
European Journal of Medicinal Chemistry 265 (2024) 116073

Available online 20 December 2023
0223-5234/© 2023 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Research paper 

Structural basis for specific inhibition of salicylate synthase from 
Mycobacterium abscessus 

Matteo Mori a,1, Mario Cocorullo b,1, Andrea Tresoldi a, Giulia Cazzaniga a, Arianna Gelain a, 
Giovanni Stelitano b, Laurent R. Chiarelli b, Martina Tomaiuolo c, Pietro Delre d, Giuseppe 
F. Mangiatordi d, Mariangela Garofalo e, Alberto Cassetta c, Sonia Covaceuszach c,**, 
Stefania Villa a,*, Fiorella Meneghetti a 

a Department of Pharmaceutical Sciences, University of Milan, Via L. Mangiagalli 25, 20133, Milano, Italy 
b Department of Biology and Biotechnology “Lazzaro Spallanzani”, University of Pavia, Via A. Ferrata 9, 27100, Pavia, Italy 
c Institute of Crystallography, National Research Council, Trieste Outstation, Area Science Park – Basovizza, S.S.14 - Km. 163.5, 34149, Trieste, Italy 
d Institute of Crystallography, National Research Council, Via G. Amendola 122/o, 70126, Bari, Italy 
e Department of Pharmaceutical and Pharmacological Sciences, University of Padova, via F. Marzolo 5, 35131, Padova, Italy   

A R T I C L E  I N F O   

Keywords: 
Non-tuberculous mycobacteria 
Mycobacterium abscessus 
Siderophores 
Chorismate 
Salicylate synthase 
Inhibition 
Crystal structure 
Cystic fibrosis 

A B S T R A C T   

Blocking iron uptake and metabolism has been emerging as a promising therapeutic strategy for the development 
of novel antimicrobial compounds. Like all mycobacteria, M. abscessus (Mab) has evolved several countermea-
sures to scavenge iron from host carrier proteins, including the production of siderophores, which play a crucial 
role in these processes. In this study, we solved, for the first time, the crystal structure of Mab-SaS, the first 
enzyme involved in the biosynthesis of siderophores. Moreover, we screened a small, focused library and 
identified a compound exhibiting a potent inhibitory effect against Mab-SaS (IC50 ≈ 2 μM). Its binding mode was 
investigated by means of Induced Fit Docking simulations, performed on the crystal structure presented herein. 
Furthermore, cytotoxicity data and pharmacokinetic predictions revealed the safety and drug-likeness of this 
class of compounds. Finally, the crystallographic data were used to optimize the model for future virtual 
screening campaigns. Taken together, the findings of our study pave the way for the identification of potent Mab- 
SaS inhibitors, based on both established and unexplored chemotypes.   

1. Introduction 

M. abscessus (Mab), a member of the non-tuberculous mycobacteria 
(NTM) group, represents a significant and growing global health 
concern [1–3]. It is the most frequently encountered etiological agent of 
NTM-related lung conditions, accounting for a vast majority of the total 
reported cases [4,5]. This opportunistic pathogen can cause chronic 
pulmonary infections, especially among individuals with pre-existing 
lung diseases, such as cystic fibrosis (CF) [6–9]. Large-scale epidemio-
logical studies from several countries and regions have reported an 
alarming prevalence of 3.3–22.6 % in CF patients [10]. Current 

chemotherapies require long treatment times, and the clinical outcomes 
are often disappointing [11,12]. The low level of susceptibility of NTM 
to a wide range of drugs is attributed to their ‘intrinsic’ drug resistance, 
ascribable to their peculiar cell wall, characterized by a large presence of 
complex lipids, and of several efflux pumps [13,14]. The natural drug 
resistance of NTM, as well as their ability to form biofilm, lead to severe, 
treatment-refractory pulmonary infections in susceptible individuals 
[15]. Therefore, there is an urgent medical need to discover and develop 
new, more effective anti-NTM drugs [16]. A promising option among 
innovative solutions to fight antimicrobial resistance is the 
anti-virulence therapy, which is based on compounds targeting 
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pathways that are non-essential for microbial growth but required for 
pathogenesis [17–19]. Because this approach aims to prevent the attack 
of a pathogen rather than kill it, anti-virulence compounds do not exert a 
constant selective pressure, thus preventing resistance phenomena [18, 
19]. In this context, considering the importance of iron in sustaining 
mycobacterial infections, we envisaged to target the uptake and meta-
bolism of this metal for the development of novel antimicrobial com-
pounds against NTM [17]. Notably, their ability to prevent phagosome 
maturation inside macrophages was shown to be dependent on iron 
uptake [5]. Hence, targeting the enzymes that mediate the acquisition of 
this ion could be an efficient strategy to inhibit bacterial virulence [20]. 
Although innate host defense strategies induce the restriction of essen-
tial nutrients during the infection, Mab, along with other mycobacterial 
species, has evolved several countermeasures to scavenge iron from 
carrier proteins [21–24] The production of siderophores, namely the 
hydrosoluble carboxymycobactin and the lipophilic mycobactin, plays a 
crucial role in these processes [20,24,25]. Their biosynthesis has been 
widely studied in M. tuberculosis (Mtb) [23], but it has never been 
considered in NTM. However, in light of the phylogenetic relatedness 
between these species, similar functional and mechanistic roles are 
likely. Therefore, in analogy with the Mtb system, the enzymes involved 
in the biosynthesis of Mab siderophores may become potential drug 
targets [20]. The first player in this pathway is a salicylate synthase (SaS, 
known as MbtI in Mtb) that converts chorismic acid to salicylic acid. 
Mab-SaS does not have any counterpart in human cells, thus being an 
ideal target for the development of safe antimycobacterial drugs [26]. 

In our previous work, we first approached the study of this enzyme 
and identified effective inhibitors based on the 5-phenylfuran-2-carbox-
ylic acid structure, which has emerged in the past years as a promising 
and safe scaffold for targeting MbtI [27]. Their activity was rationalized 
by means of molecular docking simulations, performed using a homol-
ogy model developed ad hoc by our group and generated from the co-
ordinates of MbtI in complex with a member of this compound class 
(PDB_ID: 6ZA4 [28]) [20]. Among the most interesting candidates, I 
(Fig. 1) emerged as the most potent, with an IC50 of about 5 μM [20]. 

To support our structure-based drug design efforts and obtain an 
experimental model for further (and even more reliable) computational 
studies, we decided to perform crystallographic investigations. Herein, 
we report the results of our endeavors, which led to the first-ever crystal 
structure of Mab-SaS. Our crystallographic analysis revealed that the 

overall enzyme architecture was remarkably similar to that of MbtI, 
especially in the active site cleft. This was especially important to sup-
port the validity of our inhibitor-discovery approach, based on adopting 
the 5-phenylfuran scaffold, which has been demonstrated to be prom-
ising for MbtI inhibition. Nevertheless, despite a general conservation of 
the key residues, we identified differences that could likely impact on 
the ability of different chemical moieties to enter the binding pocket, 
thus differentiating Mab-SaS from MbtI in its ability to bind ligands [20]. 

With this premise, we expanded our panel of inhibitors by screening 
a focused library of m-substituted 5-phenylfuran-2-carboxylic acid de-
rivatives. This biochemical investigation was instrumental in selecting a 
new inhibitor, exhibiting an improved activity against Mab-SaS. The 
importance of its main pharmacophore features was verified by a spe-
cifically conceived small collection of molecules. Overall, the functional 
results confirmed the existence of differences between the effect of the 
compounds on the two SaSs from Mtb and Mab. Therefore, we analyzed 
our data in light of the new crystal structure, rationalizing the activity of 
our compounds by a thorough computational evaluation. Our in-silico 
studies also included investigations on the drug-likeness and pharma-
cokinetic properties of the compounds. 

Taken together, the crystallographic and computational data 
allowed us to examine the molecular basis of Mab-SaS inhibition, paving 
the way for the optimization of the promising 5-phenylfuran-2-carbox-
ylic acid-based compounds, as well as for future virtual screening 
campaigns. The body of information gathered in this work will hopefully 
lead to relevant therapeutic advances in the treatment of Mab infections, 
alleviating the burden on CF patients. 

2. Results and discussion 

2.1. Crystallographic structure of Mab-SaS 

The structural characterization of pharmacological targets is crucial 
for the development of enzymatic inhibitors as potential drugs. There-
fore, to open novel therapeutic avenues for the treatment of Mab in-
fections in CF patients, we approached the study of Mab-SaS, a 
previously unexplored target involved in the acquisition of iron [20]. 
Mab-SaS belongs to the family of the Chorismate-Utilizing Enzymes, and 
more specifically to the Menaquinone, Siderophore, Tryptophan sub-
class [29,30]. Considering the well-known plasticity of the active site of 

Fig. 1. Process diagram of the work presented in this paper, encompassing crystallographic investigations on Mab-SaS, the identification of potent enzymatic in-
hibitors, and computational studies. 
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these proteins [31], structural investigations are always very informa-
tive for the design of ligands. In our previous work, we identified the first 
enzymatic inhibitors of Mab-SaS (compound I, Fig. 1) and studied their 
interaction within the binding pocket by means of computational in-
vestigations on a homology model, based on the coordinates of the Mtb 
congener MbtI (PDB_ID: 6ZA4 [28]), which is a very close ortholog of 
Mab-SaS (Fig. S22) [20]. Herein, we present the results of our efforts, 
which were rewarded with the first crystal structure of Mab-SaS, solved 
at 2.07 Å resolution. Our data provided atomic-level information on the 
binding pocket, allowing the identification of the key amino acid resi-
dues available for the binding of ligands. 

The crystal structure was successfully refined in the orthorhombic 
P212121 space group, showing overall good quality indicators and a 
sound geometry. A continuous electron density map was observed, 
spanning from residue 17 to residue 452 for both molecules within the 
asymmetric unit. However, areas of weaker electron density were 
observed in the N-terminal (A22-27, C27) and C-terminal regions (A452, 
C452), in portions forming turns (C81), and in the C-term of helix α3 
(C170-172), as illustrated in Fig. S22. It is noteworthy that the two 
molecules (chains A and C) exhibited nearly identical conformations, 
with a Root-Mean-Square Deviation (RMSD) of 0.432 Å, calculated over 
432 Cα atoms (Fig. S23). Some disparities between the two chains were 
detected in regions 20–30, 73–93, and 148–152, suggesting a higher 
flexibility. 

The analysis of the crystallographic dimer indicated that it was likely 
a consequence of the crystallization process and lacked any functional 
significance. This notion was confirmed by the results of a PISA [32] 
analysis of the interaction surfaces and further substantiated by 
size-exclusion chromatography, which revealed a single peak, consistent 
with a monomeric state. 

Due to the monomeric nature of the enzyme and the high structural 
similarity between the two molecules in the asymmetric unit, the sub-
sequent discussion is based on the analysis of chain A. The overall to-
pology of Mab-SaS was similar to that of MbtI (see Fig. S24) and other 
enzymes or domains exhibiting salicylate synthase activity [33]. In 
detail, it was characterized by two α/β subdomains, each comprising 
two large antiparallel β-sheets with 10 and 11 strands, tightly packed in 
an almost orthogonal manner and flanked by α-helices (Fig. 2A). The 

active site was situated in a cleft delimited by helices α7, α10, and η4, as 
well as by β-strands β14, β17, and β21, consistent with the arrangement 
observed in MbtI and homologous enzymes. Significant structural 
congruence with MbtI was observed in the active site cleft, particularly 
in the region encompassing residues K207, Y387, R407, and K440, 
which have been identified as crucial for the catalytic activity [33] and 
have also been linked to the inhibition of the enzyme [28,34]. In this 
regard, the binding pocket is generally well-conserved among 
chorismate-utilizing enzymes, like salicylate synthase from 
Y. enterocolitica (Irp9, PDB_ID: 2FN0) [35], anthranilate synthase from 
S. marcescens (TrpE, PDB_ID: 1I7Q) [36], and aminodeoxychorismate 
synthase from E. coli (PabB, PDB_ID:1K0G) [37]. Despite their different 
biosynthetic role and lower degree of sequence identity, which can be as 
low as ~20 %, key residues are mostly conserved and adopt almost 
identical geometries. For these enzymes, few differences are observed in 
the binding pocket; some examples are K207, which is found as a 
glutamine in both PabB and TrpE, E296, which is an aspartate in PabB, 
and Y387, which is a tryptophan in PabB. However, despite their 
different chemical nature, all of them share the same spatial orientation. 
For all the enzymes here described with exception of PabB, glutamate 
residues involved in Mg2+ coordination are strictly conserved, likely due 
to the relevance of Mg2+ for their catalytic activity. A comparison of the 
crystallographic structures of these chorismate-utilizing enzymes shows 
that the side chains of the glutamate residues involved in Mg2+ coor-
dination may collectively adopt two different orientations, depending 
on the presence of the bivalent ion in the crystallization cocktail. The 
rather strict conservation of the binding pocket topology supports the 
validity of our inhibitor-discovery approach, based on adopting the 
5-phenylfuran scaffold, which has been demonstrated to be promising 
for MbtI inhibition. The main structural differences between Mab-SaS 
and MbtI were detected in the N-terminal region, which is the most 
variable in all enzymes belonging to this class. Furthermore, despite the 
remarkable conservation of the binding pocket, a MOLE [38] analysis 
revealed that the active site in Mab-SaS encompassed a solvent acces-
sible channel ≈ 27 Å-long (Fig. 2B), which was remarkably shorter to 
that of MbtI (≈41 Å) and different in terms of electrostatic properties 
(Fig. 2C). Moreover, we identified two key residues at the entrance of 
the active-site cleft, namely A427 and T429, corresponding to E425 and 

Fig. 2. Molecular structure of Mab-SaS: the protein is portrayed as a cartoon diagram, with selected residues highlighted as green sticks (A); volumetric repre-
sentation of the active-site cleft channels in Mab-SaS (B) and MbtI (PDB_ID: 3LOG) (C), colored according to the local electrostatic potential; electrostatic potential 
(kT units) at the protein surface (represented as Solvent Accessible Surface, SAS) in Mab-SaS (D) and MbtI (PDB_ID: 3LOG) (E) with the inhibitor M83 (1k in this 
work) represented as green sticks, as determined in the MbtI-inhibited crystal structure (PDB_ID: 6ZA4). 
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E427 in MbtI, with a significant impact on the electrostatic potential of 
this region (Fig. 2D and E). These relevant discrepancies can be expected 
to influence the ability of different chemical moieties to enter the 
binding pocket, thus discriminating Mab-SaS from MbtI in its ability to 
bind ligands, including 5-phenylfuran-2-carboxylic acid derivatives. 

The crystallization conditions employed in this study led Mab-SaS to 
adopt a "closed-form" conformation, much like MbtI in some crystal 
structures available in the literature (e.g., PDB_ID: 3LOG [39]) [28,34]. 
The RMSD deviation between our Mab-SaS model and the closed form of 
MbtI (PDB_ID: 3LOG) was calculated to be 0.837 Å, upon alignment of 
428 Cα atoms. The difference between the closed and open forms in MbtI 
has been attributed to the movement of specific regions of the enzyme, 
including residues 268–293 and 324–336, which are highly conserved in 
Mab-SaS. Like MbtI, the closed form of Mab-SaS was primarily charac-
terized by the closer positioning of β14, α6, β15, and β16 relative to α10 
and β21, located on opposite faces of the cleft. The absence of bulky 
inhibitors or reaction products, as well as the presence of oxyanions in 
the crystallization solution, likely favored and stabilized Mab-SaS in the 
closed form, akin to inhibitor-free MbtI. In detail, two sulfate ions, 
supplied in the crystallization condition, were identified within the 
catalytic cleft, occupying positions typically held by oxyanions or 
carboxylate moieties in salicylate synthase structures [28,33,34] 
(Fig. S25). The first sulfate ion was deeply nestled in the catalytic cleft 
and formed hydrogen bonds with Y387 (387OH⋯506O4, 2.3 Å), while 
engaging in a salt bridge with R407 (407Nη2⋅⋅⋅506O4, 3.2 Å; 
407Nε⋅⋅⋅506O3, 3.0 Å). An ionic interaction was also established with 
K440 (440Nζ⋅⋅⋅506O1, 3.0 Å), accompanied by an additional hydrogen 
bond with G421 (421N⋯506O2, 2.7 Å). The second sulfate ion occupied a 
region that typically accommodates oxyanions or the carboxylic group 
of the salicylate moieties in MbtI structures [28,34]. This sulfate ion was 
engaged in hydrogen bonds with G423 (423N⋯503O2, 3.1 Å), G272 
(272N⋯503O3, 2.7 Å), and T273 (273Oγ⋅⋅⋅503O3, 3.1 Å) and K440 
(440Nζ⋅⋅⋅503O4, 3.3 Å), while also participating in a water network. This 
sulfate ion played a pivotal role in stabilizing the closed-form confor-
mation of the enzyme by bridging G423 on β21, G272, and T273 on β14, 
thus restricting the conformational flexibility in the active-site cleft. 
Furthermore, several water molecules mediated interactions between 
the sulfate ion and residues located in the pocket, including K207, whose 
importance in catalysis has been well-established. Notably, the closed 
form adopted by Mab-SaS appeared to be independent of the presence of 
bivalent positive counterions, although the possibility of Na+ ions 
cannot be entirely ruled out. It is worth noting that this closed-form 
conformation may hamper the binding of 5-phenylfuran-2-carboxylic 
acid derivatives in the catalytic cleft. In this respect, we carried out a 
DynDom [40] analysis on MbtI, studying the protein flexibility and 

rigid-body domain movements upon ligand binding. We compared the 
inhibited and inhibitor-free MbtI crystal structures (PDB_ID: 6ZA4 and 
3LOG), assuming an open and closed conformation respectively, high-
lighting the existence of two rigid domains rotating and shifting of ≈6◦

and ≈ 1 Å upon inhibitor binding (Fig. S5, Table S1). It is noteworthy 
that residues 319–322 and 340–343 (319–322 and 340–343 in Mab--
SaS), which are part of a flexible region critical for the movement of 
these domains, display a low conservation in Mab-SaS (Fig. S1, Table S2) 
and might have a substantial effect on the ability of Mab-SaS to assume 
an open conformation. 

Incidentally, the role of sulfate ions in stabilizing the closed 
conformation of Mab-SaS underlines not only the potential influence of 
the crystallization environment on the structural state of the enzyme, 
but also its propensity to interact with molecules bearing –RSO2 groups, 
as confirmed by the biological tests on compounds 1h and 1i (see the 
following section and Table 1). 

To compare the binding site of the recently employed homology 
model [20] with the X-ray structure of Mab-SaS presented in this study, 
we conducted a superimposition of the two protein structures, followed 

Table 1 
In vitro activity of the m-substituted derivatives 1a-k on Mab-SaS and Mtb-MbtI, expressed as % of residual enzymatic activity at 100 μM (%RA) and half maximal 
inhibitory concentration (IC50). IC50 values were measured for compounds showing %RA < 30. 

Entry R % RA (Mab-SaS) IC50 (μM) (Mab-SaS) % RA (Mtb-MbtI) IC50 (μM) (Mtb-MbtI) 

1a CF3 35.0 ± 5.9 – 42.0 ± 6.3 – 
1b Cl 88.3 ± 5.9 – 101.6 ± 17.8 – 
1c OH 65.0 ± 2.4 – 70.4 ± 21.8 – 
1d CH3 54.7 ± 4.5 – 103.9 ± 4.8 – 
1e NH2 48.3 ± 5.2  65.8 ± 9.6 – 
1f CONH2 25.8 ± 3.2 42.9 ± 3.9 20.9 ± 4.3 31.4 ± 10.3 
1g CONHCH3 53.3 ± 5.9 – 84.0 ± 9.1 – 
1h SO2NH2 0.6 ± 0.5 2.6 ± 1.1 28.6 ± 6.8 39.7 ± 5.9 
1i SO2CH3 5.4 ± 3.0 3.6 ± 0.4 25.8 ± 1.0 34.9 ± 3.7 
1j COOH 33.3 ± 2.5 – 27.2 ± 4.5 35.2 ± 2.6 
1k CN 3.2 ± 2.1 12.1 ± 1.1 3.1 ± 1.0 6.3 ± 0.9  

Fig. 3. Structural superimposition between the homology model of Mab-SaS 
(green) and its crystal structure (blue). Important residues are rendered as 
sticks and the protein as cartoon. 
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by a preliminary visual inspection. Our specific focus was on three 
critical amino acids, namely Y387, G421, and K207, which are known to 
play a pivotal role in molecular recognition [20]. It is noteworthy that 
the side chain conformation of these residues exhibited a high degree of 
similarity, as supported by the relative RMSD value (0.58 Å for Y387; 
0.61 Å for G421; 1.62 Å for K207). Conversely, a notable disparity 
emerged when we examined the side chains of K440 (RMSD = 9.87 Å) 
and R407 (RMSD = 3.78 Å). These residues are situated within the 
cavity and in close proximity to Y387, G421, and K207. In contrast to the 
homology model, the crystal structure revealed that the side chains of 
both K440 and R407 were oriented within the binding site. This posi-
tioning suggests a potential hindrance to the accommodation of ligands 
within the cavity, as illustrated in Fig. 3. 

2.2. Identification, synthesis, and biological activity of Mab-SaS inhibitors 

In our ongoing attempts to discover new compounds acting on Mab- 
SaS, we focused on m-substituted 5-phenylfuran-2-carboxylic acid de-
rivatives (1a-k, Table 1). This subclass of analogs had performed well on 
MbtI and included the lead-inhibitor 5-(3-cyanophenyl)furan-2-car-
boxylic acid. However, our previous screening had also hinted at dis-
crepancies between the biological effects of the compounds on the two 
SaSs; these differences were rationalized here by the analysis of the 
crystallographic structure of Mab-SaS in comparison to MbtI. On this 
basis, we chose to test all the m-substituted analogs at our disposal, 
irrespective of their performance on the Mtb ortholog. According to our 
results, compound 1h proved to be the most effective against Mab-SaS, 
with an IC50 value in the low micromolar range (Table 1). 

Therefore, 1h was subjected to further analyses to ascertain that it 
did not act as a PAIN compound [41]. Our tests confirmed that, indeed, 
1h did not behave as a PAIN; as shown in Fig. S27, its IC50 in the 
presence of BSA (2.8 ± 0.48 μM) or Triton X-100 (2.8 ± 0.48 μM) did 
not differ significantly from the previously obtained value (Table 1). 
Finally, to exclude a promiscuous enzyme inhibition due to covalent 
reaction with cysteines, the activity was also tested in the presence of 
100 μM DTT. Again, the IC50 was not influenced by the reducing reagent 
(3.3 ± 0.66 μM), thus excluding an unspecific interaction of 1h with the 
cysteine residues of Mab-SaS. 

Compared to 1h, the amide derivative 1f showed a reduced activity. 
Conversely, the insertion of a methyl sulfonyl moiety (1i) led to a 
retention of the inhibitory effect, supporting the importance of the 
–RSO2 group in the interaction with the enzyme. Most notably, 1k 
exhibited a higher IC50 compared to MbtI, further confirming our initial 
observations of slight but meaningful differences in the activity of the 
inhibitors on the two enzymes. All other compounds showed poor-to- 
negligible effects. Overall, our results indicated that Mab-SaS was 
more sensitive to variations in the nature of the m-substituent with 
respect to its Mtb homolog. 

To better characterize the new lead 1h and assess the importance of 
its pharmacophore features, we performed a SAR study on a small 

collection of derivatives (2–5, Table 2). Initially, we verified the 
importance of the meta position (2,3), then we evaluated the effect of 
alternatively removing the carboxylic acid (4) and the furan ring (5). As 
shown in Table 2, we found that moving the sulfonamide group to the 
para position (2) allowed for a partial retention of the activity, leading to 
an IC50 of 19.3 μM. Conversely, when the same group was inserted at the 
ortho position (3), we observed a complete abolishment of the inhibitory 
effect. The masking of the carboxylic moiety in 4 with an ester function 
led to a considerable loss in the activity, probably due to the increased 
steric hindrance and the disruption of the hydrogen bond network 
involving the acid. Moreover, we cannot exclude that the limited ac-
tivity shown by the compound could be due to a partial hydrolysis of the 
relatively weak methyl ester in the assay conditions. Finally, the 
removal of the furan and its replacement by a simple phenyl ring (5) 
suppressed the inhibitory effect, confirming the essentiality of the 
heterocycle. 

Overall, these biological results demonstrated that our scaffold is 
suitable to gain a potent inhibition of Mab-SaS. The main pharmaco-
phore features are the furan ring, which was also proven to be the best 
heterocycle for the targeting of MbtI, and a hydrogen bond acceptor at 
position 2, with the carboxylic moiety being the most efficient. Modi-
fications to the phenyl ring at position 5 of the furan modulate the 
biological profile of the compounds; here, we discovered that the m- 
SO2NH2 substitution offers the possibility to achieve the best results in 
terms of enzyme inhibition, compared to other functional groups. 

Compounds 1a-h,j-k and 2 were prepared according to the proced-
ures detailed in our previous works [28,42]. The new derivatives 1i, 3, 
and 4 (published as an intermediate in Ref. [28]) were synthesized with 
the same approach (Scheme 1). Briefly, (5-(methoxycarbonyl)fur-
an-2-yl)boronic acid was reacted in a Suzuki–Miyaura cross-coupling 
with a properly substituted bromobenzene (6–8), affording the key 
ester intermediates (4, 9, 10), which were hydrolyzed to the final car-
boxylic acids (1i and 3) in basic conditions. 

Compound 5 was obtained in a similar fashion, as illustrated in 
Scheme 2. Methyl 3-bromobenzoate was converted to its boron pina-
colate derivative (11) with bis(pinacolato)diboron in the presence of 
[1,1′-bis(diphenylphosphino)ferrocene]dichloropalladium(II). Then, 11 
was reacted with 3-bromobenzenesulfonamide (6) in a Suzuki coupling 
to give intermediate 12, which was hydrolyzed to the corresponding 
acid (5) with lithium hydroxide. Further synthetic details are discussed 
in the Materials and Methods section. 

2.3. Cytotoxicity studies 

5-Phenylfuran-2-carboxylic acid derivatives have been demonstrated 
to be non-toxic to several mammalian cells, including murine alveolar- 
like macrophage MPI-2 [43] and human MRC-5 fibroblast [44], as 
well as to human platelets, red blood cells, and white blood cells [43], 
even at relatively high doses. Nevertheless, to further verify the safety of 
this class, we decided to test the best compound of series (1h) on juve-
nile fibroblasts, isolated from human male foreskin. As expected, 1h did 
not show significant cytotoxic effects, with 99.5 % of viable cells in the 
presence of the highest tested concentration (10 μM, corresponding to ≈
5 times the IC50; Fig. S28). Further information is available in the Ma-
terials and Methods section. 

2.4. Molecular modelling 

To provide a molecular rationale for the observed experimental data, 
we investigated the four most active derivatives, namely 1f, 1h, 1i, and 
1k (Table 1). Fig. 4 shows the top-scored docking poses returned by the 
IFD simulations. All the studied derivatives were predicted to share a 
similar binding mode, primarily driven by hydrogen bond interactions. 
Specifically, molecular recognition was attributed to: 

Table 2 
In vitro activity (%RA, IC50) of derivatives 2–5 on Mab-SaS. 

Entry R1 R2 % RA† IC50 (μM)‡

2 4-SO2NH2 H 16.0 ± 6.5 19.3 ± 1.7 
3 2-SO2NH2 H 97.1 ± 13.5 – 
4 3-SO2NH2 CH3 55.3 ± 12.4 – 
5 89.4 ± 13.8 –  
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i) several well-oriented hydrogen bond interactions, established by 
the carboxylate moieties of the compounds and R407, Y387, and 
G421 (except for 1f);  

ii) a cation-π (salt bridge) interaction between the furan ring of 1h 
and K440 (the same interaction was predicted to be established 
by the carboxylate moiety of 1f); 

iii) additional hydrogen bond interactions depending on the sub-
stituent of the phenyl moiety. 

As shown in Fig. 4, the presence of the sulfonamide group (1h), 
which was experimentally associated with the best biological activity, 
facilitated the formation of additional hydrogen bond interactions, 
involving the backbones of G423 and A271, as well as the side chain of 
T273. The contact with G423 was retained by 1i, which, in turn, formed 
a hydrogen bond with K207. When the SO2 was replaced by a C––O (1f), 
the H-bond interaction with G423 could not be established. This pro-
vided a possible rationale behind the reduced activity of these com-
pounds. Notably, the cyano group of 1k formed a hydrogen bond with 

Scheme 1. Reagents and conditions: a) Pd(PPh3)2Cl2, 2 M Na2CO3, 1,4-dioxane, 60 ◦C, 70 min, MW, N2; b) LiOH⋅H2O, THF/H2O 2:1, RT, 4 h.  

Scheme 2. Reagents and conditions: a) [(dppf)PdCl2], B2Pin2, KOAc, DME, 100 ◦C, 25 min, MW, N2; b) Pd(PPh3)2Cl2, 2 M Na2CO3, 1,4-dioxane, 60 ◦C, 70 min, MW, 
N2; c) LiOH⋅H2O, THF/H2O 2:1, RT, 6 h. 

Fig. 4. Top-scored docking poses returned by docking simulations performed on 1f (A), 1i (B), 1k (C) and 1h (D) within the binding site of Mab-SaS (PDB_ID: 8QIJ). 
Ligands and important residues are rendered as sticks, the protein as cartoon. The H-bond interactions are itemized by a black dashed line. Salt bridge and cation− π 
interactions are depicted as red and green lines, respectively. For the sake of clarity, only polar hydrogen atoms are shown. 
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E436, in striking contrast to the 1k-MbtI complex (PDB_ID: 6ZA4 [28]), 
where the same group was proved to establish an interaction with K205 
(here K207). Furthermore, the computed scores aligned well with the 
experimentally measured activity data, with the docking score (DS) for 
1h better than those calculated for 1f,i,k. To provide specific values, the 
docking score (DS) for 1h was − 8.97 kcal/mol, resulting in a calculated 
binding free energy (ΔG) of − 37.30 kcal/mol. In comparison, the DS for 
1f was − 8.48 kcal/mol (ΔG = − 37.07 kcal/mol), for 1i − 7.83 kcal/mol 
(ΔG = − 37.04), and finally for 1k − 7.06 kcal/mol (ΔG = − 31.06 
kcal/mol). 

The binding mode of compounds 2–5 was also investigated by means 
of molecular docking simulations to provide a possible explanation 
behind the importance of the SO2NH2 substituent at position 3. In detail, 
we performed these studies using the protein conformation returned by 
the IFD simulations on 1h (see the Materials and Methods section for 
further information). 

In agreement with the experimental data, 2 returned the best dock-
ing score (− 7.83 kcal/mol, the interested reader is referred to Table S1, 
available in the Supplementary Materials, for all the computed docking 

scores). As expected, a binding mode close to that already observed for 
1h was predicted by our simulations. More specifically, the carboxylate 
moiety established hydrogen bonds with R407, Y387, and G421 (as 
depicted in Fig. 5). Notably, the relocation of the sulfonamide group 
from position 3 to position 4 on the phenyl ring did not impact on its 
interaction pattern, which remained unaltered with respect to that of 
1h. On the contrary, moving the sulfonamide group from position 3 to 
position 2 (3) and replacing the carboxylate moiety with an ester 
function (4) disrupted the formation of several hydrogen bonds. Spe-
cifically, compound 3 lost the hydrogen bond interactions with G423, 
A271, and T273, while compound 4 could not contact Y387. Most 
notably, the position of one of the sulfate ions embedded in the crystal 
structure well overlapped with that predicted for the 3-sulfonamide 
group by the docking simulations, thus further supporting the reli-
ability of the employed computational protocol. Interestingly, the 
docking scores seemed to be significantly affected by the number and 
strength of the hydrogen bond interactions formed with critical residues 
within the binding site (i.e., Y387 and R407), showing a clear relation-
ship with the experimentally measured activity data. In detail, 

Fig. 5. Top-scored docking poses returned by docking simulations performed on 2 (A), 3 (B) and 4 (C) within the binding site of Mab-SaS (PDB_ID: 8QIJ). Ligands 
and important residues are rendered as sticks, the protein as cartoon. The H-bond interactions are itemized by a black dashed line. Salt bridge and cation− π in-
teractions are depicted as red and green lines, respectively. For the sake of clarity, only polar hydrogen atoms are shown. 

Table 3 
Drug-likeness and pharmacokinetic properties computed for the compounds under investigation. Notice that the QED values were obtained by using an in-house script 
based on the paper by Bickerton et al., while the software program QikProp, available from the Schrodinger suite 2022-4, was employed to compute all the other 
relevant ADME properties.  

Entry QED CNS Human 
Oral 
Absorption 

Human 
Oral Absorption (%) 

Rule of Three 

1f 0.85 − 2 2 54.51 1 
1h 0.80 − 2 2 45.88 1 
1i 0.83 − 2 3 61.52 0 
1k 0.80 − 2 3 65.68 0 
2 0.80 − 2 2 45.67 1  
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compounds that formed well-oriented hydrogen bonds with these resi-
dues showed enhanced in vitro inhibitory activity towards Mab-SaS, 
underscoring the significance of the carboxylate moiety. Moreover, 
specific substituents on the phenyl ring were predicted to contribute to 
the measured affinity by establishing additional interactions with G423, 
K207, A271, and T273. Taken as a whole, these data support the idea 
whereby the crystal structure presented herein, combined with a robust 
docking protocol, can be a valuable starting point for the rational design 
of molecules targeting Mab-SaS. More specifically, docking simulations 
could be effectively performed using a model based on the protein 
conformation generated by the IFD simulations carried out on 1h (which 
we made available as supplementary material). 

2.5. In-silico pharmacokinetics and cardiotoxicity evaluation 

Given the importance of having pharmacokinetics predictions from 
the beginning the of drug design stage, the most interesting compounds 
belonging to our series (1f, 1h, 1i, 1k, and 2) were also subjected to an 
in-silico evaluation of their pharmacokinetics, today considered of 
outmost importance for maximizing the rate of success of a drug dis-
covery program [45]. As a first step, we calculated the Quantitative 
Estimate of Drug-likeness (QED), which is a commonly used integrated 
score for estimating the drug-likeness of a given small molecule [46]. 
Generally, promising drug candidates are supposed to return a QED 
value greater than 0.6. The results of this analysis are presented in 
Table 3. Importantly, all the compounds under evaluation returned a 
QED ≥ 0.80, as a strong indication of their excellent drug-likeness. 

It is well known that a drug designed to treat Mab infections should 
not be active in the Central Nervous System (CNS), considering the 
extreme rarity of a CNS involvement in Mab-related conditions [47], 
differently from Mtb [48]. With this in mind, we also assessed several 
descriptors related to CNS activity and oral adsorption in humans, using 
the software QikProp [49]. These descriptors included:  

(i) CNS: provides an estimation of CNS activity on a scale from − 2 
(inactive) to +2 (active).  

(ii) Human Oral Absorption: provides a score indicating low (1), 
medium (2), or high (3) qualitative human oral absorption.  

(iii) Percent Human Oral Absorption: offers a score on a scale from 
0 to 100 %, with values above 80 % considered high and values 
below 25 % regarded as poor. 

(iv) Rule Of Three: represents the number of violations of the Jor-
gensen’s "rule of three" [50], where compounds with no viola-
tions are expected to be orally available. 

As shown in Table 3, all the compounds were predicted to be inactive 
on the CNS and with a good oral absorption, with 1i and 1k returning 
the best values. Furthermore, we also assessed the metabolic liability of 
our compounds by studying their ability to interact with specific cyto-
chrome P450 isoforms, such as CYP1A2, CYP2A6, CYP2B6, CYP2C8, 
CYP2C9, CYP2C19, CYP2D6, CYP2E1, and CYP3A4. To make these 
predictions, we employed the CypReact software, a tool developed by 
Tian et al. [51], and available in the recently published web platform for 
de-novo design DeLA-Drug [52]. Interestingly, all the compounds were 
predicted not to be substrates of P450 isoforms, with the only exception 
of 1k (possible reaction with CYP1A2 only). 

We finally performed an in-silico evaluation of the cardiotoxic po-
tential of our compounds. Notice that cardiotoxicity, usually due to off- 
target interactions with the cardiac Human-Ether-a-go-go-Related 
(hERG) potassium channel, is today recognized as a common side ef-
fect of drugs in clinical phases or under post-market surveillance [53]. 
More specifically, it is acknowledged that evaluating this endpoint is of 
utmost importance in the context of M. abscessus treatment. To the best 
of our knowledge, most of the drugs currently recommended for the 
treatment of this infection (i.e., clarithromycin, azithromycin, and clo-
fazimine) are known to be hERG channel blockers [54]. Hence, a 

recently published ligand-based classifier based on the application of 
different machine learning algorithms was employed [55]. Importantly, 
none of the considered Mab-SaS inhibitors were predicted to be hERG 
blockers. Notably, all the compounds under investigation fall within the 
applicability domain of the model [56], thus confirming the reliability of 
the performed predictions. 

3. Conclusions 

The emergence of Mab as a dangerous pathogen for CF patients is 
becoming a worldwide health threat, due to its intrinsic resistance to 
several classes of antibiotics. For this reason, the aim of our research was 
to identify new compounds targeting the mycobacterial iron uptake, a 
crucial process during the infection, by inhibiting Mab-SaS. 

To support the development of new Mab-SaS inhibitors and confirm 
the validity of the well-established 5-phenylfuran-2-carboxylic acid 
scaffold, we solved the crystal structure of the enzyme. Despite the 
overall conservation of the macromolecular architecture, key differ-
ences were detected between Mab-SaS and its Mtb ortholog, MbtI. Most 
notably, these discrepancies could explain the different biological per-
formance of some compounds on the two enzymes. In this respect, we 
were able to identify a new promising furan-based inhibitor, exhibiting 
an IC50 in the low micromolar range. Incidentally, the compound was 
proven to be safe and demonstrated an excellent drug-likeness, esti-
mated by in-silico calculations. These features confirmed the suitability 
of this inhibitor as a new lead for further studies on this chemical class 
and could enhance the speed and quality of drug design of improved 
compounds. 

In conclusion, this work provides an important structural basis for 
the optimization of the known inhibitors and the computationally 
assisted development of new chemotypes targeting Mab-SaS, towards 
the design of new therapies for the treatment of Mab infections. 

Table 4 
X-ray data-collection and refinement statistics for Mab-SaS. Values in paren-
theses are for the highest resolution shell.  

PDB_ID: 8QIJ 

Space group P212121 

Unit cell parameters 
a, b, c (Å) 94.34, 94.76, 102.46 
α, β, γ (◦) 90.0, 90.0, 90.0 
Resolution (Å) 56.00–2.07 (2.11–2.07) 
Rmerge 0.186 (1.281) 
Rmeas 0.195 (1.340) 
CC1/2 0.997 (0.818) 
<I>/σ(I) 11.9 (2.2) 
Completeness (%) 100.0 (100.0) 
Total number unique observations 56395 (2794) 
Redundancy 11.4 (11.7) 

Rwork/Rfree 0.177/0.217 
No. of refined atoms 
Protein 6641 
Ligand/ion 91 
Water 343 
B factor (Å2) 
Main chain 32.83 
Side chain 35.86 
Ligands 54.29 
Water 37.18 
R.m.s deviation 
Bond length (Å) 0.005 
Bond angle (◦) 1.217 
Molprobity - Ramachandran Plot 
Allowed regions (%) 97.93 
Disallowed regions (%) 0.23  
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4. Materials and methods 

4.1. Crystallization and crystal structure determination 

Initial crystallization conditions were established using a 25 mg/mL 
purified sample of Mab-SaS by conducting a high-throughput screening, 
based on commercially available crystallization screens. Two promising 
conditions were identified: I) E9 from the Nextal Classic I suite (Qiagen, 
Hilden, Germany) and II) F6 from the Index suite (Hampton Research, 
Aliso Viejo, CA, USA). These conditions were then subjected to further 
optimization by exploring three different Mab-SaS concentrations: 8.5 
mg/mL, 12 mg/mL, and 25 mg/mL. Crystals with a thin-rod shape were 
observed to develop in 3–4 weeks using the following precipitant 
composition for condition I: 0.75–0.95 M lithium sulfate, 0.45–0.55 M 
ammonium sulfate, and 0.1 M sodium citrate (pH 5.6). Crystals with a 
slightly thicker profile grew in nearly 3 months under condition II, 
which employed the following precipitant composition: 23%–27 % PEG 
3350, 0.15–0.25 M ammonium sulfate, and 0.1 M BIS-TRIS (pH 5.5). The 
best quality crystals were obtained when using protein concentrations of 
12 or 25 mg/mL. Both crystal forms were evaluated at the ELETTRA 
XRD2 beamline [57]. Crystals were cryopreserved by flash-freezing in 
liquid nitrogen using cryoprotectants composed of 80 % precipitant 
solution and 20 % glycerol. Data were collected at a temperature of 100 
K and a wavelength of 1.00 Å, with a total rotation of 360◦. Crystals 
grown under condition I diffracted to a maximum resolution of 2.53 Å, 
while crystals grown under condition II diffracted up to 2.07 Å. The 
subsequent analysis revealed them to be isomorphic. Data reduction was 
performed using Autoproc software [58] (details provided in Table 4); 
the structure solution was performed by molecular replacement using 
Phaser [59] and referencing the AlphaFold2 [60] model, available at the 
EBI database (https://alphafold.ebi.ac.uk/entry/B1MAQ5). Initial 
refinement steps were carried out using phenix.refine [61] for both 
crystal forms; no significant structural differences were detected be-
tween the two. However, crystal form II provided superior electron 
density maps, in accordance with the higher resolution of the data. As a 
result, the final structural refinement steps were performed exclusively 
for this dataset, using REFMAC [62]. Throughout the refinement pro-
cess, manual rebuilding was conducted in tandem with COOT [63]. 
Analysis of the crystallographic structure and the preparation of model 
images for Mab-SaS were achieved using ChimeraX [64]. Sequence 
alignment representation was done by ESPript 3 package [9]. Data were 
validated and deposited with the Protein Data Bank (PDB) under the 
identifier 8QIJ. 

4.2. Mab-SaS inhibition assays 

Mab-SaS and Mtb-MbtI were expressed and purified to homogeneity 
by Immobilized Metal Affinity Chromatography and Gel Filtration, as 
previously reported [20,28]. Enzyme activity was determined by a 
fluorimetric assay [28] performed at 37 ◦C in 50 mM Hepes pH 7.5 and 
5 mM MgCl2, using 1− 2 μM of enzymes. The reaction was started by the 
addition of chorismic acid and monitored in a PerkinElmer LS3 fluo-
rimeter (Ex. λ = 305 nm, Em. λ = 420 nm; PerkinElmer, Waltham, MA, 
USA). Compound inhibition effects were determined at subsaturating 
concentrations of chorismic acid (50 μM) and at a fixed concentration of 
100 μM. For compounds displaying a residual activity (%RA) below 30 
% in the above conditions, the IC50 value was determined by assaying 
the enzymatic activity at increasing compound concentrations (0.1–200 
μM) and fitting the values according to equation (1) [65], with Graph-
Pad Prism 8 software: 

A[I] =A[0] ∗

(

1-
[I]

[I] + IC50

)

Eq. 1  

where A[I] is the enzyme activity in the presence of a given concentra-
tion of inhibitor [I], and A[0] is the enzyme activity in the absence of 

inhibitors. 

4.3. Pan assay interference compounds (PAINS) analysis 

In our previous works, we extensively demonstrated that the mem-
bers of our furan-based library did not act as pan-assay interference 
compounds. To further verify the reliability of the inhibition results 
against Mab-SaS, we determined the IC50 of compound 1h in the pres-
ence of 0.1 mg/mL bovine serum albumin (BSA) or in the presence of 
0.01 % (v/v) Triton X-100 as a detergent [28]. Moreover, to exclude an 
unspecific binding to cysteine residues, we also tested the IC50 with 100 
μM of 1,4-dithio-DL-threitol (DTT). 

4.4. Cytotoxicity assays 

Juvenile fibroblasts, isolated from human male foreskin, were kindly 
provided by Dr. M. Garofalo (Department of Pharmaceutical and Phar-
macological Sciences, Padova, Italy). Cells were cultured in Dulbecco’s 
Modified Eagle Medium (DMEM), 1 % L-glutamine (Gibco Laboratories, 
ThermoFisher Scientific, Waltham, MA, USA), 1 % penicillin/strepto-
mycin (Gibco Laboratories), and 10 % fetal bovine serum (FBS, Gibco 
Laboratories). The cells were seeded at a density of 1 × 104 cells/well in 
96-well plates and maintained under standard growth conditions. After 
24 h, cells were treated with 1h at 0.5 μM, 1 μM, 5 μM, and 10 μM to a 
final volume of 100 μL. After 96 h, cell viability was assessed by MTS 
assay, according to the manufacturer’s protocol (Cell Titer 96 Aqueous 
One Solution Cell Proliferation Assay; Promega, Nacka, Sweden) using a 
96-well-plate spectrophotometer (Varioskan Flash Multimode Reader; 
ThermoFisher Scientific) set at λ = 490 nm. The absorbance value of 
untreated cells was set at 100 % (control), and the viability of treated 
cells was expressed as a percentage of the control. Three independent 
experiments were performed for each condition. 

4.5. Chemistry 

Starting reagents and solvents were acquired from commercial sup-
pliers (Merck KGaA, Darmstadt, Germany; FluoroChem, Hadfield, UK) 
and used as received. All reactions were monitored by thin-layer chro-
matography (TLC), using aluminum-backed silica gel 60 plates (0.2 mm; 
Merck). Microwave-assisted reactions were carried out with a Biotage® 
Initiator Classic synthesizer (Biotage, Uppsala, Sweden). Crude products 
were purified by flash column chromatography on silica gel 60 (40–63 
μM; Merck) using the indicated eluent system. Melting points were 
determined in open capillary tubes on a Stuart SMP30 Melting Point 
Apparatus (Cole-Parmer Stuart, Stone, UK). All tested compounds were 
characterized at Tamb by means of 1H and 13C NMR spectroscopy on a 
Varian Oxford 300 MHz instrument (Varian, Palo Alto, CA, USA), 
operating at 300 MHz for 1H and 75 MHz for 13C. Chemical shifts are 
expressed in ppm (δ), and J-couplings are given in Hertz. High- 
resolution mass spectrometry (HRMS) experiments were carried out 
on a Q-ToF Synapt G2-Si HDMS spectrometer (Waters, Milford, MA, 
USA). The purity of the tested compounds (≥95 %) was assessed by RP- 
HPLC on a Waters system, using a Phenomenex Luna® 3 μM C18(2) 100 
Å, 4.6 × 100 mm column (Phenomenex, Torrance, CA, USA). The 
operative conditions for each compound are specified in the Supple-
mentary Materials (SM). The preparation and characterization of com-
pounds 1a-h,j-k and 2 are described in our previous works [28,42], 
while the synthesis of 1i and 3–5 is detailed in the next paragraphs, 
following the reaction steps illustrated in Schemes 1 and 2. In-
termediates 6 and 7 were acquired from commercial sources, while 8 
was prepared according to the procedure reported in the SM (Scheme 
S1) [66]. All the relevant spectra and chromatograms are listed in the 
SM. 

4.5.1. Methyl 5-(3-sulfamoylphenyl)furan-2-carboxylate (4) 
General Procedure A. Bis(triphenylphosphine)palladium(II) 
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dichloride (0.1 mmol), the appropriate boronic acid or boron pinacolate 
(1.3 mmol), and the suitable bromo-derivative (1.0 mmol) were trans-
ferred in a microwave tube under a nitrogen atmosphere. Dry 1,4- 
dioxane (3.5 mL) and a 2 M Na2CO3 (2 mmol, 0.85 mL) solution were 
added, and the mixture was stirred for 5 min at RT, and then in a mi-
crowave synthesizer for 70 min at 60 ◦C. The mixture was diluted with 
H2O and extracted with EtOAc (3 x 10 mL). The organic layers were 
dried over anhydrous Na2SO4, filtered, and evaporated under reduced 
pressure. The crude product was purified by flash column chromatog-
raphy to achieve the desired product. Starting compounds: (5- 
(methoxycarbonyl)furan-2-yl)boronic acid and 3-bromobenzenesulfo-
namide (6). Purification: flash column chromatography (cyclohexane/ 
EtOAc 5:5). Yield: 77 %. Aspect: white solid. mp: 238 ◦C. TLC (cyclo-
hexane/EtOAc 5:5): Rf = 0.38. 1H NMR (300 MHz, Acetone-d6) δ(ppm): 
8.32 (t, J = 1.8 Hz, 1H, HAr), 8.06 (ddd, J = 7.8, 1.8, 1.1 Hz, 1H, HAr), 
7.91 (ddd, J = 7.8, 1.8, 1.1 Hz, 1H, HAr), 7.69 (t, J = 7.8 Hz, 1H, HAr), 
7.36 (d, J = 3.7 Hz, 1H, HAr), 7.21 (d, J = 3.7 Hz,1H, HAr), 6.73 (br s 
exch. D2O, 2H, SO2NH2), 3.90 (s, 3H, CH3). 13C NMR (75 MHz, Acetone- 
d6) δ (ppm): 158.31 (COOCH3), 155.54 (CAr), 145.29 (CAr), 144.33 (CAr), 
130.24 (CAr), 129.79 (CAr), 127.73 (CAr), 126.16 (CAr), 121.80 (CAr), 
119.84 (CAr), 108.68 (CAr), 51.25 (COOCH3). HRMS (ESI/Q-ToF): m/z 
calcd. for C12H10NO5S 280.0280, found 280.0284. 

4.5.2. Methyl 5-(3-(methylsulfonyl)phenyl)furan-2-carboxylate (9) 
The compound was obtained according to General Procedure A. 

Starting compounds: (5-(methoxycarbonyl)furan-2-yl)boronic acid and 
1-bromo-3-(methylsulfonyl)benzene (7). Purification: flash column 
chromatography (cyclohexane/EtOAc 6:4). Yield: 46 %. Aspect: 
greenish solid. mp: 163 ◦C. TLC (cyclohexane/EtOAc 6:4): Rf = 0.15. 1H 
NMR (300 MHz, CDCl3) δ (ppm): 8.31 (t, J = 1.8 Hz, 1H, HAr), 8.11–8.02 
(m, 1H, HAr), 7.97–7.85 (m, 1H, HAr), 7.64 (t, J = 7.9 Hz, 1H, HAr), 7.28 
(d, J = 3.6 Hz, 1H, HAr), 6.88 (d, J = 3.6 Hz, 1H, HAr), 3.94 (s, 3H, 
COOCH3), 3.11 (s, 3H, SO2CH3). 

4.5.3. Methyl 5-(2-sulfamoylphenyl)furan-2-carboxylate (10) 
The compound was obtained according to General Procedure A. 

Starting compounds: (5-(methoxycarbonyl)furan-2-yl)boronic acid and 
2-bromobenzenesulfonamide (8). Purification: flash column chroma-
tography (cyclohexane/EtOAc 6:4). Yield: 14 %. Aspect: white solid. 
mp: 176 ◦C. TLC (cyclohexane/EtOAc 6:4): Rf = 0.34. 1H NMR (300 
MHz, CDCl3) δ (ppm): 8.42–8.12 (m, 1H, HAr), 7.81–7.44 (m, 3H, HAr), 
7.28–7.23 (m, partially overlapped with solvent peak, 1H, HAr), 6.78 (d, 
J = 3.6 Hz, 1H, HAr), 5.72 (br s exch. D2O, 2H, SO2NH2), 3.93 (s, 3H, 
COOCH3). 

4.5.4. 5-(3-(Methylsulfonyl)phenyl)furan-2-carboxylic acid (1i) 
General Procedure B. The suitable methyl ester (0.15 mmol) was 

dissolved in a 2:1 mixture of THF/H2O (1 mL); then, LiOH⋅H2O (0.38 
mmol) was added after cooling to 0 ◦C. The reaction was stirred at the 
same temperature for some minutes, and then at room temperature for 
4h. The solvent was evaporated under reduced pressure, maintaining the 
mixture at RT. The aqueous phase was acidified in an ice bath until pH 
2–3 by adding a few drops of a 3 M HCl solution. The precipitate was 
recovered by filtration and washed with a few drops of a 6:4 solution of 
cyclohexane/EtOAc to yield the desired product. Starting compound: 
methyl 5-(3-(methylsulfonyl)phenyl)furan-2-carboxylate (9). Yield: 88 
%. Aspect: greyish solid. mp: 226 ◦C. TLC (DCM/MeOH 9:1): Rf = 0.11. 
1H NMR (300 MHz, Acetone-d6) δ (ppm): 11.60 (bs exch. D2O, 1H, 
COOH), 8.37 (t, J = 1.7 Hz, 1H, HAr), 8.31–8.07 (m, 1H, HAr), 8.07–7.90 
(m, 1H, HAr), 7.78 (t, J = 7.8 Hz, 1H, HAr), 7.38 (d, J = 3.7 Hz, 1H, HAr), 
7.28 (d, J = 3.7 Hz, 1H, HAr), 3.21 (s, 3H, SO2CH3). 13C NMR (75 MHz, 
Acetone-d6) δ (ppm): 158.90 (COOH), 155.10 (CAr), 144.96 (CAr), 
142.52 (CAr), 130.74 (CAr), 130.19 (CAr), 129.11 (CAr), 127.24 (CAr), 
123.02 (CAr), 119.95 (CAr), 109.12 (CAr), 43.32 (SO2CH3). HRMS (ESI/ 
Q-ToF): m/z calcd. for C12H10O5NaS 289.0147, found 289.0147. 

4.5.5. 5-(2-Sulfamoylphenyl)furan-2-carboxylic acid (3) 
The compound was obtained according to General Procedure B. 

Starting compound: methyl 5-(2-sulfamoylphenyl)furan-2-carboxylate 
(10). Yield: 70 %. Aspect: white solid. mp: 212 ◦C (dec.). TLC (DCM/ 
MeOH 8:2): Rf = 0.37. 1H NMR (300 MHz, Acetone-d6) δ (ppm): 8.18 
(dd, J = 7.9, 1.4 Hz, 1H, HAr), 7.84 (dd, J = 7.6, 1.5 Hz, 1H, HAr), 7.74 
(td, J = 7.5, 1.4 Hz, 1H, HAr), 7.65 (td, J = 7.6, 1.5 Hz, 1H, HAr), 7.36 (d, 
J = 3.6 Hz, 1H, HAr), 7.06 (d, J = 3.6 Hz, 1H, HAr), 6.71 (br s exch. D2O, 
2H, SO2NH2). 13C NMR (75 MHz, Acetone-d6) δ (ppm): 158.87 (COOH), 
155.17 (CAr), 144.58 (CAr), 141.65 (CAr), 132.24 (CAr), 130.70 (CAr), 
129.55 (CAr), 129.11 (CAr), 127.59 (CAr), 118.93 (CAr), 111.41 (CAr). 
HRMS (ESI/Q-ToF): m/z calcd. for C11H9NO5NaS 290.0099, found 
290.0108. 

4.5.6. Methyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate 
(11) 

Methyl 3-bromobenzoate (250 mg, 1.16 mmol), bis(pinacolato) 
diboron (355 mg, 1.4 mmol), [1,1′-bis(diphenylphosphino)ferrocene] 
palladium(II) dichloride (95 mg, 0.12 mmol), and KOAc (683 mg, 7 
mmol) were dissolved in dry DME (10 mL) in a microwave test tube 
under a nitrogen atmosphere. The reaction was stirred in a microwave 
synthesizer at 100 ◦C for 25 min. Then, the mixture was filtered on a 
celite pad, diluted with water, and extracted with EtOAc (3 x 10 mL). 
The unified organic layers were dried over anhydrous Na2SO4, filtered, 
and evaporated under reduced pressure. The product was not isolated, 
and the resulting brown solid was directly used in the next step without 
further purification. TLC (cyclohexane/EtOAc 7:3): Rf = 0.32. 

4.5.7. Methyl 3′-sulfamoyl-[1,1′-biphenyl]-3-carboxylate (12) 
The compound was obtained according to General Procedure A. 

Starting compounds: methyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan- 
2-yl)benzoate (11) and 3-bromobenzenesulfonamide (6). Purification: 
flash column chromatography (cyclohexane/EtOAc 6:4). Yield: 40 %. 
Aspect: white solid. mp: 152 ◦C. TLC (cyclohexane/EtOAc 6:4): Rf =

0.15. 1H NMR (300 MHz, CDCl3) δ (ppm): 8.28 (t, J = 1.7 Hz, 1H, HAr), 
8.18 (t, J = 1.7 Hz, 1H, HAr), 8.11–8.05 (m, 1H, HAr), 7.99–7.91 (m, 1H, 
HAr), 7.88–7.77 (m, 2H, HAr), 7.62 (t, J = 7.8 Hz, 1H, HAr), 7.56 (t, J =
7.8 Hz, 1H, HAr), 4.91 (br s exch. D2O, 2H, SO2NH2), 3.96 (s, 3H, 
COOCH3). 

4.5.8. 3′-Sulfamoyl-[1,1′-biphenyl]-3-carboxylic acid (5) 
The compound was obtained according to General Procedure B. 

Starting compound: methyl 3′-sulfamoyl-[1,1′-biphenyl]-3-carboxylate 
(12). Reaction time: 6 h. Yield: 92 %. Aspect: white solid. mp: 202 ◦C 
(dec.). TLC (DCM/MeOH 8:2): Rf = 0.45. 1H NMR (300 MHz, acetone- 
d6) δ (ppm): 8.35 (t, J = 1.7 Hz, 1H, HAr), 8.27 (t, J = 1.8 Hz, 1H, HAr), 
8.09 (dt, J = 7.7, 1.3 Hz, 1H, HAr), 8.00 (ddd, J = 7.8, 1.9, 1.1 Hz, 1H), 
7.96 (dt, J = 2.8, 1.1 Hz, 1H), 7.95–7.93 (m, 1H), 7.70 (t, J = 7.8 Hz, 
1H), 7.66 (t, J = 7.8 Hz, 1H, HAr), 6.80 (br s exch. D2O, 2H, SO2NH2). 13C 
NMR (75 MHz, acetone-d6) δ (ppm): 167.33 (COOH), 145.14 (CAr), 
140.67 (CAr), 139.79 (CAr), 131.56 (CAr), 131.47 (CAr), 130.26 (CAr), 
129.68 (CAr), 129.40 (CAr), 129.16 (CAr), 127.95 (CAr), 125.21 (CAr), 
124.52 (CAr). HRMS (ESI/Q-ToF): m/z calcd. for C13H10NO4S 276.0331, 
found 276.0334. 

4.6. Molecular docking simulations 

First, 1f, 1h, 1i, and 1k were docked in the binding site of the solved 
X-ray Mab-SaS structure using Grid-based Ligand Docking with Ener-
getics (GLIDE) as software [67]. X-ray Mab-SaS was prepared using the 
protein preparation wizard workflow [68], which enabled us to (i) add 
missing hydrogen atoms, (ii) determine the optimal protonation and 
tautomerization states of the residues, (iii) fix the orientation of any 
misoriented group, and (iv) perform a final energy minimization. All the 
ligands were prepared using LigPrep [69] to generate all the possible 
tautomers and ionization states at pH 7.0 ± 2.0. Induced Fit Docking 
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(IFD) simulations were performed with the SP mode and all default 
settings to account for putative conformational rearrangements within 
the protein binding site during molecular recognition [70]. The binding 
site of the X-ray Mab-SaS structure was identified by superimposing the 
homology model built in our previous study [20]. This was accom-
plished using the Superposition tool available from the Schrödinger 
suite 2022–4, yielding an RMSD of 6.05 Å. Subsequently, a cubic grid 
was created, centered on the cognate ligand of the homology model 
(coordinates: x = 7.24, y = 12.25, z = 8.87). The grid comprised an inner 
box measuring 10 Å × 10 Å × 10 Å and an outer box of 24 Å × 24 Å × 24 
Å. The top-scored complex of 1h was used as a starting point for per-
forming docking simulations on the analogs 2, 3, 4, and 5. Specifically, a 
cubic grid centered on 1h with an inner box size of 10 Å × 10 Å × 10 Å 
and an outer box size of 23 Å × 23 Å × 23 Å was utilized. These docking 
simulations were conducted using the SP mode, increasing both the 
number of generated poses per ligand (from 5000, the default setting, to 
50,000) and the number retained for energy minimization (from 400, 
the default setting, to 4000). Conformational space exploration was 
constrained to ensure that only poses consistent with the coordinates of 
1h (with a tolerance of 2.0 Å) were considered. The protocol was vali-
dated by docking 1h, yielding an RMSD = 0.40 Å. 

4.7. MM-GBSA calculations 

All top-scored docking complexes underwent molecular mechanics/ 
generalized Born surface area (MM-GBSA) calculations to determine 
their respective ligand-protein binding free energies (ΔG) [71]. More 
negative ΔG values indicate stronger binding affinities. These calcula-
tions were conducted using Prime, with the default dielectric constants, 
the OPLS4 [72] force field, and the VSGB solvation model. Notably, no 
flexibility was permitted for the residues within the protein cavity 
during these calculations. This decision was made based on the 
consideration that conformational rearrangements of the binding site 
had already been accounted for during the IFD simulations. 

Notes 
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