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ABSTRACT

Numerous bacteria and actinomycetes rely on L-cysteine biosynthesis to enhance their tolerance to antibacterial
agents and to sustain persistent infections, a phenomenon that contributes to the emergence of antimicrobial
resistance—one of the most critical global public health challenges. As the enzymatic pathway responsible for L-
cysteine production is absent in mammalian cells, it represents an attractive and selective target for therapeutic
intervention. In this study, we describe the identification of a series of inhibitors targeting serine acetyltransferase
(SAT) from Salmonella typhimurium, the enzyme responsible for catalyzing the rate-limiting step in L-cysteine
biosynthesis. These inhibitors were discovered through a virtual screening campaign conducted on an in-house
chemical library, which yielded seven structurally diverse hit compounds. Subsequent evaluation of analogues
structurally related to hit compound 5—either sourced from the original library or generated through medicinal
chemistry optimization—enabled the establishment of preliminary structure—activity relationships and led to a
marked enhancement of inhibitory potency relative to the initial hit. Despite these improvements at the enzymatic
level, the most advanced compound did not exhibit detectable antibacterial activity in a Gram-negative model
organism, highlighting the need for further optimization and investigation.
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Introduction

Cysteine is an essential amino acid that mammals are unable to synthesize de novo and therefore must obtain from
dietary sources. It serves as a fundamental component of numerous biomolecules and cofactors, including S-
adenosylmethionine, coenzyme A, biotin, lipoic acid, and thiamine pyrophosphate, and constitutes the reactive
moiety of key detoxifying molecules such as glutathione and mycothiol. Beyond its universal biological
importance, cysteine plays a particularly critical role in the survival of certain facultative intracellular pathogens,
which must cope with nutrient deprivation and oxidative stress within macrophages. Under such hostile
conditions, disruption of bacterial adaptive mechanisms can impair infectivity and increase susceptibility to
antibacterial agents. Although enzymes involved in cysteine biosynthesis are dispensable during in vitro growth
or acute infection, they become essential during bacterial persistence within the host [1, 2].

Over the past several years, substantial evidence has demonstrated that attenuation or inhibition of cysteine
biosynthesis adversely affects bacterial fitness and virulence [2-8]. For example, deletion mutants of cysteine
biosynthetic enzymes exhibit reduced virulence, as observed for cysH in Mycobacterium tuberculosis [9] and cysI
or cysK in Brucella melitensis [10], or increased sensitivity to oxidative stress, as reported for the cysl mutant of
B. melitensis [10]. Notably, cysteine biosynthesis has also been implicated in the development of antibiotic
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resistance. In Salmonella typhimurium, genetic disruption of this pathway resulted in a compromised oxidative
stress response, leading to diminished antibiotic resistance in both vegetative and swarm cell populations [11].
Collectively, these observations suggest that targeting cysteine biosynthesis may offer a dual therapeutic benefit
by enhancing the efficacy of existing antibacterial agents and limiting the emergence of antimicrobial resistance.
Given that antimicrobial resistance (AMR) is widely regarded as a major impending global health crisis, the
therapeutic relevance of inhibiting cysteine biosynthesis is further underscored. Current projections estimate that
AMR could result in up to 10 million deaths annually by 2050 if novel intervention strategies are not implemented
[12-14]. In addition to identifying new druggable targets through conventional drug discovery efforts, an effective
strategy to combat AMR involves the development of unconventional approaches, such as adjuvant therapies.
These agents typically exhibit weak or no intrinsic antibacterial activity but act on non-essential targets associated
with bacterial virulence and persistence following host colonization [15-18]. Such targets are not required for
bacterial survival under normal conditions but become critical during infection, where they help mitigate the
deleterious effects of antibiotics [18]. The use of adjuvants offers several advantages, including suppression of
intrinsic resistance and expansion of the antibacterial spectrum of existing drugs [19]. Furthermore, adjuvants may
enable dose reduction of antibiotics with known toxicity, thereby minimizing adverse effects [20]. Since non-
essential targets are not directly linked to bacterial viability, they are also less prone to selective pressure and
resistance development [21].
In the terminal stages of cysteine biosynthesis, serine acetyltransferase (SAT) catalyzes the transfer of an acetyl
group from acetyl-CoA to L-serine, generating O-acetylserine (OAS). Subsequently, O-acetylserine sulthydrylase
(OASS) mediates the B-substitution of OAS with sulfide to produce cysteine and acetate. Significant efforts by
our research group [22-25] and others [26-29] have focused on the identification of potent and selective OASS
inhibitors for use as antibacterial agents—particularly against M. tuberculosis—or as adjuvants. These studies
culminated in the discovery of UPAR-415, the most potent inhibitor of S. typhimurium OASS reported to date
(Figure 1) [30]. Despite its strong biochemical activity, UPAR-415 failed to demonstrate comparable efficacy in
bacterial cell assays. Nevertheless, recent evidence suggests that UPAR-415 may function as a colistin adjuvant
in pathogen infections (manuscript submitted). Preliminary investigations indicated that limited cellular
permeability likely hindered the compound’s ability to reach intracellular targets, a common challenge in
antibacterial drug discovery. In light of these findings, attention was redirected toward the upstream step of
cysteine biosynthesis catalyzed by SAT. To date, SAT inhibition has been relatively underexplored, and the
available inhibitors exhibit only modest activity [26, 31-33]. SAT facilitates the acetylation of the hydroxyl group
of L-serine using acetyl-CoA, yielding OAS, the activated form of serine. In contrast to OASS inhibition, targeting
SAT is expected not only to reduce cysteine production downstream but also to prevent the accumulation of OAS,
which is converted to N-acetylserine (NAS) and acts as an inducer of the cysteine biosynthetic operon [34].
Structurally, SAT assembles as a dimer of trimers, comprising an N-terminal a-helical domain and a C-terminal
left-handed a-helix domain that terminates in a flexible, disordered tail. This C-terminal region interacts with
OASS-A at its active site, resulting in competitive inhibition [35, 36]. Our initial strategy to identify SAT
inhibitors involved the virtual screening of a focused commercial compound library [37], inspired by earlier
studies that reported promising outcomes using similar methodologies [27, 33]. In this first campaign, three
ChemDiv-focused libraries encompassing 91,243 compounds were screened, leading to the identification of six
molecules with ICso values below 100 pM, as determined by an indirect Ellman’s reagent-based assay [37].
Notably, one of these compounds also exhibited measurable growth inhibition against Escherichia coli. Building
on this experience, we applied a comparable virtual screening approach to an in-house chemical library originally
designed to target proteins other than SAT. In recent years, repurposing drug and chemical libraries has emerged
as a highly effective strategy in drug discovery, allowing both academic institutions and pharmaceutical
companies to reassess existing compounds for alternative biological applications. This approach offers the
significant advantage of revitalizing molecules that may otherwise remain unexplored, often with prior chemical
and biological characterization already available. Although smaller in size than commercial libraries, the virtual
screening of our in-house collection successfully identified a limited number of promising hit compounds (Figure
2). Subsequent structure—activity relationship analyses were conducted using both existing analogues from the
library and newly synthesized derivatives.
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Figure 1. Representation of the reductive sulfate assimilation pathway operating in Sa/monella. Sulfate ions
are actively transported into the cell and sequentially reduced to bisulfide through a series of enzymatic
reactions.

Serine acetyltransferase (SAT) catalyzes the acetylation of L-serine, yielding O-acetylserine (OAS), which
spontaneously equilibrates with N-acetylserine (NAS), the transcriptional inducer of the cysteine regulon. The
subsequent B-replacement reaction between OAS and HS™, mediated by O-acetylserine sulfhydrylase (OASS),
produces L-cysteine. Cysteine and its biosynthetic network are involved in several infection-related processes,
including oxidative stress defense, biofilm development, and resistance to antibacterial agents. UPAR-415
functions as a competitive inhibitor of OASS.
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Figure 2. Chemical structures of hit compounds identified through virtual screening.
Materials and Methods

Enzyme preparation and activity assay

Serine acetyltransferase (SAT) from Salmonella enterica serovar Typhimurium was expressed as a trxA fusion
protein as previously reported [37] and was >95% pure by SDS-PAGE. Enzyme activity was monitored using a
spectrophotometric indirect assay that detects the absorbance at 412 nm produced by the reduction of 5,5’-
dithiobis(2-nitrobenzoic acid) (Ellman’s reagent) by the product coenzyme A [37]. All assays contained 5%
DMSO, which did not affect enzyme activity (data not shown). Substrate concentrations were set to their Km
values to enhance assay sensitivity for both competitive and uncompetitive inhibition modes [38]. The dependence
of relative reaction rate on inhibitor concentration was fitted to Equation (1) to determine ICs, values.
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The inhibition mode was established by fitting initial reaction rates versus acetyl CoA concentration (at fixed 1
mM L-serine) in the presence of varying inhibitor levels (1/3 IC50 > [inhibitor] < 3 IC50) to equations describing
competitive, uncompetitive, or non-competitive inhibition [38]. The competitive inhibition equation (Equation
(2)) was applied to calculate the Ki value for compound 5.

_ Vmax - [acetyl — CoA]
Vo= [acetyl — CoA] + (Km - a) 2)

[comp5]
Kk

wherea =1+ (

).

Chemistry

All reagents were obtained from Sigma-Aldrich, Alfa-Aesar, and Enamine in reagent grade and used without

further purification unless specified. Anhydrous solvents were prepared by distillation over suitable drying agents.

Microwave-assisted reactions were conducted in a CEM Discover microwave synthesizer. Reaction progress was

followed by thin-layer chromatography on silica gel-coated aluminum plates (SUPELCO Analytical, Sigma-

Aldrich) under UV light at 254 and 365 nm. Purification of intermediates and final compounds, when required,

was performed by flash column chromatography on silica gel (0.040-0.063 mm) using suitable eluent mixtures.

1H NMR and 13C NMR spectra were acquired on a BRUKER AVANCE instrument at 300 or 400 MHz (1H)
and 100 MHz (13C), with TMS as internal standard. Multiplicities are reported as: s = singlet, d = doublet, dd =
doublet of doublets, t = triplet, q = quartet, m = multiplet, br = broad. HPLC/MS analyses employed an Agilent

1100 series system (Waters Symmetry C18 column, 3.5 um, 4.6 x 75 mm) coupled to an Applied Biosystem/MDS

SCIEX API 150EX mass spectrometer. High-resolution mass spectrometry was performed on a Thermo LTQ

Orbitrap XL. All tested compounds were >95% pure by HPLC/MS.

Analytical data for compounds §-20 and 23-27 have been reported previously [39-41].

o Ethyl 5-acetylisoxazole-3-carboxylate (25): A solution of triethylamine (4 mL, 29 mmol) in THF (10 mL) was
added dropwise to a mixture of butynone 23 (2.3 mL, 29 mmol) and ethyl-2-chloro-2-(hydroxyimino)acetate
24 (4.39 g,29 mmol) in THF (37.5 mL). The mixture was stirred at room temperature for 3 h, then concentrated.
The residue was extracted with ethyl acetate (3 X 50 mL), and the combined organics were dried over anhydrous
Na2S04, filtered, and evaporated. Purification by flash chromatography (ethyl acetate/petroleum ether 7:93)
gave the product as a white powder in 50% yield. 1H NMR (400 MHz, CDCI3) § 7.26 (s, J = 2.0 Hz, 1H), 4.47
(9, J=7.1 Hz, 2H), 2.65 (s, 3H), 1.43 (t,J = 7.1 Hz, 3H).

o Ethyl 5-(2-bromoacetyl)isoxazole-3-carboxylate (26): To a solution of 25 (2.65 g, 14.47 mmol) in acetonitrile
(26.8 mL) cooled in an ice bath, p-toluenesulfonic acid monohydrate (2.49 g, 14.47 mmol) and N-
bromosuccinimide (2.58 g, 14.47 mmol) were added portionwise. The mixture was refluxed for 5 h, then
concentrated and purified by flash chromatography (gradient of ethyl acetate in petroleum ether) to afford the
product as a yellow powder in 58% yield. 1H NMR (300 MHz, DMSO-d6) 6 7.89 (s, 1H), 4.87 (s, 2H), 4.41
(dt,J=12.4,4.5 Hz, 2H), 1.34 (t, ] = 7.1 Hz, 3H).

e Ethyl 5-(2-aminooxazol-4-yl)isoxazole-3-carboxylate (27): A mixture of 26 (315 mg, 1.2 mmol) and urea (721
mg, 12 mmol) in anhydrous DMF (3.14 mL) was refluxed for 2 h and cooled to room temperature. Aqueous
5% LiCl (32 mL) was added, followed by extraction with ethyl acetate (4 x 10 mL). The organics were washed
with water and brine, dried over Na2SO4, filtered, and concentrated. Flash chromatography yielded the product
as a yellow powder in 77% yield. 1H NMR (300 MHz, DMSO-d6) 6 8.15 (s, 1H), 7.07 (s, 2H), 6.89 (s, 1H),
4.37(dd, J=13.8, 6.8 Hz, 2H), 1.32 (t, ] = 6.9 Hz, 3H).

o General procedure for Buchwald—Hartwig amination (compounds 21a—e): In a microwave vial, the appropriate
2-aminooxazole (1 equiv), aryl halide (0.5 equiv), and base (1 equiv) in anhydrous toluene (2.5 mL/mmol) and
t-butanol (0.5 mL/mmol) were stirred under argon for 15 min. The catalyst (0.1 equiv) was added, and the
mixture was microwaved (130 °C, 15 min, 250 psi, 300 W). After TLC indicated completion, water was added,
and the mixture was extracted with ethyl acetate (3 x 10 mL). The organics were washed with water and brine,
dried over Na2S04, filtered, concentrated, and purified by flash chromatography.

e Ethyl 5-(2-(phenylamino) oxazol-4-yl)isoxazole-3-carboxylate (21a): Flash chromatography (ethyl
acetate/petroleum ether 1:9) gave a yellow solid in 24% yield. 1H NMR (400 MHz, Acetone-d6) 6 9.41 (s, 1H),
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8.17 (s, 1H), 7.76 (d, J = 7.9 Hz, 2H), 7.36 (t, ] = 7.9 Hz, 2H), 7.12-6.75 (m, 2H), 4.43 (q, J = 7.1 Hz, 2H), 1.39
(t,J=7.1 Hz, 3H). 13C NMR (100.6 MHz, Acetone-d6) 5 20.8, 62.4, 101.5, 117.4, 122.4, 129.8, 132.7, 136.9,
156.5, 156.6, 158.1, 159.3, 165.1. HRMS (ESI) caled for CISH13N304 [M + H]+ 300.0906, found 300.1112.
Ethyl 5-(2-((3,5-dichlorophenyl)amino)oxazol-4-yl)isoxazole-3-carboxylate (21b): Flash chromatography
(ethyl acetate/petroleum ether 1:9) gave an orange powder in 30% yield. IH NMR (300 MHz, CDCI3) 6 7.82
(s, 1H), 7.51 (d, J = 1.6 Hz, 2H), 7.07 (s, 1H), 7.02 (s, 2H), 4.48 (q, J = 7.1 Hz, 2H), 1.45 (t, J = 7.1 Hz, 3H).
13C NMR (100.6 MHz, CDCI3) § 18.5, 62.1, 101.3, 108.8, 119.8, 120.2, 128.0, 139.9, 150.1, 154.8, 156.8,
158.2, 160.5. HRMS (ESI) calcd for CISH11CI2N304 [M + H]+ 368.0126, found 368.0520.
Ethyl 5-(2-((4-fluorophenyl) amino) oxazol-4-yl) isoxazole-3-carboxylate (21c): Flash chromatography (ethyl
acetate/petroleum ether 1:9) gave a slightly orange powder in 8% yield. 1H NMR (300 MHz, CDCI13) & 7.77 (s,
1H), 7.51 (dd, J = 8.4, 4.2 Hz, 2H), 7.07 (t, ] = 8.5 Hz, 2H), 6.98 (s, 1H), 6.92 (s, 1H), 4.47 (q, J = 7.1 Hz, 2H),
1.44 (t, J =7.1 Hz, 3H). 13C NMR (100.6 MHz, CDCI3) & 18.9, 62, 100.8, 108.2, 121.0, 121.2, 127.8, 139.9,
150.1, 154.8, 157.3, 159.2, 160.8. HRMS (ESI) caled for C15H12FN304 [M + H]+ 318.0811, found 318.0822.
Ethyl 5-(2-((3,5-dimethylphenyl)amino)oxazol-4-yl)isoxazole-3-carboxylate (21d): Flash chromatography
(ethyl acetate/petroleum ether 1:9) gave a yellow powder in 35% yield. IH NMR (300 MHz, DMSO-d6) &
10.28 (s, 1H), 8.42 (s, 1H), 7.25 (s, 2H), 7.10 (s, 1H), 6.63 (s, 1H), 4.39 (q, J = 7.1 Hz, 2H), 2.26 (s, 6H), 1.34
(t, J=7.1 Hz, 3H). 13C NMR (100.6 MHz, DMSO-d6) ¢ 18.8, 21.8, 21.9, 61.8, 100.8, 112.8, 121.4, 126.2,
138.8, 140.1, 150.8, 155, 156.8, 159.2, 160.8. HRMS (ESI) calcd for C17H17N304 [M + H]+ 328.1219, found
328.1401.
Ethyl 5-(2-(pyridin-4-ylamino)oxazol-4-yl)isoxazole-3-carboxylate (21e): Flash chromatography (ethyl
acetate/petroleum ether 1:1 — 100%) gave a yellow powder in 15% yield. IH NMR (400 MHz, Acetone-d6) 6
8.47 (d, ] = 6.2 Hz, 2H), 8.27 (s, 1H), 7.73 (d, J = 6.3 Hz, 2H), 7.07 (s, 1H), 4.44 (q, J = 7.1 Hz, 2H), 1.40 (t,J
=7.1 Hz, 3H). 13C NMR (100.6 MHz, Acetone-d6) 6 21, 62.4, 101.3, 109.0, 125.4, 139.2, 150.1, 155.6, 156.6,
158.1, 159.3, 160.5. HRMS (ESI) calcd for C14H12N404 [M + H]+ 301.0858, found 301.0999.
General procedure for ester hydrolysis (compounds 22a—e): The appropriate ester (1 equiv) and LiOH-H20 (4
equiv) were stirred in THF/MeOH/H20 (3:1:1, 1 mL/mmol) at room temperature until TLC showed complete
consumption of starting material. The mixture was concentrated, diluted with water, acidified with 2 N HCI,
and extracted with ethyl acetate (3 x 10 mL). Evaporation provided the carboxylic acids in sufficient purity.
5-(2-(phenylamino) oxazol-4-yl) isoxazole-3-carboxylic acid (22a): Yellow powder (37% yield). IlH NMR (400
MHz, DMSO0-d6) 6 10.45 (s, 1H), 9.47 (s, 1H), 8.42 (s, 1H), 7.66 (d, J = 7.8 Hz, 2H), 7.34 (t, ] = 7.9 Hz, 2H),
7.00 (dd, J = 15.0, 7.6 Hz, 2H). 13C NMR (101 MHz, DMSO-d6) & 164.5, 160.6, 157.4, 138.8, 132.1, 129.0,
128.9, 121.6, 116.8, 101.2. HRMS (ESI) calcd for CI3HIN304 [M + H]+ 272.0593, found 272.0606.
5-(2-((3,5-dichlorophenyl)amino)oxazol-4-yl)isoxazole-3-carboxylic acid (22b): Light yellow powder (60%
yield). 1H NMR (400 MHz, DMSO-d6) 6 11.01 (s, 1H), 8.49 (s, 1H), 7.72 (d, ] = 1.8 Hz, 2H), 7.19 (t, ] = 1.8
Hz, 1H), 7.03 (s, 1H). 13C NMR (101 MHz, DMSO-d6) 5 160.4, 156.2, 141.0, 134.2, 132.5, 127.9, 124.0,
120.5, 114.7, 101.2. HRMS (ES]I) caled for C13H7CI2N304 [M + H]+ 339.9814, found 339.9986.
5-(2-((4-fluorophenyl) amino)oxazol-4-yl)isoxazole-3-carboxylic acid (22¢): Yellow powder (81% yield). 1H
NMR (400 MHz, Acetone-d6) & 9.48 (s, 1H), 8.18 (s, 1H), 7.85-7.77 (m, 2H), 7.19-7.11 (m, 2H), 7.01 (s, 1H).
13CNMR (101 MHz, Acetone-d6) 8 166.0, 161.0, 160.1, 158.6, 158.0, 136.3, 132.3,129.8,119.6, 119.5, 116 .4,
116.2, 102.2. HRMS (ESI) calcd for CI3H8FN304 [M + H]+ 290.0499, found 290.0509.
5-(2-((3,5-dimethylphenyl)amino)oxazol-4-yl)isoxazole-3-carboxylic acid (22d): Yellow powder (68% yield).
1H NMR (400 MHz, DMSO-d6) 6 10.28 (s, 1H), 8.41 (s, 1H), 7.26 (s, 2H), 7.04 (s, 1H), 6.64 (s, 1H), 2.27 (s,
6H). 13C NMR (101 MHz, DMSO-d6) & 165.0, 161.0, 157.9, 157.7, 139.1, 138.4, 132.4, 128.5, 123.8, 115.0,
101.6, 21.6. HRMS (ESI) calcd for C15H13N304 [M + H]+ 300.0906, found 300.1002.
5-(2-(pyridin-4-ylamino) oxazol-4-yl)isoxazole-3-carboxylic acid (22¢): Yellow powder (63% yield). IH NMR
(300 MHz, DMSO-d6) 6 12.58 (s, 1H), 8.71 (s, 1H), 8.66 (d, ] = 7.2 Hz, 2H), 8.12 (d, J = 5.6 Hz, 2H), 7.20 (s,
1H). 13C NMR (101 MHz, DMSO-d6) 6 163.6, 160.5, 157.5, 155.0, 143.0, 134.2, 128.2, 112.2, 102.0. HRMS
(ESI) caled for C12H8N404 [M + H]+ 273.0545, found 273.0628.

Biology
Reference bacterial strains were prepared by inoculating 4-5 morphologically uniform colonies into MHB and
M9 media, followed by incubation at 37 °C with shaking at 240 rpm until exponential growth was achieved.
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Cultures were then harvested by centrifugation at 2000 rpm for 20 min at 4 °C. The resulting pellets were
resuspended in fresh MHB or M9 medium, and cell density was determined spectrophotometrically. An optical
density at 600 nm in the range of 0.08—0.13 was taken to correspond to approximately 10® CFU/mL [42].

The bacterial suspensions were subsequently diluted by transferring 100 pL into 9.9 mL of the appropriate
medium to obtain a final concentration of 10 CFU/mL. Aliquots of 50 uL were dispensed into the wells of
microtiter plates within 30 min of preparation, resulting in an inoculum of 5 x 10° CFU/mL per well, in accordance
with CLSI recommendations [42]. The antibacterial activity of compounds 22a, 22b, and 22d was evaluated using
a minimum inhibitory concentration (MIC) assay. Briefly, each well of a microtiter plate was filled with 49 puL of
either M9 or MHB medium, followed by the addition of 1 pL of each compound, previously prepared in DMSO.
This procedure generated a concentration range spanning from 128 pg/mL to 0.25 pg/mL, while maintaining a
final bacterial density of 5 x 10° CFU/mL in a total volume of 100 uL. Appropriate growth and sterility controls
were included in each experiment. For every bacterial strain tested, three independent experiments were
performed, each consisting of three technical replicates.

Results and Discussion

Identification of Hit compounds through virtual screening

Because the amino acid sequence of serine acetyltransferase is highly conserved among bacterial species [43], our
in-house compound collection was screened in silico using the crystal structures of SAT from E. coli (EcSAT,
PDB: 1T3D) and H. influenzae (HiSAT, PDB: 1SSM). Docking protocols and parameters were consistent with
those previously established by our group [37]. This computational workflow led to the selection of seven
candidate molecules, which were subsequently evaluated experimentally using recombinant SAT from S.
typhimurium. The enzyme displayed kinetic constants of Km,Ser = 1.07 = 0.15 mM, Km,AcCoA = 0.17 + 0.04
mM, and kcat = 3813 = 169 min™' [37]. To ensure detection of inhibitors acting through different mechanisms,
both substrates were used at concentrations corresponding to their respective Km values during the initial
screening.

A common structural feature emerged among the identified candidates, as six of the seven compounds possessed
a carboxylate group, indicating a likely role for this functionality in productive enzyme binding. To prioritize
compounds for further investigation, enzymatic inhibition by compounds 1-7 was measured at a single
concentration of 1 mM (Table 1). Two molecules, compounds 5 and 7, reduced SAT activity by more than 40%
and were therefore selected for detailed potency assessment. Subsequent ICso measurements confirmed compound
5 as the most effective inhibitor, with an ICso of 110 = 0 uM, whereas compound 7 showed weak inhibition, with
an ICso greater than 2 mM.

Kinetic analysis demonstrated that compound 5 inhibits SAT competitively with respect to acetyl-CoA, yielding
a Ki value of 64 = 12 uM (Figure 3). Molecular modeling studies supported this mechanism, indicating that the
compound is capable of interacting with both the L-serine and acetyl-CoA binding regions of the enzyme. The
bent, L-shaped scaffold of compound 5 allows partial occupation of the acetyl-CoA pocket, while its carboxylate
moiety reproduces key interactions made by the carboxyl group of L-serine (Figure 4). This binding configuration
is consistent with competition for acetyl-CoA binding, although additional contacts within the pocket may also
contribute to inhibition.

Compound 5 originates from a family of 2-aminothiazole derivatives previously developed in the context of
antitubercular drug discovery and synthesized for structure—activity relationship studies [39]. Notably, despite the
strong antimycobacterial activity displayed by other members of this series, compound 5 itself lacks activity
against M. tuberculosis. This absence of antibacterial activity is advantageous for repurposing purposes, as it
minimizes the risk of unintended off-target effects.
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Figure 3. Inhibition profile of compound 5. (a) Relative initial reaction velocity as a function of compound 5
concentration. Experimental data were fitted to Equation 1, yielding an ICso value of 110 + 0 uM. (b) Initial
reaction rates measured at increasing acetyl-CoA concentrations in the absence of inhibitor (grey symbols)

and in the presence of compound 5 at 30 pM (green symbols), 100 uM (pink symbols), and 300 uM (red
symbols). Data were fitted using the linearized form of Equation 2, providing a Ki value of 64 = 12 uM.

L-serine binding pocket

a) b)
Figure 4. (a) Predicted binding orientation of compound 5 within the acetyl-CoA binding site of ECSAT,
obtained by structural alignment of the enzymes corresponding to PDB codes 1T3D and 1SSM. (b)
Superposition of the docked pose of compound 5 with the crystallographic structure of acetyl-CoA.

Table 1. Inhibitory effects of virtual screening—derived compounds on SAT activity.

Compound Percentage Inhibition at 1 mM ICso (uM) Ki (uM) Inhibition Mechanism
1 194 +1 ND ND -
2 349+6 ND ND -
3 314<£5 ND ND -
4 18.7+6 ND ND -
5 98.6 0 110+0 64+ 12 Competitive with acetyl-CoA
6 23.6+0 ND ND -
7 42+5 >2 mM ND -

2 ND = Not Determined.

Expansion of the initial hit
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The optimization strategy aimed at identifying an improved inhibitor of StSAT was pursued through a two-stage
approach. Initially, a selection of compound 5 analogues already present in the in-house collection was evaluated
to establish preliminary structure—activity relationships (SAR). Subsequently, insights derived from this analysis
guided the targeted synthesis of additional derivatives. Thirteen structurally related compounds were selected
from the internal library and examined for their inhibitory activity against StSAT (Table 2). Within this subset,
the carboxyl group was conserved either in its free acid form or converted into ester or amide functionalities. In
selected derivatives, the isoxazole moiety was replaced with an N-methylpyrazole to probe the influence of
heterocycle variation. Moreover, the impact of introducing small electron-withdrawing substituents on the phenyl
ring linked to the 2-aminothiazole core was systematically investigated.
Most of the tested analogues exhibited enhanced inhibitory potency relative to the parent compound 5. Notably,
compounds 18 and 19—featuring substitution of the 2-aminothiazole ring with a 2-aminooxazole scaffold—
emerged as the most effective inhibitors within this series. Encouraged by these results, further synthetic efforts
focused on expanding this chemical class. Specifically, additional analogues derived from the 2-aminooxazole
cores of compounds 18 and 19 were designed and prepared using a previously reported synthetic methodology
[40], which is particularly well suited for the functionalization of substituted 2-aminooxazoles (Scheme 1).
This second set of compounds comprised 3-carboxylisoxazole derivatives bearing a range of aromatic and
heteroaromatic substituents linked to the nitrogen atom of the 2-aminooxazole moiety (21a—e, 22a—¢). For this
initial substitution study, pyridine and phenyl groups—either unsubstituted or functionalized with electron-
donating or electron-withdrawing substituents—were selected to assess their influence on enzyme inhibition.
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Scheme 1. a Reagents and conditions: (a) triethylamine, tetrahydrofuran, room temperature; (b) N-
bromosuccinimide, p-toluenesulfonic acid, acetonitrile, reflux; (¢) urea, dimethylformamide, microwave
irradiation (120 °C, 300 W), 3 min, 49% yield; (d) appropriate bromobenzene derivative or 4-bromopyridine
(21e), sodium tert-butoxide, X-Phos Pd G2, tert-butanol/toluene, microwave irradiation (130 °C, 300 W), 15
min, 8-35% yield; (e) LiOH, THF/H.O/MeOH (3:1:1), room temperature, 3 h, quantitative yield.

Table 2. Inhibitory activity of compound 5 analogues against StSAT.
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Scheme 1a. Synthetic route employed for the preparation of compounds 21a—¢ and 22a—e¢.

The target compounds 21a—e and 22a—¢ were synthesized following a protocol optimized in our laboratories,
based on the formation of a 2-aminooxazole scaffold via condensation of suitably substituted ao-
bromoacetophenones with urea, followed by Buchwald—Hartwig cross-coupling with aryl halides. The synthesis
commenced with a dipolar cycloaddition between 3-butyn-2-one and ethyl 2-chloro-2-(hydroxyimino)acetate in
diethyl ether in the presence of triethylamine, yielding ethyl 5-acetyl-3-isoxazolecarboxylate (25). Subsequent
bromination with N-bromosuccinimide (NBS) afforded intermediate 26. Microwave-assisted reaction of
compound 26 with urea in dimethylformamide at 120 °C produced the key intermediate 27. This building block
was then subjected to Buchwald—Hartwig coupling with variously substituted bromobenzenes to generate esters
2la—e. Final hydrolysis of the ethyl ester group using LiOH in a THF/MeOH/H20 mixture furnished the
corresponding carboxylic acids 22a—e in quantitative yields.

Structure—activity relationship considerations

This study reports the identification of effective StSAT inhibitors through a combination of virtual screening and
systematic hit optimization. Following the identification of compound 5 as the most active hit from the in silico
screening, an initial structure—activity relationship (SAR) analysis was conducted using a set of 13 structurally
related compounds available in the in-house collection. Most of these analogues displayed enhanced affinity
toward StSAT compared to the parent compound 5.

To assess the relevance of the carboxylic group, derivatives lacking this functionality were first examined.
Replacement of the isoxazole-3-carboxylic motif with a pyridine ring resulted in a marked loss of activity
(compound 8, ICso > 400 uM), supporting the importance of this structural element. In general, the presence of a
carboxylic group—either as the free acid (16, ICso = 184 pM; 17, ICso =21 pM; 18, ICso = 2.6 uM; 20, ICso = 11
uM) or as a derived functional group such as an amide (10, ICso =9 uM; 11, ICso =26 uM; 12, ICso = 60 uM; 13,
ICso = 16.3 uM) or ester (14, ICso = 10 uM; 15, ICso = 18 uM; 19, ICso = 7.3 pM)—appears to be critical for
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maintaining inhibitory activity, irrespective of substitution pattern. Compound 9 represents a notable exception,
as it retains good potency despite lacking a carboxyl group (ICso = 12 uM). These observations suggest that the
electronic features associated with carboxyl-derived functionalities may favor productive interactions with the
enzyme.
Among the amide derivatives, larger substituents such as phenyl or adamantyl groups at the amide nitrogen were
associated with improved activity compared to smaller or unsubstituted analogues (10 and 13 versus 11 and 12).
Substitution of the isoxazole ring with an N-methylpyrazole led to diminished inhibitory potency (16, ICso = 184
uM; 17, ICso = 21 uM) relative to the corresponding isoxazole analogues (5 and 20), indicating that the isoxazole
scaffold is more favorable for enzyme binding.
Within the subset of isoxazole-3-carboxylic acid derivatives, incorporation of electron-withdrawing substituents
on the phenyl ring linked to the 2-aminothiazole moiety appeared to enhance affinity (20, ICso =11 uM versus 5,
ICso = 110 uM), although this trend remains tentative. Esterification of the carboxyl group proved to be well
tolerated (14, ICso = 10 uM; 15, ICso = 18 uM), regardless of substitution on the 2-aminothiazole ring. For
compound 14, the ICso value could only be approximated due to limited solubility. The disparity in activity
between compounds 5 and 14 cannot be readily rationalized and may require the synthesis of additional analogues
for clarification, as permeability differences do not appear to account for this behavior.
The most significant enhancement in activity was observed upon replacing the 2-aminothiazole moiety with a 2-
aminooxazole, yielding the most potent compounds of the series (18, ICso = 2.6 pM; 19, ICso = 7.3 pM),
corresponding to more than a 40-fold improvement compared to compound 5. These results motivated the
synthesis of a focused set of additional analogues to further refine the SAR. In particular, small substituents were
introduced on the phenyl ring attached to the nitrogen atom of the 2-aminooxazole, and the relative impact of
ethyl ester versus free acid functionalities was evaluated.
Biochemical assessment of compounds 21a—e and 22a—e against StSAT revealed a relatively flat SAR within this
subset (Table 3). Both ester and acid derivatives maintained comparable inhibitory activity, with ester analogues
showing a slight overall advantage. Nevertheless, compound 22a—the unsubstituted acid—emerged as the most
potent inhibitor in this series. Taken together, compound 22a and the related acid derivatives represent promising
candidates for further development. This preference may stem from the greater metabolic stability of carboxylic
acids relative to esters, which are more susceptible to hydrolysis. Additionally, these acid derivatives lack intrinsic
antitubercular or antibacterial activity [39], a desirable feature to minimize off-target effects during repurposing.
Introduction of small electron-withdrawing groups (21b, 21c, 22b, 22¢) or electron-donating substituents (22d)
on the phenyl ring had minimal influence on enzyme affinity, with the most favorable results observed for
unsubstituted phenyl derivatives (21a and 22a).

Table 3. Inhibitory activity of synthesized compounds 21a—c, 21e, and 22a—e against StSAT.

O O
| > =
N~g N/ku’R ‘ /k -R

H
Compound Substituent (R) StSAT ICso (uM)  Compound R StSAT ICso (uM)
21a Phenyl 2.68 +£0.27 22a Phenyl 1.54 +0.33
21b 3,5-Dichlorophenyl 2.52 £0.03 22b 3,5-Dichlorophenyl 8.03+0.18
21c 4-Fluorophenyl 3.04+0.37 22¢ 4-Fluorophenyl 2.51+0.34
22d 3,5-Dimethylphenyl 4.24 +0.11
21e Pyridin-3-yl 3.95+0.65 22e Pyridin-3-yl 12.02 +1.25

Considering that compound 5 acts as a competitive inhibitor of acetyl CoA, as predicted by computational
modeling to fit into both the acetyl CoA and L-serine binding pockets, the current structure under investigation
may only partially occupy the pocket. This could explain why the substitutions introduced are well tolerated,
likely due to available unoccupied space within the binding cavity.

Stability of the isoxazole-oxazole core
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After observing changes in the appearance of DMSO solutions over time at room temperature, we investigated
the chemical stability of the compounds. To assess this, |H NMR spectra were recorded at various time points (1
h, 2.5 h, and 20 h) for DMSO-d6 solutions (5 mg in 500 pL). Since the time needed for visible color changes in
the solution varied depending on the substituent at the R2 position in series 22, three representative analogs were
chosen to examine the influence of the substituent on stability: 22a (R2 = phenyl) with an unsubstituted phenyl
group, 22b (R2 = 3,5-dichlorophenyl) bearing electron-withdrawing groups (EWG), and 22d (R2 = 3,5-
dimethylphenyl) bearing electron-donating groups (EDG). The stability in DMSO increased in the order: 22b (<
2.5 h) <22a (<20 h) <22d (< 7 days). These results indicate that EWGs, such as unsubstituted phenyl or phenyl
substituted with two chlorines, lead to less stable compounds. In contrast, EDGs on the phenyl ring enhance
overall molecular stability. It is proposed that the mild oxidative nature of DMSO can disrupt the oxazole ring,
resulting in ring opening and subsequent complete degradation of the compound [44].

Antibacterial activity

Due to the stability concerns described above, compound 22a was not subjected to biological testing. Instead,
compound 22d—which is only two-fold less potent than 22a in the biochemical assay—was evaluated for its
minimum inhibitory concentration (MIC) against E. coli in both standard Mueller Hinton broth (MHB) and
cysteine-deprived Middlebrook 9 (M9) medium [45]. Regrettably, no antibacterial activity was detected at
concentrations up to 128 pM against two strains: E. coli ATCC25922 and S. Typhimurium ATCC14028. A likely
explanation for this lack of activity is poor penetration of the compound across the Gram-negative bacterial outer
membrane and cell wall—a frequent challenge in antibacterial drug development, particularly for Gram-negative
pathogens.

Conclusion

By integrating virtual screening of an in-house compound collection with subsequent medicinal chemistry
optimization, we identified the most potent inhibitor of StSAT reported to date. However, this lead compound
exhibited limited stability upon solubilization in DMSO, prompting the selection of alternative, more stable
derivatives for cellular evaluation. Among these, compound 22d emerged as the most promising candidate and
was assessed for antibacterial activity against E. coli cultured in a minimal medium lacking cysteine. Despite its
strong inhibitory performance in enzymatic assays, the compound failed to affect bacterial growth, an outcome
likely attributable to insufficient penetration of the bacterial cell envelope.

Nevertheless, this study enabled the establishment of an initial structure—activity relationship, providing valuable
insights into the molecular features governing enzyme inhibition. Ongoing synthetic efforts are focused on
expanding the compound series and, in particular, on improving physicochemical properties related to membrane
permeability to enhance cellular efficacy.
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