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A B S T R A C T   

The development of the so-called antibiotic adjuvants as inhibitors of non-essential targets represents an inno-
vative and attractive approach to counteract antimicrobial resistance (AMR). Most bacteria rely on the reductive 
sulfate assimilation pathway (RSAP) to synthesize cysteine, which is a building block for many important bio-
molecules. Cysteine biosynthetic enzymes are colonization factors that are dispensable during growth in rich 
media but might become indispensable during host colonization. Being this pathway absent in mammals, it 
might represent a promising target for drug intervention. 

We have focused our attention on compounds targeting serine acetyltransferase (SAT), which is one of the key 
enzymes involved in the L-cysteine biosynthesis, catalyzing the rate-limiting step of the whole process. In a 
previous communication, we have reported the discovery through a virtual screening of a new compound (1) 
with promising SAT inhibitory activity. The capability of this compound to interfere with bacterial growth in the 
cell assays prompted us to carry out a medicinal chemistry campaign to further investigate its potential. We 
herein report the synthesis of compound 1 analogues to define the structure–activity relationships (SAR) of this 
series of potential SAT inhibitors regarding the target binding and general toxicity. Despite the improvement in 
the inhibitory activity of some molecules, the toxicity profile needs to be fine-tuned, and these findings will be 
used to drive the synthesis of new analogues.   

1. Introduction 

The World Health Organization (WHO) has included antimicrobial 
resistance (AMR) in the top 10 major urgent threats to human health [1]. 
AMR is a natural phenomenon that occurs when bacteria, viruses, fungi, 
and parasites acquire or develop the ability to survive when exposed to 
antimicrobials [2]. If no urgent action is taken, the number of people 
who will die due to AMR will increase to 10 million each year by 2050 
[3]. 

Currently, years of oblivion in the search of novel antibacterials have 

led to a poor pipeline, and to face the increasing number of multi-drug 
resistant (MDR) bacterial strains, the discovery of new treatments has 
become as relevant as ever before [4,5]. Besides the “classical” discovery 
approaches, new strategies may encompass the development of new 
antibiotic adjuvants [6], which are chemical entities characterized by 
weak or absent antibiotic activity but that, when co-administrated with 
antibiotics, may boost their efficacy against susceptible and resistant 
bacterial strains [7]. Since these drugs are not supposed to inhibit any 
crucial cellular function of the bacteria, another advantage would be the 
reduction of the selective pressure that leads to the development of 
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resistance [8–10]. Therefore, the administration of such molecules with 
existing antibiotics may result in a winning strategy to prevent the raise 
of resistances and safeguard the current antibacterial arsenal. In this 
regard, strong evidence has proved that suppression or reduction of 
cysteine biosynthesis lead to a decrease of bacterial fitness and a 
reduction of virulence [11–18]. Most bacteria spend part of their life- 
cycle in harsh conditions and challenging environments, like macro-
phages or gastric mucosa. In these conditions, interfering with any of the 
pathogen adaptation systems may reduce their virulence and persistence 
and, as a consequence, increase susceptibility to antibiotics [19]. 
Cysteine is essential to all organisms, and many investigations, e.g. in 
Salmonella, Vibrio fischeri and Mycobacterium tuberculosis, have high-
lighted its pivotal role in processes that are relevant to infection such as 
biofilm formation, response to oxidative stress and persistence [20]. For 
instance, it has been demonstrated that in mutants lacking cysteine 
biosynthesic pathway in Salmonella enterica serovar Typhimurium, due 
to the inactivation of cysteine biosynthesis, unpaired oxidative stress 
can lead to a decrease in antibiotic resistance in both vegetative and 
swarm cell populations [15]. 

Cysteine biosynthesis is carried out by the reductive sulfate assimi-
lation pathway (RSAP), which is absent in mammals [21]. The RSAP 
begins with the active transport of sulfate, the principal source of sulfur 
present in the environment, inside the cell. Once in the cell, sulfate 
undergoes a multi-step reduction to bisulfite, which is eventually 
incorporated into cysteine via a β-elimination reaction on O-acetylserine 
(OAS) catalyzed by O-acetylserine sulfhydrylase (OASS, encoded by 
cysK). OAS is formed by the action of the preceding enzyme in the 
pathway, serine acetyltransferase (SAT, encoded by cysE). SAT catalyzes 
the rate-limiting step of cysteine biosynthesis, in which an acetyl group 
from acetyl-CoA (AcCoA) is transferred to the hydroxyl of L-serine to 
generate OAS, a molecule with a better leaving group. Under sulfur 
limitation OAS accumulates and spontaneously converts to N-ace-
tylserine (NAS), the natural inducer of cysteine regulon [22]. Note-
worthy, inhibition of SAT might concurrently block cysteine 
biosynthesis and the expression of the genes involved in sulfate transport 
and reduction. From the structural point of view, SAT is a dimer of tri-
mers, with an α-helical N-terminal domain and a terminal left-handed 
β-helix domain ending with a flexible, disordered C-terminal sequence 
that binds OASS at the active site, and it is responsible for its competi-
tive, partial inhibition [23–28]. 

We have recently spent efforts in the design and synthesis of mole-
cules able to inhibit both OASS and SAT. Different approaches, from the 
ligand-based drug design to the target-based virtual screening of 
chemical libraries, were carried out [14,29–31]. In the case of OASS, 
these efforts culminated in the most potent inhibitor of OASS known so 
far, (1S,2S)-1-(4-methylbenzyl)-2-phenylcyclopropane-1-carboxylic 
acid, namely UPAR415 (Fig. 1), with a KD in a low nanomolar range 
[32,33]. 

Despite its remarkable affinity towards the enzyme, UPAR415 failed 
to show good activity in bacterial cells, likely for the lack of sufficient 
cellular penetrability. Therefore, after exploring OASS as a pharma-
ceutical target, we moved our focus to the search of new SAT inhibitors 
that, differently from OASS inhibitors which lead to OAS accumulation, 
are expected to cause both cysteine and OAS depletion. To our knowl-
edge, only a few attempts to discover potential SAT inhibitors are re-
ported in the literature [34,35]. In this regard, we have recently 
reported the identification of a series of isoxazoles derivatives as a 
promising class of SAT inhibitors through drug repurposing. The syn-
thesis of new 2-aminooxazole analogues successfully led to molecules 
with IC50 values between 1 and 11 µM. Despite the promising inhibitory 
activity, even the most active compounds could not interfere with bac-
terial growth [36]. Also in this case, the scarce ability of penetrating the 
bacterial cell wall might be accounted for the lack of cellular activity. 

Another virtual screening was performed using commercial Chemdiv 
focused anti-infective, antifungals, and antiviral/antibacterial libraries, 
containing 91,243 compounds, that allowed us to discover compound 1 
(Fig. 2A) as a new promising inhibitor of SAT with an encouraging ac-
tivity toward SAT from Salmonella enterica serovar Typhimurium 
(StSAT) (IC50 = 48 ± 6 µM). Moreover, compound 1 was found to have a 
MIC of 64 µg/ml in minimal medium, while it does not show any anti-
bacterial activity in rich medium, a solid suggestion that the specific 
inhibition of cysteine biosynthesis is responsible for the phenotype, as 
we have previously reported [37]. 

These preliminary results, coupled with the synthetic accessibility of 
analogues, prompted us to further explore the chemical space around 
compound 1, with the aim to identify new derivatives with improved 
affinity for the target and define the structure–activity relationships 
(SAR). This synthetic studies were complemented with a preliminary 
docking analysis, that helped to partially rationalize the SAR informa-
tion collected. 

2. Results and discussion 

2.1. Chemistry 

The final compounds were obtained through standard amide 
coupling reaction, starting from the appropriate amine and the car-
boxylic acids, suitably activated with 1,1′-carbonyldiimidazole (CDI) 
(Scheme 1). When the desired compounds could not be obtained via this 
method, O-(Benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium tetra-
fluoroborate (TBTU) and N-(3-Dimethylaminopropyl)-N′-ethyl-
carbodiimide hydrochloride (EDC•HCl) were used as the coupling 
agents, whereas the conversion of the acids to the corresponding acyl 
chlorides and the subsequent reaction with the 2-amino-5-chlorothia-
zole allowed the isolation of 62 and 63, even if in a low yield, likely 
due to the poor reactivity of the 2-amino-5-chlorothiazole. 

The majority of the carboxylic acids were commercially available, or 
in some cases, the methyl esters were purchased and then hydrolyzed. 
Thiophene derivatives with an aromatic substituent at C-4 and benzo-
thiophene with an aromatic substituent at C-6 were synthesized via 
Suzuki-Miyaura cross-coupling reaction using XPhos Pd G2 as a catalyst 
(Scheme 2). 

All the amines used were purchased, except for the 2-amino-5-phe-
nylthiazole (70V), synthesized in two steps starting from phenyl-
acetaldehyde, which was first alpha-brominated, and then reacted with 
thiourea according to the Hantzsch protocol (Scheme 3). 

Compound 30 was synthesized via an addition reaction between the 
2-amino-5-nitrothiazole and an appropriate isocyanate under an inert 
atmosphere, using triethylamine as the base and toluene as solvent. 
Nevertheless, as reported in Scheme 4, a different protocol was used to 
obtain urea 29 and its derivatives 27 and 28. 2-amino-5-nitrothiazole 
was first reacted with phenyl chloroformate to obtain the carbamate 
derivative 26, which was irradiated in a microwave reactor with the 
proper aliphatic amine. This procedure proved to be a versatile, rapid, Fig. 1. Chemical Structure of UPAR415.  
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and efficient protocol to obtain a variety of urea derivatives starting 
from the most common reagents [38]. The chemical structures of the 
synthesized compounds were confirmed on the basis of their NMR and 
mass spectra. 

2.2. Structure-activity relationships (SAR) 

Compound 1 is structurally characterized by two small heterocycles, 
a thiadiazole and a 2-aminothiazole ring, linked through an amide bond. 
We deemed it was worthwhile to modify each part of the hit structure, 
introducing different groups to evaluate the contribution of each portion 
of the molecule to the overall activity. During the first round of inves-
tigation, the 2-amino-5-nitrothiazole moiety was kept intact, and mod-
ifications to the linker and substitutions of the thiadiazole were carried 
out. In the second generation of compounds, hints from the SAR were 
used to substitute the nitro group attached to the 2-aminothiazole with 
other small functional groups (Fig. 2B). 

The lead compound optimization started with the synthesis of a small 

Fig. 2. Hit compound modifications. 2A) Hit compound 1. 2B) Modifications led to the 1st generation of compounds; 2C) Modifications explored during the second 
round of optimization and leading to the 2nd generation of compounds. 

Scheme 1. a Reagents and conditions: a) TBTU, EDC, DIPEA, DMAP, DMF dry, 
rt, 67–5 %; b) CDI, DMF dry, rt, on; c) 1) (COCl)2, DMF dry, DCM dry, N2 atm, 
rt, 4 h; 2) Pyridine, DCM dry, 50 ◦C, 15 h, 12 %. b For complete structures, see 
Table 1 and Table 2. 

Scheme 2. aReagents and conditions: a) CH3I, K2CO3, DMF, rt, 15 h, 70%; b) 1) K3PO4, THF/H2O, N2 atm, 10 min, 2) XPHOS PdG2, 70 ◦C, 90 min, 93–47%; c) LiOH 
in THF/H2O/MeOH 3:1:1, r.t, 1–5 h, 100–74%; d) 1) CDI, DMF dry, N2 atm, rt, 1 h, 2) amine, 70 ◦C, on, 71–12%. bFor complete structures, see Table 1 and Table 2. 
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set of compound 1 derivatives in order to collect preliminary informa-
tion about the SAR in relation to their IC50 (Table 1). 

At first, the thiadiazole ring was substituted with five-membered 
heterocycles, like thiazole (2), pyrrole (3), and oxazole (4). Surpris-
ingly, no one of these compounds had an inhibitory activity equal to or 
greater than the hit compound 1 (2, 3, 4, IC50 > 100 µM). Subsequently, 
phenyl and 2-pyridine were used as the substituent, but also in this case, 
no improvement in the activity could be detected (5, 6, IC50 > 100 µM). 
At this point, bulkier steric bicycles were investigated as substituents of 
the thiadiazole group. In this case, the replacement of the thiadiazole 
with a group such as benzo[b]thiophene, 4,5,6,7-tetrahydrobenzo[b] 
thiophene, indole, and benzimidazole led to an appreciable activity (7, 
IC50 = 18 ± 2 µM; 8, IC50 ≅ 63 µM; 9, IC50 = 23 ± 1 µM; 10, IC50 ≅ 43 
µM) with the exception of the benzotriazole ring (11, IC50 > 100 µM). 

Taking advantage from the fact that these heterocyclic structures 
could be further modified, we deemed of interest to explore the activity 
of substituted benzothiophene analogues. 

In this regard, a set of derivates bearing various small functional 
groups was synthesized. Electron withdrawing groups (EWGs), such as 
chlorine and fluorine, and an electron donor group (EDG), such as the 
methyl, were introduced at positions C-3 and C-6 of the scaffold 
(12–15). All the substituents introduced to the benzo[b]thiophene ring 
were well tolerated, with some of them (13, 14) noticeably improving 
the affinity of the molecule for the enzyme (12, IC50 = 28 ± 4 µM; 13, 
IC50 = 10 ± 1 µM; 14, IC50 = 5.2 ± 0.5 µM). The EDG at the C-6 was the 
only exception, being compound 15 (IC50 > 100 µM) the only derivative 
with a weaker activity compared to compound 1. After exploring the 
impact of derivatives bearing small functional groups, we also investi-
gated the effect of bulkier substituents to obtain molecules with 
enhanced steric hindrance, which was achieved by adding phenyl sub-
stituents at the C-6 of the moiety via Suzuki coupling (16–19). Intro-
ducing m-fluorophenol moiety at the C-6 led to a derivative with a 
considerable increase in inhibitory activity (16, IC50 = 1.5 ± 0.2 µM). 
On the contrary, the compound bearing the p-CF3-phenyl ring showed a 
slight decrease in the activity (17, IC50 = 66 ± 20 µM). Additionally, a 
noteworthy inhibitory activity was also detected when p-fluorophenyl 
and phenyl rings were used as substituents at the C-6 of the benzo[b] 

thiophene moiety (18, IC50 ≅ 4 µM; 19, IC50 ≅ 5 µM). Subsequently, to 
reduce the rigidity of the structure although preserving its hindrance, 
the benzo[b]thiophene core was replaced with a thiophene bearing 
substituted phenyl rings at the C-4 (20–23). As for the benzo[b]thio-
phene derivatives, the presence of m-fluorophenyl moiety led to a 
compound with higher inhibitory activity (20, IC50 = 6 ± 1 µM). On the 
other hand, substituents as the p-CF3 and the m-CF3 phenyl were able to 
confer a similar inhibitory potency (21, IC50 = 28 ± 4 µM; 22, IC50 ≅

12 µM). Apparently, it could be speculated that five-membered hetero-
cycles are tolerated as long as their hindrance is augmented by the 
addition of a bulky substituent. 

From this first round of modifications, we concluded that the thia-
diazole ring could be effectively replaced with other heterocycles, with a 
particular predilection for sulfurated heterocycles such as benzothio-
phene and substituted thiophene rings. 

In a similar vein, we also synthesized a small set of derivatives where 
the amide linker between the 2-amino-5-nitrothiazole and the thiadia-
zole was substituted by two different structural bridges, namely the 
carbamate and the urea. All of these molecules showed low potency and 
a strong absorption at 412 nm. Because the activity assay relies on the 
signal of TNB at 412 nm, for most inhibitors only a limited concentration 
range could be tested in order to maintain the absorbance value below 2 
OD. For this reason, for these molecules only an approximated IC50 value 
could be determined (24, 25, 27, 28, IC50 > 100 µM; 26, IC50 ≅ 80 µM; 
29, IC50 = 101 ± 9 µM, 30, IC50 = 107 ± 14 µM). Therefore, the 
investigation of these modifications was suspended. 

The nitro group, which possesses a strong EWG nature, has been 
often associated with toxicity issues, and for this reason, it is usually 
considered a structural alert in the design of molecules [39]. Consid-
ering this, we wanted to evaluate the toxicity of those derivatives with 
the most encouraging inhibitory activity (1, 7–9, 12–14, 16–23). Un-
fortunately, all of the molecules tested were found to be toxic, including 
those ranked as the best compounds, namely 14, 16, 18, 19, and 20. This 
information pushed us to start another round of modification to try to 
couple a good inhibitory potency with a favorable toxic profile. 

First, we deemed of interest to replace the 2-amino-5-nitrothiazole 
moiety with other heterocycles and explore the impact on the activity. 

Scheme 3. aReagents and conditions: a) Br2, DCM, r.t; b) EtOH, reflux, on, 20%.  

Scheme 4. aReagents and conditions: a) Phenyl chloroformate, pyridine, DCM dry, 90 min, rt; 86%; b) THF dry, MW (T: 150 ◦C, Power: 300W, Time: 20 min, 
Pressure: 250 PSI); 80–10%; c) Ethyl chloroformiate, THF dry, 66 ◦C, 2 h; 31%; d) Boc2O, DMAP, Et3N, THF dry, r.t, 4.5h; 58%; Et3N, DCM dry, 0 ◦C- r.t, 15 h; 33%. 
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Table 1 
StSAT Inhibitory activity (IC50) and cytotoxicity toward THP-1 cells (CC50) of 1st Generation of compounds.  
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Then, the 2-aminothiazole core was retained, although having at posi-
tion 5 substituents other than the nitro group (Table 2). 

Concerning the first attempt, compounds 31 and 32 were prepared. 
The thiazole ring was integrated into a steric and bulky moiety to in-
crease the structural rigidity to the R-side of the molecule and evaluate 
the biological effect of a higher-character π-system. The 2-aminothiazole 
was condensed to pyridine and phenyl to give 2-aminobenzothiazole 
and 2-aminopyridothiazole derivatives. Although modified, the amino-
thiazole ring was maintained in this case, though no improvement in the 
inhibitory activity could be detected (31, 32, IC50 > 100 µM). In a 
different setting, the thiazole moiety was substituted with pyridine, but, 
also in this case, the modification proved to be detrimental (33, 34, IC50 
> 100 µM). This also applied when the thiadiazole was substituted with 
an indole, which in the previous series (9) proved to be efficacious (35, 
36, IC50 > 100 µM). 

Since the substitution of the 2-amino-5-nitrothiazole with different 
bulky substituents did not bring any improvement to our purpose, we 
started to investigate the substitution of the nitro moiety with other 
functional groups such as hydrogen, chlorine, and phenyl. 

For these compounds, first, the thiadiazole ring was connected to the 
2-aminothiazole, without any functional groups at C-5, through an 
amide linker to evaluate how this substitution affected the activity (38). 
Then, the thiadiazole was substituted with those heterocycles that, in 
the 1st round of modifications, were able to confer good activity. 
Removal of the nitro group led to a loss of activity when the 2-amino-
thiazole is linked to the thiadiazole. Furthermore, replacing the thia-
diazole ring with a bulky group on the L-side of the molecule did not 
prove beneficial for the enzymatic activity (38, 39, IC50 > 100 µM). 

Substitution with the methyl, which is a lipophilic group but with 
different electronic characteristics compared to the nitro, did not 
improve the activity compared to the parent compound (40, IC50 > 100 
µM; 1, IC50 = 48.6 ± 8.43 µM). However, this compound did not show 
appreciable toxicity, with a CC50 > 200 µM, which was remarkably 
higher than that of 1 (CC50 < 25 µM). Encouraged by the lack of toxicity, 
we decided to repeat some of the substitutions used for modifying 
compounds 1 to 40. This led to a series of compounds (41–59) with a 
wide range of biological properties that can be summarized as follows. 
Regarding the benzo[b]thiophene derivatives, the unsubstituted com-
pound, or the substitution with a methyl group at C-3 or an F at C-6 and 
Cl at C-3, showed a drop in the inhibitory activity compared to the nitro 
analogues (41, IC50 > 100 µM; 7, IC50 = 18 ± 2 µM; 42, IC50 > 100 µM; 
12, IC50 = 28 ± 4 µM; 43, IC50 > 100 µM; 13, IC50 = 10 ± 1 µM). On the 
other hand, Cl at C-6 and C-3 led to a methyl derivate with a very good 
inhibitory activity comparable to that of the nitro-derivative, although 
the toxicity profile was still inadequate (44, IC50 = 13 ± 4 µM, CC50 <

25 µM; 14, IC50 = 5.2 ± 0.5 µM,). Surprisingly, the removal of Cl at C-6 
brings a derivative with an enhanced toxic profile and only a small 
decrease in the inhibitory activity (45, IC50 = 65 ± 9 µM; CC50 > 200 
µM). The pattern with a 6-phenylbenzo[b]thiophene moiety and a 2- 
amino-5-methylthiazole (46–50) seems to be advantageous to the 
inhibitory activity. Unexpectedly, the only modification leading to a 
detrimental effect for the inhibitory activity was that represented by the 
m-fluorophenol moiety as a substituent at C-6, a group that led to one of 
the most active compounds in the nitro series. Despite these encouraging 
preliminary results, the introduction of the methyl group on the thiazole 
ring did not significantly improve the toxicity profile of these de-
rivatives. Surprisingly, 46, bearing a p-CF3-phenyl moiety at the C-6, 
was the only exception that led to a derivate that showed higher cellular 
viability in the MTT assay, although the activity was concentration- 
independent in the range from 10 nM to 25 µM (Table 2). Further-
more, the decoration with substituted phenyl moieties led to only partial 
inhibition of the enzymatic activity even at the highest concentrations 
tested, pointing to solubility issues. 

With regard to the thiophene derivatives, compounds 51–53, and 55 
showed inhibitory activity of <100 µM. Compound 51 was the only 
phenylthiophene derivate that led to remarkable cellular viability, 

coupled with an appreciable IC50 (51, IC50 ≅ 15 µM, CC50 > 200; 52, 
IC50 ≅ 77 µM, CC50 < 25; 53, IC50 ≅ 50 µM, CC50 < 25; 54, IC50 > 100 
µM, CC50 < 25; 55, IC50 ≅ 27 µM). 

Among the other bulky substituents used for the 2-amino-5-methyl-
thiazole derivates, only the indole moiety showed a comparable activity 
towards the enzyme to compound 1, allowing low cellular viability (56, 
IC50 ≅ 43 µM, CC50 < 25; 57, IC50 > 100 µM; 58, IC50 = 70 ± 9 µM; 59, 
IC50 > 100 µM). Concerning the N-methylation of the indole, this 
modification did not lead to any improvement to the activity compared 
with the N-unsubstituted analogue (60, IC50 = 53 ± 1 µM; 56, IC50 ≅

43 µM). 
As mentioned above, the most active compound in the nitro series 

showed a drop in the activity when a methyl substituent was added (47, 
IC50 > 100 µM; 16, IC50 = 1.5 ± 0.2). On the contrary, other compounds 
in the methyl series have kept an inhibitory activity<100 µM, even if 
higher compared to the nitro analogue (i.e, 14, IC50 = 5.2 ± 0.5; 44, 
IC50 = 13 ± 4; 21, IC50 = 28 ± 4; 53, IC50 ≅ 50; 20, IC50 = 6.1 ± 1.2; 
55, IC50 ≅ 27). Therefore, the SAR related to the nitro derivatives 
cannot be applied also to the methyl derivatives. 

Replacing the nitro group with Cl, an EWD, or a group such as a 
phenyl was found to be a suitable solution for the inhibitory proprieties 
of the molecule. When the nitro was substituted with the chlorine group, 
a similar behavior could be noticed as for the methyl substitution. 
Indeed, the substitution with the thiadiazole led to a derivative with 
scarce potency (61, IC50 > 100 µM), whereas the substitution with bulky 
heterocycles groups led to appreciable-affinity compounds (62, IC50 =

22 ± 3 µM; 63, IC50 = 19 µM). Unfortunately, the high toxicity of these 
molecules discouraged the study of further derivatives. 

Differently, replacing the nitro with the phenyl moiety, and linking it 
to the thiadiazole ring, led to a compound with an inhibitory activity <
100 µM (64, IC50 ≅ 67 µM). This may serve as preliminary speculation 
that also bulky substituent attached to the 2-aminothiazole could 
improve the activity towards SAT. The inhibitory activity was lost when 
the phenyl moiety was introduced at the C-4 of the 2-aminothiazole (65, 
IC50 > 100 µM). The replacement of the thiadiazole moiety with bulky 
groups, such as indole, benzo[b]thiophene, and 3,6-dichlorobenzo[b] 
thiophene, still led to compounds with a good activity towards the 
enzyme. However, as for the chlorine derivates, these derivatives 
resulted in being toxic, the only exception being represented by com-
pound 66, which showed an improvement in the cytotoxicity profile 
(66, IC50 = 17 ± 5 µM, CC50 = 87.73; 67, IC50 = 25 ± 6 µM; CC50 =

33.76; 68, IC50 = 4.8 ± 0.9 µM, CC50 < 25). Further investigation will 
follow to understand whether indole derivatives linked to the 2-amino- 
5-phenylthiazole ring could allow higher cellular viability. 

3. Chemical space exploration via structure-activity landscape 
and molecular docking analysis 

Nowadays, the structure–activity landascape can be easily navigated 
through open-source chemoinformatics tools; [40,41] we explored the 
chemical space by means of a similarity map, created with the software 
Data Warrior [42]. The location in the map of each compound is 
determined by its structure similarity versus the other molecules of the 
dataset, with connections limited to pairs of similar compounds (Fig. 3). 
On the resulting map, molecules are colored by activity (indicated as 
pIC50), whereas their size is given by the corresponding SALI (Structure- 
Activity Landscape Index) scores, a metrics that numerically reports how 
much activity is gained (or lost) accordingly to structural changes [43]. 
For each pair of molecules with measured activity a1 and a2 and 
structural similarity being s, the score is calculated as SALI = |a1-a2| / 
(1-s). A molecule with three connections in the map will have three SALI 
scores, with the mean value used to assign its size. Molecule pairs with 
high SALI score represent information-rich structural motifs, and their 
comparative study might help in the understanding of SAR. The analysis 
of the dataset of SAT inhibitors is reported in Fig. 3, where a set of 
(green-to-yellow) inactive satellites surround three groups of molecules 
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Table 2 
StSAT Inhibitory activity (IC50) and cytotoxicity toward THP-1 cells (CC50) of 2nd Generation of compounds.  
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connected each other by several links, as described below. The first 
group, on the left-side upper corner of the plot, is composed by three 
active molecules (22, 51 and 55), and some molecules with medium-to- 
low (8, 23 and 53) or very low, if any, inhibitory activity (52, 54 and 
58). This set of molecules have comparable low SALI scores, meaning 
that variations on inhibitory activity are paired to structural variations. 

Molecules part of the cluster in the middle of the plot are charac-
terized by different heterocycles on the L-side; this group contains 
molecules with a broad activity range (17–100) but comparable low 
SALI scores; as already discussed, information-rich SAR can arise by 
comparing active molecules (7, 9, 12, 62, 63, 66 and 67) to molecules 
with low (45 and 56) or no (39, 41, 42) activity. 

Finally, between the two mentioned clusters there is the largest 
group of molecules, composed of 16 diverse derivatives, from the most 
potent of the series (13, 14, 16, 18, 19, 20, 21, 44, 48, 50 and 68) to a 
few of medium-to-low activity (17, 49) or even inactives (15, 43 and 
47). This large cluster is composed of non-homogeneous structures, with 
large substituents as well as small substituents on both sides (L and R). 

Among this cluster we observed interesting activity-cliffs, i.e. pairs of 
structurally similar active compounds with a large difference in potency 
[44]. An example of activity cliff is the pair of compounds 14 vs 15, 
where a drop in activity is observed when substituting a chlorine atom 
with a methyl group. 

Docking studies are often used to identify the key structural features 
of the ligands and to formulate hypotheses to understand the pro-
tein–ligand interactions. Therefore, a molecular docking study was 
carried out to further investigate what emerged from the Structure- 
Activity Relationships (section 2.2) and from the Structure-Activity 
Landscape analysis. At the time of writing, the entry 1T3D [45,46] 
was the only crystal structure of SAT for E.coli available in the protein 
data bank; [46] a preliminary analysis of the 3D structure and the 
binding sites allowed to identify the cysteine site as potential binding 
pocket for the series of SAT inhibitors presented herein. 

The software AutoDock Vina [47,48] was used on a binding pocket 
centered on the ligand CYS501, with a cubic grid with box size set to 20 
Å and spacing set to 0.375 Å. Docking experiments were carried out for 

the molecules of the three mentioned groups, the solutions were sorted 
by the lowest affinity scores and visualized with AutoDockTools 
[AutodockTools, version 1.5.7] and PyMol [W.L. DeLano. The PyMOL 
Molecular Graphics System, DeLano Scientific LLC, CA, Palo Alto 
(2008)]. 

Fig. 4 reports the binding site with either the cysteine (4A) or all the 
docked molecules (4B), with one docking solution (pose) per compound. 

A comparative analysis along the dataset, including the three best 
poses for each molecule, led to the identification of a few poses outside 
the cysteine binding site and a set of common molecular orientations. A 
detailed analysis of all the binding modes for all the studied compounds 
is out of the scope of the present paper; here, guided by the SALI anal-
ysis, we report in Fig. 5 a representative set of molecules from the three 
groups, in order to identify the key interactons for the most active SAT 
inhibitors. Noteworthy, the majority of active molecules share common 
binding modes, whereas docking solutions for the inactive ones often do 
not share the same modes (with steric hindrance being the most likely 
cause). 

The key interactions of the active molecules involve the following 
residues and groups: the NH2 of Asn-134, often involved in hydrogen 
bonding interaction with the nitro group; the COO– of Asp-157, involved 
in the interaction with the NH of amide linker; the NH2 of Gln-258, 
involved in medium or weak hydrogen bonds with OH, F or CF3 sub-
stituents of the phenyl ring; a protonated NH of the imidazole ring of 
His-193, involved in hydrogen bonding interactions with the O from the 
carbonyl group of the amide linker; a neutral N nitrogen of the imidazole 
ring of His-158 and the O from the carbonyl group of Mse-256, both 
involved in halogen bonds with substituents of the benzothiophene ring. 

These observations can help explaining some of the activity cliffs 
observed; for example, the detrimental replacement of the nitro with 
methyl, or the detrimental replacement of the a chlorine with a methyl 
in the benzothiophene ring. In some other cases, cause-effect relation-
ship of chemical modification cannot be inferred from docking results 
due to different size and shape of the molecule that cause a different 
orientation in the binding site. 

Fig. 3. Scaffold clustering of the SAT inhibitors. Molecules were described with the FragFP method (a fragment-based description), followed by an optimization 
procedure (based on the Rubberbanding forcefield) to equilibrate the relative (neighboring) position of similar molecules. Molecules are coloured by pIC50 values 
from green (inactive) to blue (strong activity). Only similar molecules are connected (those pairs with similarity over a threshold value, set to 95%), whereas the size 
of the spots is given by the Structure-Activity Landscape Index (SALI) score (the larger the size, the larger the activity cliff). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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4. Conclusion 

The discovery of hit compound 1 as a promising SAT inhibitor 
prompted us to carry out a medicinal chemistry campaign to obtain 
molecules with improved biological properties. Two generations of 
compounds were synthesized and analyzed to define a preliminary SAR, 

considering both enzymatic inhibition and toxicity to THP-1 derived 
macrophages cells. 

In general, introducing bulky groups in the L-side of the molecules 
demonstrated to be particularly advantageous for the inhibitory effect of 
the molecules. Nevertheless, besides the good inhibitory activity shown 
by some compounds, all those bearing EWGs such as nitro or chlorine at 

Fig. 4. Binding site of the Cysteine of the PDB entry 1T3D (4A) and docking results for a set of SAT inhibitors, coloured according to the groups from the similarity 
map analysis (4B). The key residues are labeled: the amino group of cysteine interacts with two carboxylic groups of Asp-192 and Asp-157, whereas its carboxylic 
group interacts with Arg-92; two histidines (His-158 and His-193) create a favourable location for the SH group. 

Fig. 5. Docking solutions for subset of SAT inhibitors. A) Compounds 22, 23, 51, 52 and 55 (all active). B) Compounds 7, 9, 12, 45, 56, 62, 63, 66 and 67 (all 
active). C) Compounds 13, 14, 44, 45 (active) as well as 15 and 43 (inactive). D) Compounds 16, 18, 19, 20, 21, 48, 50 (all active). 
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the C-5 of the 2-aminothiazole showed high toxicity in MTT assay, even 
at a concentration of 25 µM. As for the L-side of the molecule, the 
introduction of bulky lipophilic substituents, like the phenyl at the C-5 of 
the 2-aminothiazole, on the other side, appears beneficial regarding the 
inhibitory activity. This information might lead to further explore the 
hindrance of the thiadiazole ring to improve the toxic profile of the 
molecule. Indeed, the indole moiety linked to the 2-amino-5-phenylthia-
zole (66) showed a better cytotoxic profile than the corresponding 
analogue with a benzo[b]thiophene core. Compounds with 2-amino-5- 
methylthiazole have shown borderline results, and, surprisingly, the 
most active compounds within the nitro series resulted inactive when 
the methyl is used in place of the NO2 moiety at C-5. Furthermore, unlike 
40, that showed an excellent cytotoxicity profile, most of these derivates 
are toxic in the assays used. Only three compounds belonging to the 
methyl derivatives showed an acceptable toxicity profile (45, 46, 51) 
coupled to good inhibitory activity, resulting in the most promising 
compounds derived from this investigation. From these SAR data, it 
might be speculated that the combination of the methyl group at the C-5 
of the thiazole and appropriate halogen groups on the benzo[b]thio-
phene or 4-phenylthiophene ring in the L-side of the molecule led to 
compounds with improved cytotoxicity profiles, and as for compound 
51, also an inhibitory activity 3-fold increase compared to the hit 
compound (45, IC50 = 65 ± 9 µM, CC50 > 200 µM; 46, CC50 = 144.5; 51, 
IC50 ≅ 15 µM, CC50 > 200). The data above described were also 
analyzed with the help of computational methods. A small set of de-
rivatives were docked in the enzyme binding pocket and important 
preliminary information could be collected. In particular, some of the 
key interactions of the molecules with the enzyme were sustained by the 
NO2 group, somehow justifying the absence of activity for the majority 
of molecules lacking this functional group. However, these studies might 
set the stage for the rationale synthesis of improved analogues. 
Considering the few SAT inhibitors reported in the literature and the 
growing interest in the research of potent inhibitors of such enzyme, the 
progress achieved in this work and the bulk of information collected 
might be exploited for the design and synthesis of drug-like SAT in-
hibitors, as it is currently ongoing in our lab. 

5. Materials and methods 

5.1. Chemistry 

All the reagents were purchased from Sigma-Aldrich, Alfa-Aesar, and 
Fluorchem at reagent purity and, unless otherwise noted, were used 
without any further purification. Dry solvents used in the reactions were 
obtained by distillation of technical grade materials over appropriate 
dehydrating agents. Reactions were monitored by thin-layer chroma-
tography on silica gel-coated aluminum foils (silica gel on Al foils, 
SUPELCO Analytical, Sigma-Aldrich) at 254 and 365 nm. MCRs were 
conducted using CEM CEM Discover Synthesis Unit (CEM Corp., Mat-
thews, NC). Where indicated, intermediates and final products were 
purified through silica gel flash column chromatography (silica gel, 
0.040–0.063 mm) or Combiflash® Rf 200, using appropriate solvent 
mixtures. 1H NMR and 13C NMR spectra were recorded on a BRUKER 
AVANCE spectrometer (1H at 300 or 400 MHz and 13C at 75 or 101 MHz 
respectively) or a JEOL spectrometer (1H at 600 MHz and 13C at 125 
MHz), with TMS as an internal standard. 1H NMR spectra are reported in 
this order: δ ppm (multiplicity, number of protons). Standard abbrevi-
ations indicating the multiplicity were used as follows: s = singlet, d =
doublet, dd = doublet of doublets, t = triplet, q = quadruplet, m =
multiplet, and b = broad signal. Low-resolution mass spectrometry 
measurements were performed on quattromicro API tandem mass 
spectrometer (Waters, Milford, MA, USA) equipped with an external 
APCI or ESI ion source. ESI-mass spectra are reported in the form of (m/ 
z). 

General procedure for the amidation reaction 
Method A: O-(Benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium 

tetrafluoroborate (TBTU) (1.00 eq) and N-(3-dimethylaminopropyl)-N′- 
ethylcarbodiimide hydrochloride (EDC⋅HCl) (1.00 eq) were added to a 
solution of the proper carboxylic acid (1 eq) in dry DMF (4 mL/mmol) 
under nitrogen atmosphere. The reaction mixture was stirred at room 
temperature for 15 min, then triethylamine (1.5 eq) and the amine (1.00 
eq) were added. The mixture was stirred at the same temperature for 
4–12 h. Then, the reaction mixture was extracted with EtOAc (3x10 mL), 
the organic layers were collected, washed with brine (2x10 mL), and 
dried over Na2SO4. After filtration, the volatiles were removed under 
vacuum, and the crude material was purified by flash column chroma-
tography eluting with DCM/MeOH. Purification conditions, yields, and 
analytical data are reported in the supporting information. 

Method B: Carbonyldiimidazole (CDI) (1.00 eq) was added to a so-
lution of the proper carboxylic acid (1.00 eq) in dry DMF (2 mL/mmol) 
under N2 atmosphere. The reaction mixture was left stirring for 1 h at 
room temperature, and then the amine (1.00 eq) was added. The reac-
tion mixture was heated to 70 ◦C overnight. The reaction was quenched 
with water and extracted with EtOAc (3x10 mL). The organic layers 
were dried over anhydrous Na2SO4, filtered, and concentrated under 
reduced pressure. The crude was purified by flash column chromatog-
raphy eluting with DCM/MeOH or with trituration. Purification condi-
tions, yields, and analytical data are reported in the supporting 
information. 

Method C: The proper carboxylic acid (1.00 eq) was suspended in 
anhydrous DCM (6 mL/mmol), and anhydrous DMF (0.06 mL/mmol) 
under N2 atmosphere, and then oxalyl chloride (2 M solution in DCM, 2 
eq) was added slowly to the stirred suspension. The reaction mixture was 
stirred at room temperature for 2 h. After this time, the solvent was 
evaporated under reduced pressure. The crude was re-dissolved in 
anhydrous DCM (5 mL/mmol). A suspension of 2-amino-5-chlorothia-
zole (1.00 eq) and pyridine (1.00 eq) in anhydrous DCM (1.2 mL/ 
mmol) was added dropwise, and the reaction mixture was stirred at 
50 ◦C overnight. The reaction was cooled to room temperature, and 
water was added and extracted with EtOAc (3x10 mL). Organic layers 
were collected, dried over anhydrous Na2SO4, filtered, and concentrated 
under reduced pressure. The crude was purified by flash column chro-
matography (DCM/MeOH) to give the title compounds. Purification 
conditions, yields, and analytical data are reported in the supporting 
information. 

Ethyl (5-nitrothiazol-2-yl)carbamate (24): 2-amino-5-nitrothia-
zole (70I) (250 mg, 1.72 mmol) was dissolved in THF, and then ethyl 
chloroformate (202 mg, 1.86 mmol) was added. The reaction mixture 
was refluxed overnight. The solvent was evaporated under reduced 
pressure, and the crude was purified by flash column chromatography 
(petroleum ether/EtOAc from 85:15 to 80:20) to give the title compound 
as a white powder (yield: 31%). 1H NMR (400 MHz, DMSO‑d6): δ 12.85 
(s, 1H); 8.56 (s, 1H); 4.29 (q, J = 7.1 Hz, 2H); 1.29 (t, J = 7.1 Hz, 3H). 
13C NMR (100.6 MHz, CDCL3): δ 164.6; 152.9; 143.3; 140.1; 63.9; 14.4. 
HPLC-ESI-MS analysis: calculated for C6H7N3O4S: 217.02; found: 
218.07 [M+H+]. 

Tert-butyl (5-nitrothiazol-2-yl)carbamate (25): 2-amino-5-nitro-
thiazole (70I) (500 mg, 3.44 mmol), DMAP (3.43 mg, 0,028 mmol), 
di-tert-butyl dicarbonate (826 mg, 3.78 mmol), TEA (0.16 mL/mmol) 
were suspended in anhydrous THF (0.5 mL/mmol). The reaction 
mixture was stirred at room temperature overnight. Then, DCM was 
added, and the reaction mixture was washed with HCl 0.1 N, and water. 
The organic layer was dried over anhydrous Na2SO4, filtered, and 
concentrated under reduced pressure. The crude was purified by flash 
column chromatography (Petroleum Ether/EtOAc 7:3) to give the title 
compound as an orange powder (yield: 58 %). 1H NMR (400 MHz, 
DMSO‑d6): δ 12.58 (bs, 1H); 8.53 (s, 1H); 1.56 (s, 9H). 13C NMR (100.6 
MHz, CDCL3): δ 164.8; 153.2; 143.8; 142.1; 83.7; 28.2. HR-MS analysis: 
calculated for C8H11N3O4S: 245.01; found: 246.11 [M + H + ]. 

Phenyl (5-nitrothiazol-2-yl)carbamate (26): 2-amino-5-nitrothia-
zole (70I) (400 mg, 2.76 mmol) and pyridine (0.267 mL, 3.31 mmol) 
were dissolved in anhydrous DCM (1 mL/mmol), and then phenyl 
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chloroformate (518 mg, 3.31 mmol) was added dropwise under N2 at-
mosphere at 0 ◦C. The reaction mixture was stirred at room temperature 
for 90 min. 

After the consumption of starting material, water was added to the 
reaction mixture, and it was extracted with EtOAc (3x10 mL). Organic 
layers were collected, dried over anhydrous Na2SO4, filtered, and 
concentrated under reduced pressure. The crude was purified by flash 
column chromatography (Petroleum ether/EtOAc 8:2) to give the title 
compound as a yellow powder (yield: 52%). 1H NMR (400 MHz, 
DMSO‑d6): δ 13.41 (s, 1H); 8.63 (s, 1H); 7.48–7-0.46 (m, 2H); 7.34–7.31 
(m, 3H). 13C NMR (100.6 MHz, DMSO‑d6): δ 164.6; 153.1; 150.3; 143.6; 
142.8; 130.2; 126.9; 122.1. HR-MS analysis: calculated for C10H7N3O4S: 
265.01; found: 266.11 [M+H+]. 

General procedure for the synthesis of urea derivatives 
Method A: In a microwave tube, carbamate 26 (1.00 eq) and the 

proper aliphatic amine (1.5 eq) were dissolved in THF, and the reaction 
mixture was heated in a microwave reactor with the following param-
eters: 150 ◦C, 25 min, 300 W, 250 psi, power max: off. At the end of the 
irradiation, water was added to the reaction mixture, and it was 
extracted with EtOAc (3x10 mL). The crude was purified by flash col-
umn chromatography (DCM/MeOH) to give the title compounds. Puri-
fication conditions, yields, and analytical data are reported in the 
supporting information. 

Method B: To a cold solution (0 ◦C) of phenyl isocyanate (82 mg, 
0.69 mmol) in anhydrous DCM (2.90 mL/mmol) under N2 atmosphere 
were added 5-nitro-aminothiazole (100 mg, 0.69 mmol) and TEA (0.287 
mL, 2.07 mmol). The reaction mixture was stirred at room temperature. 
After the complete consumption of the starting material, the reaction 
was poured into ice, and water was added. The aqueous phase was 
extracted with DCM (3x10 mL), and the organic layers were dried over 
anhydrous Na2SO4, filtered, and concentrated under reduced pressure. 
The crude material was purified by flash column chromatography. Pu-
rification conditions, yields, and analytical data are reported in the 
supporting information. 

General procedure for the Suzuki-Miyaura Cross-Coupling reaction 
To a solution of methyl 4-bromothiophene-2-carboxylate (72) or 

methyl 6-bromobenzo[b]thiophene-2-carboxylate (73) (1.00 eq) in 
THF/H2O (3:1, 10 mL/mmol) were added the appropriate boronic acid 
or ester (1.5 eq) and potassium phosphate tribasic (2.00 eq). The 
mixture was stirred under a nitrogen atmosphere for 10 min. After this 
time, X-Phos Pd G2 (0.15 eq) was added, and the reaction mixture was 
stirred at 70 ◦C for 2 h. After cooling to room temperature, the reaction 
mixture was filtered through a plug of Celite. The filtrate was concen-
trated under reduced pressure, and the residue was extracted with 
EtOAc (3x10 mL), dried over anhydrous Na2SO4, filtered, and concen-
trated under reduced pressure. The crude was purified by flash column 
chromatography eluting with Petroleum Ether/EtOAc. Purification 
conditions, yields, and analytical data are reported in the supporting 
information. 

General procedure for the hydrolysis of the carboxylic esters 
LiOH (4.00 eq) was added to a solution of the proper carboxylic ester 

(1.00 eq) in THF/MeOH/H2O (3:1:1), and the reaction mixture was 
stirred at room temperature for 2 h. 1N HCl was added to the mixture 
until acid pH. When a precipitate occurs, it was filtered off. Otherwise, 
the mixture was extracted with EtOAc (3x10 mL), and the organic layers 
were dried over anhydrous Na2SO4, filtered, and concentrated under 
reduced pressure. The product was used in the next step without further 
purification. Yields and analytical data are reported in the supporting 
information. 

5-Phenylthiazol-2-amine (70V):To a solution of phenyl-
acetaldehyde (2.0 g, 16.65 mmol) in DCM (1 mL/mmol), a solution of 
Br2 (0.854 mL, 16.65 mmol) in DCM (0.6 mL/mmol) was added drop-
wise. After consumption of the starting material according to TLC, the 
solvent was removed in vacuo, having care not to heat the bath >20 ◦C, 
to prevent the evaporation of the brominated compound. Without 
further purification, the red crude oil obtained was quickly reacted with 

thiourea (2.38 g, 31.32 mmol) in absolute ethanol (1 mL/mmol) at 
reflux overnight. The mix was recrystallized with 30% MeOH in water to 
obtain the title compound as a pale-yellow powder (yield: 20%). 1H 
NMR (400 MHz, DMSO‑d6): δ 7.42–7-39 (m, 3H); 7.33 (t, J = 7.6 Hz, 
2H); 7.20–7.16 (m, 1H); 7.13 (s, 2H). HR-MS analysis: calculated for 
C9H8N2S: 176.04; found: 177.21 [M + H+]. 

Methyl 4-bromothiophene-2-carboxylate (72): A mixture of 4- 
bromothiophe-2-carboxylic acid (500 mg, 2.42 mmol), K2CO3 (700 
mg, 5.07 mmol), and CH3I (0.451 mL, 1.25 mmol) in DMF (2 mL/mmol) 
was stirred at room temperature overnight. Water was added to the 
reaction mixture, and it was extracted with EtOAc (3x10 mL). The 
organic layers were dried over anhydrous Na2SO4, filtered, and 
concentrated under reduced pressure. The product was used in the next 
step without further purification (yield: 70%). 1H NMR (400 MHz, 
CDCL3): δ 7.71 (s, 1H); 7.47 (s, 1H); 3.20 (s, 3H). 

5.2. Activity assays 

StSAT was expressed recombinantly in E. coli using published 
methods [37]. The gene coding for StSAT was inserted in pSH21p-His6- 
trxA plasmid (a kind gift from Professor Christopher S. Hayes, MCDB, 
University of California, Santa Barbara). The expression was carried out 
in E. coli TunerTM BL21(DE3) cells (Novagen, Merck Biosciences, Bill-
erica, MA, USA) in LB added of 150 μg/mL ampicillin and 1% glucose. 
Cells were grown at 37 ◦C and induced with 1 mM IPTG for 4 h. The 
protein was purified in 100 mM Tris buffer added of 500 mM NaCl, 50 
μM L-cysteine, 1 mM TCEP, pH 7.5 by affinity chromatography on 
Talon™ resin (Takara Bio, Shiga, Japan). Endogenous O-acetylserine 
sulfhydrylase bound to StSAT was eluted with 10 mM OAS. StSAT was 
eluted with imidazole and the His6-trxA tag was cleaved by in-house 
produced TEV protease that was eventually removed by size exclusion 
chromatography using HiLoad 16/600 Superdex 75 prep grade column. 
The final enzyme preparation was >95% pure based on the SDS-PAGE 
analysis. Activity assays were carried out following the method pub-
lished in Magalhães et al., [37] with some modifications. Briefly, the 
enzyme activity was measured by a spectrophotometric indirect 
continuous assay that exploits the signal at 412 nm generated by 5,5′- 
Dithiobis(2-nitrobenzoic acid DTNB - Ellman’s reagent) reduction by the 
reaction product coenzyme A. The assay is carried out at 20 ◦C in a 
cuvette-format using a Cary 4000 UV–vis spectrophotometer (Agilent, 
Santa Clara, CA, USA) equipped with a cuvette holder thermostated 
through a circulating water bath. The buffer was 20 mM sodium phos-
phate, 85 mM NaCl, 1 mM EDTA, 5% DMSO, 1 mM DTNB, 1 mM L-Ser 
and 0.25 mM acetyl-CoA, pH 7.0. The concentration of StSAT was 70 
nM. The reaction was initiated by addition of acetyl-CoA to the reaction 
mixture. The compounds were first screened at a fixed 100 μM con-
centration. Only those compounds showing a residual activity lower 
than 50% were subjected to further assays to calculate the IC50 values. 
The dependence of the relative reaction rate on the concentration of 
compounds was fitted to the equation to calculate the IC50: 

vi

v0
=

1
1 +

[I]
IC50 

Compounds bearing a nitro group, i.e. all the first generation com-
pounds, strongly absorb at 412 nm, thus making the determination of 
the inhibitory activity problematic. The use of 3 mm-pathlength cuvettes 
allowed to mitigate the issue, but in some cases the range of inhibitor 
concentrations tested was limited. Some of the compounds, especially 
those with the thiadiazole ring substituted by larger and more hydro-
phobic groups, showed low solubility in the assay buffer at pH 7.0. For 
these compounds, only data at low compound concentrations (≤IC50) 
were used for the fitting, and this affected the accuracy of the estimated 
IC50. For this reason, the IC50 values of these inhibitors are given as an 
estimate (≅ ) without the error. 
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5.3. Cytotoxicity assay and CC50 determination. Cell culture. 

Human monocytes THP-I cells were grown in suspension in RPMI 
1640 (Euroclone, Italy) supplemented with 1% Sodium Pyruvate 100 
mM (Life Technologies, USA), 0.5% Gentamicin 10 mg/ml (Sigma 
Aldrich, USA), 0.1% 2-Mercaptoethanol 50 mM (Life Technologies, 
USA), Glucose (0,25 g/ml) and 10% Fetal Bovine Serum (FBS; Euro-
clone, Italy). THP-I cells were kept at 37 ◦C and 5% CO2 in a sterile 
incubator for all the experimental procedures described. 

THP-1 cells were seeded in 24-well plates (Sarstedt, Germany), with 
a density of 500,000 cells/well in the presence of 100 ng/mL of phorbol 
12-myristate 13-acetate (PMA; Sigma-Aldrich, USA) for 72 h to allow 
the cells to differentiate into macrophages. 

5.4. Cytotoxicity assay (MTT assay). 

MTT assay has been used to assess the cytotoxicity of synthesized 
compounds in THP-derived macrophages by evaluating the ability of 
mitochondrial succinate dehydrogenase to catalyze the enzymatic 
reduction of yellow water-soluble 3-[4,5-dimethylthiazole-2-yl]-2,5- 
diphenyltetrazolium bromide (MTT; Sigma Aldrich, USA) to insoluble 
purple formazan, index of cell viability. Differentiated macrophages 
were treated with synthesized compounds at increasing concentrations 
(25 μM, 50 μM, 100 μM, and 200 μM; all compounds were tested as a 
triplicate) for 72 h. 20 mM compounds solutions in DMSO were pre-
pared, and consequentially diluted to obtain a final concentration up to 
200 μM, corresponding to 1% v/v of DMSO. Control cells were treated 
with the same amount of DMSO (1% v/v), to subtract the cell damage 
induced by DMSO from that specifically induced by the analyzed com-
pounds. Afterwards, control and compound-treated cells were incubated 
with a solution of 1 mg/ml of MTT dissolved in RPMI 1640, supple-
mented with 5% FBS, at 37 ◦C, 5 % CO2 for 2 h in dark. The solution was 
then removed, and resulting formazan crystals were dissolved in 0.2 mL 
DMSO under shaking for 10 min. Finally, absorbance was measured on 
an aliquot of 0.15 mL at a wavelength of 570 nm using an absorbance 
microplate reader (Spark® Tecan, Switzerland) [49]. CC50 of each 
compound was then calculated by interpolating the mean value of the 
tested concentrations from the dose–response curve as compared to the 
control cells, whose viability was considered as 100%. 
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[18] P.B. Palde, A. Bhaskar, L.E. Pedró Rosa, F. Madoux, P. Chase, V. Gupta, T. Spicer, 
L. Scampavia, A. Singh, K.S. Carroll, First-in-class inhibitors of sulfur metabolism 
with bactericidal activity against non-replicating M. tuberculosis, ACS Chem. Biol. 
11 (1) (2016) 172–184. 

[19] B. Campanini, M. Pieroni, S. Raboni, S. Bettati, R. Benoni, C. Pecchini, 
G. Costantino, A. Mozzarelli, Inhibitors of the sulfur assimilation pathway in 
bacterial pathogens as enhancers of antibiotic therapy, Curr. Med. Chem. 22 (2) 
(2014) 187–213. 

[20] Bhave DP, Muse III WB, Carroll KS. Drug Targets in Mycobacterial Sulfur 
Metabolism. Vol 7.; 2007. 

[21] Kredich NM. Biosynthesis of Cysteine. Stewart V, ed. EcoSal Plus. 2008;3(1): 
ecosalplus.3.6.1.11. doi:10.1128/ecosalplus.3.6.1.11. 

[22] Tyrrell R, Hg Verschueren K, Dodson EJ, Murshudov GN, Addy C, Wilkinson AJ. 
The Structure of the Cofactor-Binding Fragment of the LysR Family Member, CysB: 
A Familiar Fold with a Surprising Subunit Arrangement. http://biomednet.com/ 
elecref/0969212600501017. 

[23] B. Campanini, R. Benoni, S. Bettati, C.M. Beck, C.S. Hayes, A. Mozzarelli, 
Moonlighting O-acetylserine sulfhydrylase: New functions for an old protein, 
Biochim. Biophys. Acta - Proteins Proteomics. 1854 (9) (2015) 1184–1193, 
https://doi.org/10.1016/j.bbapap.2015.02.013. 

M. Pavone et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S2211-7156(22)00162-X/h0020
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0020
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0020
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0020
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0020
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0020
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0020
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0020
https://doi.org/10.1002/anie.201209979
https://doi.org/10.3390/ijms20235844
https://doi.org/10.3390/ijms20235844
https://doi.org/10.1080/1040841X.2019.1599813
https://doi.org/10.1016/j.mib.2009.12.003
https://doi.org/10.1038/nchembio.2007.24
https://doi.org/10.1038/nchembio.2007.24
https://doi.org/10.1038/nrd3013
https://doi.org/10.1038/nrd3013
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0055
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0055
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0055
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0055
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0055
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0060
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0060
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0060
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0060
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0065
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0065
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0065
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0065
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0070
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0070
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0070
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0070
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0070
https://doi.org/10.1099/mic.0.2008/020347-0
https://doi.org/10.1016/j.resmic.2010.06.004
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0085
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0085
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0085
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0085
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0085
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0090
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0090
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0090
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0090
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0095
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0095
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0095
http://refhub.elsevier.com/S2211-7156(22)00162-X/h0095
https://doi.org/10.1016/j.bbapap.2015.02.013


Results in Chemistry 4 (2022) 100443

13

[24] R. Benoni, O. De Bei, G. Paredi, C.S. Hayes, N. Franko, A. Mozzarelli, S. Bettati, 
B. Campanini, Modulation of Escherichia coli serine acetyltransferase catalytic 
activity in the cysteine synthase complex, FEBS Lett. 591 (9) (2017) 1212–1224. 

[25] B. Campanini, F. Speroni, E. Salsi, P.F. Cook, S.L. Roderick, B. Huang, S. Bettati, 
A. Mozzarelli, Interaction of serine acetyltransferase with O -acetylserine 
sulfhydrylase active site: Evidence from fluorescence spectroscopy, Protein Sci. 14 
(8) (2005) 2115–2124. 

[26] B. Rosa, M. Marchetti, G. Paredi, H. Amenitsch, N. Franko, R. Benoni, B. Giabbai, 
M.G. De Marino, A. Mozzarelli, L. Ronda, P. Storici, B. Campanini, S. Bettati, 
Combination of SAXS and protein painting discloses the three-dimensional 
organization of the bacterial cysteine synthase complex, a potential target for 
enhancers of antibiotic action, Int. J. Mol. Sci. 20 (20) (2019) 5219. 

[27] J. Huang, W. Song, H. Huang, Q. Sun, Pharmacological therapeutics targeting 
RNA-dependent RNA polymerase, proteinase and spike protein: From mechanistic 
studies to clinical trials for COVID-19, J. Clin. Med. 9 (4) (2020), https://doi.org/ 
10.3390/jcm9041131. 

[28] K. Mino, T. Yamanoue, T. Sakiyama, N. Eisaki, A. Matsuyama, K. Nakanishi, Effects 
of bienzyme complex formation of cysteine synthetase from escherichia coli on 
some properties andkinetics, Biosci. Biotechnol. Biochem. 64 (8) (2000) 
1628–1640, https://doi.org/10.1271/bbb.64.1628. 
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