDM-type enzymes (e.
g. GIn123, Glul52) and in other subclass B1 MBLs (e. g. His122, Asn220). The involvement of some
NDM-specific residues in interacting with these potent inhibitors could explain, at least in part, their
preferential inhibition of NDM-1 and the lack of activity on VIM-2.



\ TRP 93 )

‘ ~ ASP 124

'S

N

W&*

* HiS 122

/ HIS 1208 “"GLU 152
AN

\

’
REHIS 25(
| TRP 93 )
~ ASP 124

-

/ s
) )
HIS 1208 6Lu, 152

Figure 2. 2D map of interaction and 3D visualization of compounds 27 (A, B) and 57 (C, D) in the active
site of NDM-1 (PDB 5ZGE); A,C: hydrogen bonds are indicated by a magenta arrow and pi-stacking
interactions by a green line.

3. Conclusion

Following the discovery of a hit with a benzofuranone core, we evaluated the biochemical activity of
60 aurone derivatives to establish a structure-activity relationship study on NDM-1 and two other
clinically relevant MBLs, namely IMP-1 and VIM-2. The five new compounds that have displayed the
highest percentage of inhibition on NDM-1 were further studied. Compounds 27 and 57 were the best
inhibitors of NDM-1, exhibiting inhibition constants in the micromolar range. In vitro antimicrobial
susceptibility assays also demonstrated their ability to potentiate, although moderately, the
antibacterial activity of meropenem on NDM-producing clinical isolates. Further modification of the
compounds should indeed address the likely lack of diffusion through the bacterial outer membrane.
Finally, molecular modelling allowed a better understanding of the interactions of these two
compounds with important residues featured in the active site of NDM-1. The present biochemical
and biological results, together with the analysis of their binding mode in NDM-1, will certainly support
the synthesis of additional inhibitors, hopefully allowing the identification of better inhibitors, in terms
of potency, spectrum of activity and synergistic activity in whole-cell assays.



In light of this, the pharmacomodulation of aurones and analogues will be pursued, building upon the
acquired biochemical findings. The augmentation of experimental data will facilitate refining the
molecular modelling protocol, enhancing the characterization of interactions between our ligands and
NDM-1.

4. Experimental section
4.1. Chemistry

Unless stated otherwise, commercially available reagents and solvents were used without further
purification. Reaction progress was monitored by Thin Layer Chromatography (TLC) on aluminium
coated silica gel MN 60 F254 plates from Macherey-Nagel. The synthesized products were mostly
purified by column chromatography on silica gel (MN Kiesegel 60 silica gel mesh size 63-200 um). *H
and 3C Nuclear Magnetic Resonance (NMR) spectra were recorded in deuterated solvents at room
temperature on a Brucker Avance 400 or Avance Il 500 instruments. Chemical shifts (6) are reported
in parts per million (ppm) relative to TMS as internal standard or relative to the solvent [*H: 6(CDCls)
=7.26 ppm, 6(DMSO-ds) = 2.50 ppm, §(CDsOD) = 3.31 ppm; 3C: §(CDCls) = 77.2 ppm, 6(DMSO-ds) =
39.5 ppm, &(CDs0D) = 49.0 ppm]. Multiplicity is reported as follows: bs, broad singlet; s, singlet; d,
doublet; t, triplet and m, multiplet. Coupling constants J are given in Hertz. Electrospray lonization
(ESI) mass spectra and accurate mass measurements (HRMS) were acquired by NanoBio chemistry
platform (ICMG FR2607). HPLC analyses were recorded on an Agilent 1260 Infinity Il using a diode
array detector and a C18 reversed-phase column (Zorbax Eclipse plus C18, Agilent, 3-5 um particle
size, 100 mm x 2.1 mm) at 30 °C, with a mobile phase A composed of water and formic acid 0.1 % and
a phase mobile B composed of MeOH and formic acid 0.1 % with a three steps elution (90:10 A:B over
2 min, then a gradient 90:10 to 0:100 over 12 min and finally 0:100 over 2 min), detection at 254 nm.
Purity of all the tested compounds was = 95%. The synthesis and characterization of compounds 1-9,
11-14, 18-19, 21-22, 28, 33, 35-37, 39-48, 52-53, 57-61 and 64 have already been reported
elsewhere [27,29,32-41].

4.1.1. General procedure A. To a solution of substituted benzofuran-3(2H)-one (1 equiv.) in ethanol (3
mL/mmol) were added an aqueous solution of KOH (50%, 5 mL/mmol) and an arylaldehyde (1.0 to 3.5
equiv.). The solution was refluxed until TLC showed complete disappearance of the starting material
(2 to 5 h). After cooling, ethanol was removed under reduced pressure, then the residue was diluted
into distilled water (50 mL/mmol) and an aqueous solution of hydrochloric acid (10%) was added to
adjust the pH to 2—-3. The mixture was then extracted with CH,Cl, or EtOAc. The combined organic
layers were washed with water and brine, dried over MgSQ,, filtered off and concentrated under
reduced pressure to afford the corresponding arylidene derivative. The crude product was finally
purified by flash chromatography or by recrystallization in MeOH.

4.1.2. General procedure B. To a solution of 4,6-dimethoxybenzofuran-3(2H)-one 6 (1 equiv.) in CH,Cl,
(15 mL/mmol) were added a benzaldehyde derivative (1.2 equiv.) and Al,0; (36 equiv.). The
suspension was stirred at rt under nitrogen overnight, then filtered and concentrated. The product
was recrystallized in MeOH and filtered off to afford the corresponding benzylidene derivative.



4.1.3. General procedure C. To a solution of substituted benzofuran-3(2H)-one (1 equiv.) in MeOH (15
mL/mmol) were added an arylaldehyde derivative (1.5 equiv.) and then dropwise an aqueous solution
of KOH 50% (1.5 mL/mmol). After stirring for 3 to 7 h at reflux, the reaction mixture was cooled for 30
min in an ice bath and the precipitate was filtered off and washed with cold water and MeOH; if
necessary, the product was purified by a recrystallisation in MeOH.

4.1.4. General procedure D. To a solution of a benzofuran-3(2H)-one in MeOH (10 mL/mmol) were
added an aqueous solution of KOH (50%, 5 mL/mmol) and a benzaldehyde (1 equiv.), and the mixture
was stirred at 25-40 °C until solid appearance. The precipitate was filtered, washed with cold MeOH
and hot H,0, and dried to afford the corresponding crude aurone.

4.1.5. General procedure E. To a solution of a polymethoxyaurone derivative in dry CH,Cl, (10
mL/mmol) was added a solution of BBr; in CH,Cl, (1 M, 10-20 equiv.) at 0 °C, and the mixture was
stirred at room temperature for 24—-96 h. Iced water was then added and the suspension was stirred
at room temperature for 1 h. The mixture was extracted three times with AcOEt. The combined
organic layers were dried over MgS0.,, filtered, and the filtrate was concentrated under reduced
pressure to afford the corresponding crude polyhydroxyaurone.

4.1.6. General procedure F. To a solution of a benzofuran-3(2H)-one in MeOH (3 mL/mmol) were
added an aqueous solution of KOH (50%, 5 mL/mmol) and a benzaldehyde (1-2 equiv.), and the
mixture was refluxed for 2-5 h. After cooling, MeOH was removed under reduced pressure, then the
residue was diluted in H>0 (50 mL/mmol). An aqueous solution of HCl (10%) was added until pH 1-2,
and the mixture was extracted three times with AcOEt. The combined organic layers were washed
with H,O and brine, dried over MgSQ,, filtered, and the filtrate was concentrated under reduced
pressure to afford the corresponding crude aurone.

4.1.7. General procedure G. To a solution of a benzofuran-3(2H)-one derivative in MeCN (15 mL/mmol)
were added ethylenediamine diacetate (1.2 equiv.) and a benzaldehyde (1 equiv.), and the mixture
was stirred at room temperature under ultrasound until solid appearance (5—10 min). The precipitate
was filtered, washed with MeCN and hot H,0, and dried to afford the corresponding crude aurone.

4.1.8. General procedure H. To a solution of a benzofuran-3(2H)-one derivative in MeOH (15 mL/mmol)
were added SOCI; (1.5 equiv.) dropwise and a benzaldehyde (1 equiv.), and the mixture was stirred at
room temperature for 24—72 h. The mixture was concentrated under reduced pressure, then the
residue was washed with cold MeOH and hot H,0, and dried to afford the corresponding crude
aurone.

4.1.9. General procedure I. To a suspension of NaH 60% in oil (2.25 equiv.) in dry DMF (0.8 mL/mmol)
was added, at 0 °C and under nitrogen atmosphere, a solution of indolecarboxaldehyde (1 equiv.) in
dry DMF (2.5 mL/mmol). After stirring for 30 min at rt, alkyl halide (1.0-3.0 equiv.) was slowly added.
If alkyl chloride was used, KI was added (1.0 equiv.). After stirring overnight, the reaction was
guenched by addition of water and the product was extracted with diethyl ether. The organic layer
was dried over MgSQ,, filtered off and concentrated under vacuum. The crude product was purified
by column chromatography on silica gel.

4.1.10. (2)-2-(4-(1H-Imidazol-1-yl)benzylidene)-4,6-dihydroxybenzofuran-3(2H)-one (10). The crude
product was prepared according to the general procedure A starting from 5 (100 mg, 0.60 mmol) and
4-(1H-imidazol-1-yl)benzaldehyde (250 mg, 1.45 mmol). After purification by column



chromatography, the pure product (169 mg, 0.53 mmol, 88%) was obtained as a yellow powder. H
NMR (400 MHz, DMSO-ds) § ppm 11.00 (s, 1H), 10.93 (s, 1H), 8.37 (s, 1H), 8.03 (d, J = 8.7 Hz, 2H), 7.88-
7.75 (m, 3H), 7.15 (s, 1H), 6.68 (s, 1H), 6.25 (d, J = 1.7 Hz, 1H), 6.09 (d, J = 1.7 Hz, 1H); *C NMR (101
MHz, DMSO-ds) 6 ppm 178.9 (C), 167.8 (C), 167.5 (C), 158.5 (C), 147.9 (C), 136.8 (C), 132.1 (CH), 132.1
(2xCH), 130.9 (C), 130.1 (CH), 120.3 (2xCH), 117.8 (CH), 107.1 (CH), 102.5 (C), 97.8 (CH), 90.7 (CH);
LRMS (ESI*) m/z (%) 321 [M+H]* (100); HRMS (ESI*) m/z calc. for C1sH13N204 321.0869, found 321.0866.

4.1.11. (Z)-2-(4-Butoxy-2-hydroxybenzylidene)-4,6-dihydroxybenzofuran-3(2H)-one (15). The crude
product was prepared according to the general procedure A starting from 5 (100 mg, 0.60 mmol) and
4-butoxy-2-hydroxybenzaldehyde [42] (200 mg, 1.03 mmol). After column chromatography, the pure
product (115 mg, 0.34 mmol, 56%) was obtained as a yellow powder. *H NMR (400 MHz, DMSO-ds) &
ppm 10.77 (bs, 2H), 10.29 (s, 1H), 7.96 (d, J = 8.8 Hz, 1H), 6.88 (s, 1H), 6.53 (dd, J = 8.8, 2.4 Hz, 1H),
6.47 (d,J=2.4Hz, 1H), 6.18 (d, /= 1.7 Hz, 1H), 6.06 (d, /= 1.7 Hz, 1H), 3.95 (t, /= 6.5 Hz, 2H), 1.74-1.64
(m, 2H), 1.48-1.37 (m, 2H), 0.93 (t, J = 7.4 Hz, 3H); 3C NMR (101 MHz, DMSO-ds) & ppm 179.0 (C),
167.4 (C), 166.8 (C), 160.9 (C), 158.4 (C), 158.1 (C), 145.8 (C), 131.8 (CH), 112.1 (C), 106.8 (C), 103.0
(CH), 102.9 (C), 101.2 (CH), 97.6 (CH), 90.4 (CH), 67.2 (CH,), 30.6 (CH.), 18.7 (CH,), 13.7 (CHs); LRMS
(ESI*) m/z (%) 343 [M+H]* (100); HRMS (ESI") m/z calc. for C1sH1706 341.1031, found 341.1020.

4.1.12. (Z)-2-(4-(Diethylamino)-2-hydroxybenzylidene)-4,6-dihydroxybenzofuran-3(2H)-one (16). The
crude product was prepared according to the general procedure A starting from 5 (100 mg, 0.60 mmol)
and 4-diethylamino-2-hydroxybenzaldehyde (250 mg, 1.29 mmol). After purification by column
chromatography, the pure product (74 mg, 0.22 mmol, 36%) was obtained as a brown powder. *H
NMR (400 MHz, DMSO-ds) 6 ppm 10.61 (bs, 2H), 9.86 (s, 1H), 7.89 (d, J = 9.0 Hz, 1H), 6.90 (s, 1H), 6.31
(dd, J=9.0, 2.1 Hz, 1H), 6.22-6.13 (m, 2H), 6.03 (d, J = 1.6 Hz, 1H), 3.41-3.26 (m, 4H), 1.11 (t, /= 7.0 Hz,
6H); 3C NMR (101 MHz, DMSO-ds) 6 ppm 178.7 (C), 166.9 (C), 166.2 (C), 158.7 (C), 157.7 (C), 149.9
(C), 144.3 (C), 132.1 (CH), 106.9 (C), 104.8 (CH), 104.34 (CH) 103.4 (C), 97.3 (CH), 97.1 (CH), 90.2 (CH),
43.9 (CHy), 12.6 (CHs); LRMS (ESI*) m/z (%) 342 [M+H]* (100); HRMS (ESI*) m/z calc. for Ci9H20NOs
342.1336, found 342.1333.

4.1.13. (Z)-2-(2-Hydroxy-5-methylbenzylidene)-4,6-dihydroxybenzofuran-3(2H)-one (17). The crude
product was prepared according to the general procedure A starting from 5 (100 mg, 0.60 mmol) and
2-hydroxy-5-methylbenzaldehyde (250 mg, 1.84 mmol). After purification by column
chromatography, the pure product (94 mg, 0.33 mmol, 55%) was obtained as a yellow powder. *H
NMR (400 MHz, DMSO-dg) 6 ppm 10.97-10.79 (m, 2H), 9.97 (s, 1H), 7.82 (s, 1H), 7.10-6.98 (m, 1H),
6.90 (s, 1H), 6.82 (d, J = 8.2 Hz, 1H), 6.22 (s, 1H), 6.08 (s, 1H), 2.26 (s, 3H); *C NMR (100 MHz, DMSO-
ds) 6 ppm 179.1 (C), 167.7 (C), 167.2 (C), 158.3 (C), 154.6 (C), 147.0 (C), 131.5 (CH), 130.6 (CH), 127.9
(C), 118.9 (C), 115.5 (CH), 102.7 (C), 102.6 (CH), 97.7 (CH), 90.6 (CH), 20.4 (CHs); LRMS (ESI*) m/z (%)
285 [M+H]* (95), 307 [M+Na]* (100); HRMS (ESI") m/z calc. for C16H1:05 283.0612, found 283.0605.

4.1.14. (Z)-2-(3,4-Dimethoxybenzylidene)-4,6-dihydroxybenzofuran-3(2H)-one (20). The crude product
was prepared according to the general procedure A starting from 5 (100 mg, 0.60 mmol) and 3,4-
dimethoxybenzaldehyde (200 mg, 1.20 mmol). After purification by column chromatography, the pure
product (138 mg, 0.44 mmol, 73%) was obtained as a yellow powder. *H NMR (400 MHz, DMSO-ds) 6
ppm 10.86 (bs, 2H), 7.55-7.46 (m, 2H), 7.10-7.02 (m, 1H), 6.58 (s, 1H), 6.22 (d, J = 1.7 Hz, 1H), 6.07 (d,
J=1.7 Hz, 1H), 3.90-3.75 (m, 6H); *C NMR (101 MHz, DMSO-ds) 6 ppm 179.0 (C), 167.6 (C), 167.1 (C),
158.2 (C), 149.9 (C), 148.7 (C), 146.5(C), 125.1 (C), 124.4 (CH), 113.9 (CH), 111.9 (CH), 108.9 (CH), 102.7



(C), 97.7 (CH), 90.6 (CH), 55.6 (CHs), 55.5 (CH3); LRMS (ESI*) m/z (%) 315 [M+H]* (100); HRMS (ESI*) m/z
calc. for C17H1506 315.0863, found 315.0864.

4.1.15. (Z)-2-(2,3,4-Trimethoxybenzylidene)-4,6-dimethoxybenzofuran-3(2H)-one (23). The crude
product was prepared according to the general procedure B starting from 6 (100 mg, 0.52 mmol) and
2,3,4-trimethoxybenzaldehyde (121 mg, 0.62 mmol). The pure product (74 mg, 0.20 mmol, 38%) was
obtained as an orange powder. *H NMR (400 MHz, DMSO-ds) 6 ppm 7.90 (d, J = 9.0 Hz, 1H), 6.96 (d, J
=9.0 Hz, 1H), 6.82 (s, 1H), 6.67 (t, J = 1.8 Hz, 1H), 6.34 (d, J = 1.8 Hz, 1H), 3.89 (m, 12H), 3.78 (s, 3H);
13C NMR (101 MHz, DMSO-ds) 6 ppm 178.8 (C), 168.7 (C), 168.0 (C), 158.9 (C), 155.0 (C), 152.8 (C),
146.8 (C), 141.7 (C), 126.0 (CH), 118.3 (C), 108.5 (CH), 104.1 (C), 103.1 (CH), 94.4 (CH), 89.9 (CH), 61.6
(CHs), 60.5 (CHs), 56.5 (CHs), 56.1 (CHs), 56.1 (CHs); LRMS (ESI*) m/z (%) 373 [M+H]* (100); HRMS (ESI*)
m/z calc. for CyH2107 373.1282, found 373.1278.

4.1.16. (Z)-2-[(2,4-Difluorobenzylidene]-4,6-dimethoxybenzofuran-3(2H)-one (24). The crude product
was prepared according to the general procedure B starting from 6 (100 mg, 0.52 mmol) and 2,4-
difluorobenzaldéhyde (70 pL, 0.62 mmol). After purification by recrystallization in MeOH, the pure
product (66 mg, 0.21 mmol, 41%) was obtained as a yellow solid. Rf 0.67 (cyclohexane/EtOAc 6:4); H
NMR (CDCls, 400 MHz) & ppm 8.19-8.25 (m, 1H), 6.93-6.97 (m, 2H), 6.83-6.88 (m, 1H), 6.35 (s, 1H),
6.12 (s, 1H), 3.94 (s, 3H), 3,90 (s, 3H); *C NMR (CDCl3, 100 MHz) 6 ppm 180.2 (C), 169.2 (C), 169.0 (C),
163.3 (dd, J =253, 12 Hz, C), 161.8 (dd, J = 253, 12 Hz, C), 159.6 (C), 148.5 (C), 132.7 (dd, J = 10, 3 Hz,
CH), 117.4 (dd, J =22, 4 Hz, C), 112.0 (dd, J = 22, 4 Hz, CH), 105.1 (C), 104.1 (t, J = 25 Hz, CH), 100.9 (dd,
J=7,2Hz, CH), 94.3 (CH), 89.4 (CH), 56.4 (CHs), 56.3 (CHs); LRMS (ESI*) m/z (%) 319 [M+H]* (100), 341
[M+Na]* (43), 337 [M+K]* (57); HRMS (ESI") m/z calc. for C17H1304F> 319.0776, found 319.0770.

4.1.17. (Z2)-2-[(4-(2-Thienyl)benzylidene]-4,6-dimethoxybenzofuran-3(2H)-one (25). The crude product
was prepared according to the general procedure C starting from compound 6 (100 mg, 0.52 mmol)
and 4-(2-thienyl)benzaldehyde (145 mg, 0.77 mmol). After purification by recrystallization in MeOH,
the pure product (139 mg, 0.38 mmol, 74%) was obtained as an orange powder. Rf 0.16
(cyclohexane/EtOAc 6:4); *H NMR (CDCls, 400 MHz) & ppm 7.89 (d, J = 8.4 Hz, 2H), 7.69 (d, J = 8.4 Hz,
2H), 7.40 (d, J = 3.6 Hz, 1H), 7.34 (d, J = 5.0 Hz, 1H), 7.12 (dd, J = 5.0, 3.6 Hz, 1H), 6,79 (s, 1H), 6,42 (d,
J=1.7Hz, 1H), 6,16 (d, J = 1.7 Hz, 1H), 3,98 (s, 3H), 3,94 (s, 3H); *C NMR (CDCls, 100 MHz) § ppm 180.8
(C), 169.2 (2xC), 159.7 (C), 148.1 (C), 143.9 (C), 135.3 (C), 131.9 (C), 131.9 (2xCH), 128.5 (CH), 126.2
(2xCH), 125.8 (CH), 124.0 (CH), 110.5 (CH), 105.5 (C), 94.3 (CH), 89.5 (CH), 56.5 (CHs), 56.4 (CHs); HRMS
(ESI*) m/z calc. for C21H1704S 365.0842, found 365.0843.

4.1.18. (Z)-2-(2,4-Dimethoxybenzylidene)-6,7-dihydroxybenzofuran-3(2H)-one (26). The crude product
was prepared according to the general procedure A starting from 4 (166 mg, 1.00 mmol) and 2,4-
dimethoxybenzaldehyde (200 mg, 1.20 mmol). After purification by column chromatography, the pure
product (214 mg, 0.68 mmol, 68%) was obtained as a yellow powder. *H NMR (400 MHz, DMSO-ds) 6
ppm 10.61 (bs, 1H), 9.57 (bs, 1H), 8.32 (d, J = 8.7 Hz, 1H), 7.12 (d, J = 8.3 Hz, 1H), 7.02 (s, 1H), 6.75-
6.69 (m, 2H), 6.67 (d, J = 2.4 Hz, 1H), 3.91 (s, 3H), 3.86 (s, 3H); 3C NMR (101 MHz, DMSO-ds) 6 ppm
182.0 (C), 162.3 (C), 159.8 (C), 154.9 (C), 154.3 (C), 146.3 (C), 132.7 (CH), 130.1 (C), 115.3 (CH), 114.4
(C), 113.2 (C), 112.7 (CH), 106.6 (CH), 104.1 (CH), 98.1 (CH), 55.9 (CHs), 55.5 (CHs); LRMS (ESI*) m/z (%)
315 [M+H]* (100); HRMS (ESIT) m/z calc. for C17H1306 313.0718, found 313.0711.

4.1.19. (Z)-2-(2-Hydroxy-4-methoxybenzylidene)-6, 7-dihydroxy-benzofuran-3(2H)-one (27). The crude
product was prepared according to the general procedure A starting from 4 (100 mg, 0.60 mmol) and



2-hydroxy-4-methoxybenzaldehyde (120 mg, 0.79 mmol). After purification by column
chromatography, the pure product (117 mg, 0.39 mmol, 65%) was obtained as a red powder. *H NMR
(400 MHz, DMSO-ds) 6 ppm 8.25 (d, J = 8.8 Hz, 1H), 7.11 (d, J = 8.3 Hz, 1H), 7.06 (s, 1H), 6.72 (d, J = 8.3
Hz, 1H), 6.58 (dd, J = 8.8, 2.5 Hz, 1H), 6.50 (d, J = 2.5 Hz, 1H), 3.77 (s, 3H); 3C NMR (101 MHz, DMSO-
ds) 6 ppm 181.9 (C), 16.02 (C), 158.9 (C), 154.8 (C), 154.1 (C), 145.8 (C), 132.7 (CH), 130.1 (C), 115.2
(CH), 114.6 (C), 112.6 (CH), 112.1 (C), 106.6 (CH), 105.1 (CH), 100.6 (CH), 55.2 (CHs); LRMS (ESI*) m/z
(%) 301 [M+H]* (100); HRMS (ESI") m/z calc. for C16H1106 299.0561, found 299.0553.

4.1.20. 2-(4-Trifluoromethylbenzylidene)-6,7-dihydroxybenzofuran-3(2H)-one (29). The crude product
was prepared according to the general procedure A starting from 4 (0.2 g, 1.2 mmol) and 4-
trifluoromethylbenzaldehyde (269 mg, 1.8 mmol). After purification by column chromatography, the
pure product (152 mg, 0.47 mmol, 39%) was obtained as an orange powder. *H NMR (400 MHz,
CDs0D) 6 ppm 8.19 (d, J = 8.4 Hz, 2H), 7.75 (d, J = 8.0 Hz, 2H), 7.22 (d, /= 8.0 Hz, 1H), 6.81 (s, 1H), 6.74
(d, J = 8.4 Hz, 1H); 13C NMR (100 MHz, CDsOD) & ppm 185.1 (C), 157.3 (C), 157.0 (C), 150.8 (C), 137.8
(C), 132.8 (4xCH), 131.6 (CH), 128.8 (C), 126.8 (q, J = 32 Hz, CF3), 126.7 (CH), 117.5 (C), 115.7 (CH),
114.1 (CH); HRMS (ESI*) m/z calc. for Ci6H10F04323.0525, found 323.0524.

4.1.21. (Z)-2-(4-Butylbenzylidene)-6,7-dihydroxybenzofuran-3(2H)-one (30). The crude product was
prepared according to the general procedure A starting from 4 (100 mg, 0.60 mmol) and 4-
butylbenzaldehyde (200 mg, 1.23 mmol). After purification by column chromatography, the pure
product (125 mg, 0.40 mmol, 67%) was obtained as a red powder. *H NMR (400 MHz, DMSO-ds) § ppm
7.95 (d, J=8.2 Hz, 2H), 7.32 (d, J = 8.2 Hz, 2H), 7.14 (d, J/ = 8.3 Hz, 1H), 6.79-6.71 (m, 2H), 2.63 (t, J =
7.6 Hz, 2H), 1.63-1.53 (m, 2H), 1.37-1.26 (m, 2H), 0.90 (t, J = 7.3 Hz, 3H); 3C NMR (101 MHz, DMSO-
ds) 6 ppm 182.2 (C), 155.2 (C), 154.7 (C), 147.2 (C), 144.5 (C), 131.3 (2xCH), 130.1 (C), 129.7 (C), 128.9
(2xCH), 115.5 (CH), 114.2 (C), 112.8 (CH), 110.5 (CH), 34.8 (CH,), 32.9 (CH>), 21.7 (CH,), 13. (CHs); LRMS
(ESI*) m/z (%) 311 [M+H]* (100); HRMS (ESI") m/z calc. for C1sH1704 309.1132, found 309.1125.

4.1.22. 2-(2’-Naphthylmethylene)-6,7-dihydroxybenzofuran-3(2H)-one (31). The crude product was
prepared according to the general procedure A starting from 4 (0.2 g, 1.2 mmol) and 2-
naphthaldehyde (282 mg, 1.8 mmol). After purification by column chromatography on silica gel
(EtOAc/cyclohexane), the pure product (169 mg, 0.55 mmol, 46%) was obtained as an orange powder.
'H NMR (400 MHz, DMSO-ds) 6 ppm 8.52 (s, 1H), 8.22 (dd, J = 1.6, J = 4.0, 1H), 8.02 (s, 1H), 8.00 (s,
1H), 7.98-7.94 (m, 2H), 7.59-7.57 (m, 3H), 7.15 (d, J = 8.0 Hz, 1H), 6.88 (s, 1H), 6.69 (d, J = 8.4 Hz, 1H);
13C NMR (100 MHz, DMSO-ds) 6 ppm 182.2 (C), 155.2 (C), 154.9 (C), 147.8 (C), 133.0 (CH), 132.9 (C),
131.6(C), 130.0 (C), 129.8 (CH), 128.4 (CH), 128.3 (CH), 127.6 (2xCH), 127.4 (CH), 126.7 (C), 115.6 (CH),
114.0(C), 112.9 (CH), 110.3 (CH); HRMS (ESI*) m/z calc. for C19H1304 305.0808, found 305.0803.

4.1.23. (Z)-7-Hydroxy-2-(2,4,6-trihydroxybenzylidene)benzofuran-3(2H)-one (34) — 2 steps

4.1.23.1. (Z)-7-Methoxy-2-(2,4,6-trimethoxybenzylidene)benzofuran-3(2H)-one (34a). The crude
product was prepared according to the general procedure D starting from 7-methoxybenzofuran-
3(2H)-one (100 mg, 0.609 mmol) and 2,4,6-trimethoxybenzaldehyde (120 mg, 0.609 mmol). The
product (29 mg, 0.085 mmol, 14%) was obtained as a yellow powder. *H NMR (400 MHz, DMSO-ds) 6
ppm 7.38 (dd, J=7.3,1.0 Hz, 1H), 7.29 (dd, J=7.3, 1.0 Hz, 1H), 7.18 (t, J= 7.3 Hz, 1H), 6.90 (s, 1H), 6.34
(s, 2H), 3.93 (s, 3H), 3.86 (s, 3H), 3.85 (s, 6H). 3C NMR (100 MHz, DMSO-ds) 6 ppm 183.3, 163.4, 159.9,
145.6, 145.6, 123.8, 122.6, 119.5, 115.1, 106.2, 102.1, 91.3, 56.5, 56.0, 55.6. HRMS (ESI*) m/z calc. for
Ci9H1906 (M+H)* 343.1176, found 343.1173.



4.1.23.2. (Z)-7-Hydroxy-2-(2,4,6-trihydroxybenzylidene)benzofuran-3(2H)-one (34). The crude product
was prepared according to the general procedure E starting from 34a (29 mg, 0.085 mmol). After
purification by column chromatography on silica gel (eluent CH,Cl,/MeOH), the product (20 mg, 0.070
mmol, 82%) was obtained as a yellow powder. *H NMR (400 MHz, CDs0D) § ppm 7.42 (s, 1H), 7.23 (d,
J=7.6Hz, 1H), 7.13 (d, J = 7.6 Hz, 1H), 7.06 (t, J = 7.6 Hz, 1H), 5.98 (s, 2H); 3C NMR (100 MHz, CDs0D)
5 ppm 185.4, 163.8, 160.3, 154.4, 144.8, 144.7, 125.2, 124.7, 123.8, 115.2, 110.2, 101.7, 96.5. HRMS
(ESI") m/z calc. for C1sHsOg (M—H)~ 285.0405, found 285.0405.

4.1.24. (Z)-6-Hydroxy-2-(4-hydroxy-3-methoxybenzylidene)benzofuran-3(2H)-one (38). The crude
product was prepared according to the general procedure F starting from 6-hydroxybenzofuran-3(2H)-
one (200 mg, 1.33 mmol) and 4-hydroxy-3-methoxybenzaldehyde (240 mg, 1.33 mmol). The product
(336 mg, 1.18 mmol, 89%) was obtained as an orange powder.H NMR (400 MHz, DMSO-ds) & ppm
11.12 (s, 1H), 9.76 (s, 1H), 7.60 (d, J = 8.3 Hz, 1H), 7.53 (d, J = 1.9 Hz, 1H), 7.48 (dd, J = 8.3, 1.9 Hz, 1H),
6.90 (d, J = 8.3 Hz, 1H), 6.80 (d, J = 1.9 Hz, 1H), 6.74 (s, 1H), 6.71 (dd, J = 8.3, 1.9 Hz, 1H), 3.84 (s, 3H).
13C NMR (100 MHz, DMSO-ds) &6 ppm 181.1, 167.4, 166.0, 148.8, 147.7, 145.7, 125.6, 125.3, 123.3,
116.0, 115.0, 113.1, 112.8, 111.6, 98.5, 55.6. HRMS (ESI*) m/z calc. for Ci6H130s (M+H)* 285.0758,
found 285.0753.

4.1.25. (Z)-2-(4-Hydroxy-2-methoxybenzylidene)benzofuran-3(2H)-one (49). The crude product was
prepared according to the general procedure G starting from benzofuran-3(2H)-one (100 mg, 0.746
mmol) and 4-hydroxy-2-methoxybenzaldehyde (113 mg, 0.746 mmol). The product (137 mg, 0.511
mmol, 69%) was obtained as a yellow powder. *H NMR (400 MHz, DMSO-ds) 6 ppm 8.10 (d, J = 8.6 Hz,
1H), 7.76 (m, 2H), 7.53 (d, J = 8.4 Hz, 1H), 7.29 (t, J = 7.5 Hz, 1H), 7.18 (s, 1H), 6.55 (dd, J = 8.6, 2.2Hz,
1H), 6.50 (d, J = 2.2 Hz, 1H), 3.86 (s, 3H). 1*C NMR (100 MHz, DMSO-ds) & ppm 182.8, 164.7, 162.5,
160.6, 144.5, 136.8, 132.9, 124.0, 123.6,121.4,113.1, 111.1, 109.0, 107.0, 99.2, 55.7. HRMS (ESI*) m/z
calc. for C16H1304 269.0808, found 269.0813.

4.1.26. (Z)-2-(4-Hydroxy-3-methoxybenzylidene)benzofuran-3(2H)-one (50). The crude product was
prepared according to the general procedure H starting from benzofuran-3(2H)-one (200 mg, 1.49
mmol) and 4-hydroxy-3-methoxybenzaldehyde (269 mg, 1.49 mmol). The product (304 mg, 1.13
mmol, 76%) was obtained as an orange powder. *H NMR (400 MHz, DMSO-ds) 6 ppm 9.88 (s, 1H), 7.78
(m, 2H), 7.60 (d, J = 1.8 Hz, 1H), 7.55 (m, 2H), 7.30 (t, J = 7.4 Hz, 1H), 6.92 (m, 2H), 3.86 (s, 3H). *3C NMR
(100 MHz, DMSO-ds) 6 ppm 183.1, 165.0, 149.4, 147.8, 144.8,137.1,126.1, 124.1, 123.7,123.3, 121.3,
116.1, 115.4, 113.8, 113.2, 55.7. HRMS (ESI*) m/z calc. for C16H1304 269.0808, found 269.0806.

4.1.27. (2)-2-[(3,4,5-Trimethoxy)phenylmethylene]benzofuran-3(2H)-one (51). The crude product was
prepared according to the general procedure A starting from benzofuran-3(2H)-one (100 mg, 0.75
mmol) and 3,4,5-trimethoxybenzaldehyde (176 mg, 0.89 mmol). The pure product (198 mg, 0.63
mmol, 85%) was obtained as a yellow powder. Rf 0.28 (cyclohexane/EtOAc 8:2); *H NMR (400 MHz,
CDCl3) 6 ppm 7.81 (dd, J = 7.5, 1.4 Hz, 1H), 7.65 (ddd, J = 8.3, 7.5, 1.4 Hz, 1H), 7.30 (d, J = 8.3 Hz, 1H),
7.23 (dd, J = 7.5, 7.5 Hz, 1H), 7.18 (s, 2H), 6.82 (s, 1H), 3.94 (s, 6H), 3.92 (s, 3H); **C NMR (100 MHz,
CDCls) 6 ppm 184.7 (C), 166.0 (C), 153.4 (2xC), 146.5 (C), 140.1 (C), 136.9 (CH), 127.8 (C), 124.8 (CH),
123.7 (CH), 121.8 (C), 113.5 (CH), 113.0 (CH), 109.0 (2xCH), 61.2 (CHs), 56.3 (2xCHs); LRMS (ESI*) m/z
(%) 338 (100) [M+H]*; HRMS (ESI*) m/z calc. for C1sH16NOs 338.1028, found 338.1030.

4.1.28. (S,Z)-4,6-Dihydroxy-2-((1-(2-methylbutyl)-1H-indol-3-yl)methylene)benzofuran-3(2H)-one (54)
— 2 steps



4.1.28.1. (S)-1-(2-Methylbutyl)-1H-indole-3-carbaldehyde (54a). The crude product was prepared
according to the general procedure | starting from 1H-indole-3-carbaldehyde (650 mg, 4.48 mmol) and
(5)-1-bromo-2-methylbutane (0.90 g, 5.96 mmol). The product (644 mg, 2.99 mmol, 68%) was
obtained as a yellow oil. *H NMR (400 MHz, CDCl3) 6 ppm 10.00 (s, 1H), 8.34-8.28 (m, 1H), 7.68 (s, 1H),
7.40-7.27 (m, 3H), 4.10 (dd, J=14.1, 6.7 Hz, 1H), 3.90 (dd, /= 14.1, 8.1 Hz, 1H), 2.10-1.96 (m, 1H), 1.49-
1.37 (m, 1H), 1.30-1.17 (m, 1H), 0.96 (t, J = 7.4 Hz, 3H), 0.91 (d, J = 6.7 Hz, 3H); 23C NMR (100 MHz,
CDCl3) 6 ppm 184.7 (CH), 139.0 (C), 137.7 (C), 125.6 (C), 124.0 (CH), 123.0 (CH), 122.3 (CH), 118.1 (CH),
110.4 (CH), 53.6 (CH.), 35.6 (CH), 27.2 (CH,), 17.3 (CHs), 11.3 (CHs); LRMS (ESI*) m/z (%) 216 [M+H]"*
(100); HRMS (ESI*) m/z calc. for C14H150N 216.1383, found 216.1380.

4.1.28.2.  (S,2Z)-4,6-Dihydroxy-2-((1-(2-methylbutyl)-1H-indol-3-yl)methylene)benzofuran-3(2H)-one
(54). The crude product was prepared according to the general procedure A starting from 5 (100 mg,
0.60 mmol) and (S)-1-(2-methylbutyl)-1H-indole-3-carbaldehyde 54a (350 mg, 1.63 mmol). After
purification by column chromatography, the pure product (129 mg, 0.35 mmol, 59%) was obtained as
a yellow powder. *H NMR (400 MHz, DMSO-ds) 6 ppm 10.81-10.59 (m, 2H), 8.09 (s, 1H), 7.97 (d, J =
7.7 Hz, 1H), 7.57 (d, J = 8.1 Hz, 1H), 7.30-7.22 (m, 1H), 7.22-7.13 (m, 1H), 6.96 (s, 1H), 6.25 (s, 1H), 6.07
(s, 1H), 4.21 (dd, J = 13.9, 6.9 Hz, 1H), 4.09 (dd, J = 13.9, 7.9 Hz, 1H), 1.98 (dd, J = 11.1, 6.1 Hz, 1H),
1.42-1.28 (m, 1H), 1.25-1.10 (m, 1H), 0.89 (t, J= 7.3 Hz, 3H), 0.82 (d, J = 6.5 Hz, 3H); *C NMR (101 MHz,
DMSO-dg) 6 ppm 178.3 (C), 166.9 (C), 166.5 (C), 157.9 (C), 145.3 (C), 136.4 (C), 133.3 (CH), 127. (C),
122.5 (CH), 120.6 (CH), 119.1 (CH), 110.8 (CH), 107.3 (C), 103.6 (C), 102.1 (CH), 97.5 (CH), 90.4 (CH),
51.9 (CHy), 35.2 (CH), 26.3 (CHy), 16.6 (CHs), 11.0 (CHs); LRMS (ESI*) m/z (%) 364 [M+H]*; HRMS (ESI)
m/z calc. for C,2H20NO4 362.1398, found 362.1391.

4.1.29. (Z)-4,6-Dihydroxy-2-((1-isopentyl-1H-indol-3-yl)methylene)benzofuran-3(2H)-one (55). The
crude product was prepared according to the general procedure A starting from 5 (100 mg, 0.60 mmol)
and 1-isopentyl-1H-indole-3-carbaldehyde (350 mg, 1.63 mmol). After purification by column
chromatography, the pure product (135 mg, 0.37 mmol, 62%) was obtained as an orange powder. *H
NMR (400 MHz, DMSO-ds) & ppm 10.83-10.57 (m, 2H), 8.13 (s, 1H), 7.97 (d, J = 7.2 Hz, 1H), 7.55 (d, J =
7.5 Hz, 1H), 7.32-7.12 (m, 2H), 6.95 (s, 1H), 6.25 (s, 1H), 6.07 (s, 1H), 4.45-4.20 (m, 2H), 1.82-1.64 (m,
2H), 1.64-1.45 (m, 1H), 1.05-0.87 (d, J = 5.6 Hz, 6H); 3C NMR (101 MHz, DMSO-ds) 6 ppm 178.3 (C),
166.9 (C), 166.5 (C), 157.9 (C), 145.3 (C), 135.8 (C), 132.8 (CH), 127.2 (C), 122.5 (CH), 120.6 (CH), 119.1
(CH), 110.5 (CH), 107.4 (C), 103.7 (C), 102.1 (CH), 97.5 (CH), 90.4 (CH), 44.5 (CH.), 38.5 (CH,), 25.3 (CH),
22.3 (CHs); LRMS (ESI*) m/z (%) 364 [M+H]*; HRMS (ESI*) m/z calc. for CyH20NO4 364.1543, found
364.1541.

4.1.30.  (2)-2-((1-(3,3-Dimethylbutyl)-1H-indol-3-yl)methylene)-4,6-dihydroxybenzofuran-3(2H)-one
(56) — 2 steps

4.1.30.1. 1-(3,3-Dimethylbutyl)-1H-indole-3-carbaldehyde (56a). The crude product was prepared
according to the general procedure | starting from 1H-indole-3-carbaldehyde (650 mg, 4.48 mmol) and
1-chloro-3,3-dimethylbutane (1.0 g, 8.29 mmol). The product (750 mg, 3.27 mmol, 73%) was obtained
as a light pink powder. *H NMR (400 MHz, CDCl3) § ppm 10.00 (s, 1H), 8.28-8.23 (m, 1H), 7.74 (s, 1H),
7.39-7.29 (m, 3H), 4.22-4.15 (m, 2H), 1.85-1.78 (m, 2H), 1.05 (s, 9H); 3C NMR (100 MHz, CDCl3) 6 ppm
184.6 (CH), 138.1 (C), 137.3 (C), 125.7 (C), 124.1 (CH), 123.1 (CH), 122.4 (CH), 118.4 (CH), 110.1 (CH),
44.1 (CH), 43.7 (CH), 30.2 (C), 29.4 (3xCH3); LRMS (ESI*) m/z (%) 230 [M+H]* (100); HRMS (ESI*) m/z
calc. for C19H200ON (M+H)* 230.1539, found 230.1538.



4.1.30.2. (Z)-2-((1-(3,3-Dimethylbutyl)-1H-indol-3-yl)methylene)-4,6-dihydroxybenzofuran-3(2H)-one
(56). The crude product was prepared according to the general procedure A starting from 5 (100 mg,
0.60 mmol) and 1-(3,3-dimethylbutyl)-1H-indole-3-carbaldehyde 56a (370 mg, 1.61 mmol). After
purification by column chromatography, the pure product (147 mg, 0.39 mmol, 65%) was obtained as
an orange powder. *H NMR (400 MHz, DMSO-ds) & ppm 10.71 (s, 1H), 10.66 (s, 1H), 8.15 (s, 1H), 7.97
(d, J = 7.8 Hz, 1H), 7.50 (d, J = 8.1 Hz, 1H), 7.27 (m, 1H), 7.19 (m, 1H), 6.95 (s, 1H), 6.26 (s, 1H), 6.07 (s,
1H), 4.41-4.21 (m, 2H), 1.80-1.62 (m, 2H), 1.01 (s, 9H); **C NMR (101 MHz, DMSO-ds) 6 ppm 178.3 (C),
166.9 (C), 166.5 (C), 157.8 (C), 145.2 (C), 135.7 (C), 132.8 (CH), 127.3 (C), 122.5 (CH), 120.6 (CH), 119.1
(CH), 110.4 (CH), 107.4 (C), 103.6 (C), 102.1 (CH), 97.5 (CH), 90.4 (CH), 43.1 (CH.), 42.9 (CH.), 29.8 (C),
29.1 (CHs); LRMS (ESI*) m/z (%) 378 [M+H]* (100); HRMS (ESI") m/z calc. for C23H2,BrNO4 376.1554,
found 376.1547.

4.1.31. (2)-2-((1-(4-Bromobenzyl)-1H-indol-3-yl)methylene)-4,6-dihydroxybenzofuran-3(2H)-one (62).
The crude product was prepared according to the general procedure A starting from 5 (100 mg, 0.60
mmol) and 1-(4-bromobenzyl)-1H-indole-3-carbaldehyde (400 mg, 1.27 mmol). After purification by
column chromatography, the pure product (171 mg, 0.37 mmol, 62%) was obtained as an orange
powder. H NMR (400 MHz, DMSO-ds) & ppm 10.86-10.60 (m, 2H), 8.30 (s, 1H), 7.98 (d, J = 7.0 Hz, 1H),
7.57-7.45 (m, 3H), 7.25-7.14 (m, 4H), 6.97 (s, 1H), 6.22 (s, 1H), 6.06 (s, 1H), 5.57 (s, 2H); *C NMR (101
MHz, DMSO-ds) 6 ppm 178.1 (C), 166.7 (C), 166.3 (C), 157.7 (C), 145.3 (C), 136.7 (C), 135.6 (C), 132.9
(CH), 131.3 (2xCH), 129.0 (2xCH), 127.2 (C), 122.5 (CH), 120.6 (CH), 120.4 (C), 118.9 (CH), 110.6 (CH),
107.7 (C), 103.3 (C), 101.5 (CH), 97.3 (CH), 90.1 (CH), 48.6 (CH2); LRMS (ESI*) m/z (%) 462 [M+H]* for
9Br (100), 464 [M+H]* for 8Br (98); HRMS (ESI") m/z calc. for CasH1sBrNO4 460.0190 (”°Br), found
460.0187.

4.1.32. (2)-2-((1-(2-Bromobenzyl)-1H-indol-3-yl)methylene)-4,6-dihydroxybenzofuran-3(2H)-one (63).
The crude product was prepared according to the general procedure A starting from 5 (100 mg, 0.60
mmol) and 1-(2-bromobenzyl)-1H-indole-3-carbaldehyde (400 mg, 1.27 mmol). After purification by
column chromatography, the pure product (152 mg, 0.33 mmol, 55%) was obtained as a yellow
powder. *H NMR (400 MHz, DMSO-ds) 6 ppm 10.79-10.67 (m, 2H), 8.24 (s, 1H), 8.02 (dd, J = 5.9, 2.9
Hz, 1H), 7.72 (dd, J = 7.4, 1.5 Hz, 1H), 7.44 (dd, J = 6.1, 2.7 Hz, 1H), 7.31-7.18 (m, 4H), 6.99 (s, 1H), 6.66
(dd,/=7.2,1.9Hz, 1H), 6.17 (d, /= 1.2 Hz, 1H), 6.06 (d, J = 1.2 Hz, 1H), 5.63 (s, 2H); *C NMR (101 MHz,
DMSO-ds) 6 ppm 178.3 (C), 166.9 (C), 166.6 (C), 157.9 (C), 145.7 (C), 136.2 (C), 136.1 (C), 133.2 (CH),
132.8 (CH), 129.7 (CH), 128.3 (CH), 128.2 (CH), 127.3 (C), 122.9 (CH), 122.0 (C), 121.0 (CH), 119.2 (CH),
110.7 (CH), 108.2 (C), 103.6 (C), 101.7 (CH), 97.5 (CH), 90.3 (CH), 49.8 (CH,); LRMS (ESI*) m/z (%) 462
[M+H]* for ®Br (100), 464 [M+H]* for ®Br (98); HRMS (ESI") m/z calc. for C2sH1sBrNO4 460.0190 ("°Br),
found 460.0188.

4.1.33. (Z)-2-(N-Methyl-5-bromoindol-3-ylmethylene)-4-hydroxybenzofuran-3(2H)-one (65). The crude
product was prepared according to the general procedure A (except that EtOH was replaced by MeOH
15 mL/mmol) starting from 4-hydroxybenzofuran-3(2H)-one 5 (50 mg, 0.33 mmol) and N-methyl-5-
bromoindole-3-carboxaldehyde [43] (119 mg, 0.50 mmol). After purification by recrystallization in
MeOH, the pure product (64 mg, 0.17 mmol, 52%) was obtained as an orange powder. Rf 0.24
(cyclohexane/EtOAc 6:4); *H NMR (400 MHz, CDCl3) 6 ppm 8.03 (d, J = 1.8 Hz, 1H), 7.97 (s, 1H), 7.96
(bs, 1H), 7.48 (dd, J=8.2, 8.2 Hz, 1H), 7.41 (dd, /= 8.6, 1.8 Hz, 1H), 7.24 (d, J = 8.6 Hz, 1H), 7.18 (s, 1H),
6.80 (d, J = 8.2 Hz, 1H), 6.61 (d, J = 8.2 Hz, 1H), 3.91 (s, 3H); 3C NMR (101 MHz, CDCls) & ppm 184.2
(C), 164.0 (C), 156.7 (C), 144.9 (C), 138.3 (CH), 135.9 (C), 135.5 (CH), 129.5 (C), 126.3 (CH), 122.2 (CH),



115.2 (C), 111.6 (CH), 110.8 (C), 109.5 (CH), 108.2 (C), 106.3 (CH), 103.5 (CH), 33.9 (CHs); LRMS (ESI7)
m/z (%) 369 [M-H*] (100); HRMS (ESI") m/z calc. for C1sH1,BrNO3 370.0079, found 370.0100.

4.1.34. (Z)-2-(N-Methyl-5-bromoindol-3-yImethylene)-6-hydroxybenzofuran-3(2H)-one (66). The crude
product was prepared according to the general procedure A starting from commercially available 6-
hydroxybenzofuran-3(2H)-one (158 mg, 1.05 mmol) and N-methyl-5-bromoindole-3-carboxaldehyde
[43] (500 mg, 2.10 mmol). After purification by recrystallization in MeOH, the pure product (300 mg,
0.81 mmol, 77%) was obtained as a yellow powder. Rf 0.23 (cyclohexane/EtOAc 6:4); 'H NMR (400
MHz, DMSO-ds) & ppm 8.30 (d, J = 1.8 Hz, 1H), 8.24 (s, 1H), 7.59 (d, J = 8.4 Hz, 1H), 7.54 (d, J = 8.7 Hz,
1H), 7.40 (dd, J=8.7, 1.8 Hz, 1H), 7.19 (s, 1H), 6.78 (d, J = 1.9 Hz, 1H), 6.69 (dd, J = 8.4, 1.9 Hz, 1H), 3.93
(s, 3H); 3C NMR (101 MHz, DMSO-ds) & ppm 180.2 (C), 166.7 (C), 165.9 (C), 145.3 (C), 135.8 (C), 135.6
(CH), 128.9 (C), 125.5 (CH), 125.1 (CH), 121.8 (CH), 114.0 (C), 113.8 (C), 112.8 (CH), 112.7 (CH), 107.0
(C), 104.2 (CH), 98.4 (CH), 33.4 (CH3); LRMS (ESI") m/z (%) 370 [M-H*] (100); HRMS (ESI") m/z calc. for
CisH12BrNO3 370.0079, found 370.0100.

4.2. Enzyme inhibition assays

The NDM-1, VIM-2 and IMP-1 metallo-B-lactamases were produced and purified as previously
described [21]. The inhibitory activity of synthesized compounds was evaluated using
spectrophotometric assays and the reporter substrate method. The hydrolysis rate of 150 uM
imipenem (used as the reporter substrates) was monitored by following the time-dependence
variation of absorbance (300 nm) in both the absence and presence of compounds, in 50 mM HEPES
buffer (pH 7.5) supplemented with 0.1 % Triton X-100 (this detergent was added to limit the potential
identification of pan-assay interference compounds [PAINS]). Compounds were initially resuspended
in DMSO (100 mM) and subsequently diluted in the reaction buffer. The percentage of inhibition on
NDM-1 was computed using the following formula: 100 - [100 x (vi / vo)], where v and v; are the
hydrolysis rates of the reporter substrate in the absence and presence of 50 uM compound,
respectively. All measurements were performed at least in triplicate. Positive controls of inhibition
were 5 mM EDTA, 100 uM JMV-7061 [30] and 50 uM taniborbactam (DBA Italia S.r.l., Segrate, Italy).
NDM-1 inhibition constants (K; values) were determined using a competitive inhibition model by
measuring the initial reaction rate of hydrolysis of the reporter substrate (150 uM imipenem) in 50
mM HEPES buffer (pH, 7.5) by means of spectrophotometric assays, in the absence and presence of a
variable concentration of inhibitor and by plotting the vo / vi ratio vs compound concentration:

1 K
_0:1+—M.
v (Ky + [SD K;

[1]

where [S] is the concentration of reporter substrate, [I] the concentration of the tested compound
and Ku the Michaelis constant of the enzyme for the reporter substrate (NDM-1 Ky, for imipenem
hydrolysis, 80 uM). K; values were computed as Ky / [(Kv + [S]) x slope]. All assays were performed in
triplicate.

4.3.In vitro antimicrobial susceptibility testing



The potential synergistic activity of selected compounds was evaluated on K. pneumoniae and E. coli
NDM-1- and NDM-4-producing clinical isolates (strains SI-518, SI-004M and SI-G001) [44] by
measuring the minimum inhibitory concentrations (MICs) of meropenem in both the absence and
presence of a fixed concentration (32 ug/mL) of an inhibitor (compound JMV-7061 [30] was used as
the positive control in these experiments). MICs were determined in triplicate using Mueller-Hinton
broth and a bacterial inoculum of 5 x 104 CFU/well, as recommended by the CLSI [45]. The stock
solutions of the antibiotic (1.2 mg/mL in sterile milliQ water) and compounds (3.2 mg/mL in DMSO)
were diluted in the growth medium. For assessing the activity of the combination, the inhibitor was
added at 32 pg/mL to the wells immediately prior to the addition of the antibiotic diluted in growth
medium containing 32 pug/mL inhibitor and the two-fold serial dilutions. Bacterial suspensions were
added extemporaneously to each well, prior to incubation of the plates at 35 + 2 °C for 24 h. Results
were read following visual inspection of the plates.

4.4. Molecular modeling

The crystallographic structure of NDM-1 (PDB ID: 5ZGE) was recovered from RCSB Protein Data Bank
(https://www.rcsb.org/pdb) as a dimeric form of NDM-1 containing hydrolyzed ampicillin ligand in its
active site. The protein monomer was prepared by removing the B subunit of 5ZGE, the hydrolyzed
ampicillin molecule and water molecules. This structure contains also a hydroxide anion, close to zinc
atoms in the active site. Docking studies were performed with and without this hydroxide anion in the
active site. The monomeric form of NDM-1 is a 241 amino acids long single chain polypeptide bearing
Glu30 as N-terminal residue and Arg270 as C-terminal residue. Polar hydrogen atoms and Kollman
charges were added to the protein using AutoDock Tools 1.5.6 [46]. For docking with the hydroxide
anion in the active site, we used standard autodock parameters for zinc atoms with two sets of charges
added manually. In the first set, we assign a charge of +2 to the Zn ion and -1 to the hydroxide anion.
The second set corresponds to Mulliken charges attributed to the Zn, O and H atoms. These charges
are obtained with DFT calculation at b3lyp/6-31G(d,p) level on a cluster model of the active site, taking
into account the first coordination sphere of zinc atoms. Same binding modes were obtained with the
two sets with a high number of conformers in the clusters. For docking without the hydroxide anion,
two parameters were also used. We tested the force field adapted to Zinc atoms of AutDock4z, [47]
with a charge of +2 to the Zn ion and 0 to the Zn pseudo atom added. We also used a standard
autodock parameters for zinc atoms with a charge of +2.

For all calculations, the grid calculation was performed by AutoGrid4 and consisted of a 70 x 70 x 70
points grid for x, y and z dimensions with spacing of 0.200 A centered on the coordinates Zn; (2.281,
45.278, 110.757 for the x, y and z-axes respectively). Grid maps were generated for aromatic carbons
(A), aliphatic carbons (C), polar hydrogens (HD), hydrogen-bond acceptor oxygen (OA), aliphatic
nitrogen (N), aromatic nitrogen (NA) and bromine (Br). Sulfur map (SA) was calculated for the
hydrolyzed ampicillin ligand redocking. The ligands were built using GaussView16 [48] and their
geometry was optimized using Gaussian16, with b3lyp as hybrid functional and 6-31G(d,p) as basis
set. Non-polar hydrogen atoms were removed and Kollman charges were added to the ligands using
AutoDock Tools 1.5.6.

Prepared ligands were docked into the generated grid maps using AutoDock 4.2.6 [46]. The docking
was set to 50 runs and each were ranked by cluster with a RMSD tolerance of 2.0 A.

Ligands-protein interactions were visualized using Maestro software [49].
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