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ABSTRACT: (English)
Charles University, Faculty of Pharmacy in Hradec Kralové
Department of Pharmaceutical Chemistry and Pharmaceutical Analysis

Thesis title: Design, synthesis and evaluation of heterocyclic compounds with

potential antimicrobial activity IV

Candidate: Amirhossein Fekri
Supervisor: doc. PharmDr. Jan Zitko, Ph.D.
Consultant: Mgr. Vinod S. K. Pallabothula

Tuberculosis has remained one of the deadliest infectious diseases worldwide caused by a single
infectious agent, the rapid growth of resistance to anti-tubercular drugs hinders the successful
control and treatment of TB worldwide, which challenges the scientific community to develop
new drugs to improve currently available treatment. This diploma thesis represents the design,
synthesis, and biological evaluation of two series of compounds including cyclized (pyrazine-
oxazinone) and carboxamide derivatives as potentially active antimycobacterial agents sharing
a pyrazine core as common structural features that could potentially target mycobacterial
aspartate decarboxylase (PanD) and prolyl-tRNA synthetase (mtProRS), respectively.
Synthesis of final compounds was achieved through individual reaction steps involving
acylation of methyl 3-aminopyrazine-2-carboxylate for preparation of a common intermediate
which in turn was used for the synthesis of final compounds. All the final compounds were
analyzed by 'H and '*C-NMR spectroscopy, IR spectroscopy, and determination of melting
point. Out of 14 final compounds, eventually, seven were tested for in-vitro activity against five
mycobacterial strains. Overall, five out of seven compounds tested have shown mild to
moderate antimycobacterial activity against some mycobacterial strains. Moreover, in-silico
molecular docking of a small library of virtually prepared ligands was performed to identify
new potential candidates for targeting mtProRS. The overall outcome of this experimental study
encourages/supports further investigation of newly identified potential candidates for the
development of new antimycobacterial drugs with improved selectivity toward mycobacterium

and lower toxicity to humans.



ABSTRAKT: (Czech)
Univerzita Karlova, Farmaceuticka fakulta v Hradci Kralové
Katedra farmaceutické chemie a farmaceutické analyzy

Nazev: Néavrh, syntéza a hodnoceni heterocyklickych sloucenin s potencidlni

antimikrobni aktivitou IV

Kandidat: Amirhossein Fekri
Skolitel: doc. PharmDr. Jan Zitko, Ph.D.
Konzultant: Mgr. Vinod S. K. Pallabothula

Tuberkuléza zlstava celosvétove jednou z nejsmrtelnéjSich infekénich nemoci zptisobenych
jedinym infek¢énim agens, rychly riist rezistence na antituberkulotika brani aspésné kontrole a
1€¢bé TBC po celém svéte, coz je vyzvou pro védeckou komunitu, aby vyvinula nova 1é¢iva ke
zlepseni v soucasnosti dostupné 1écby. Tato diplomova prace predstavuje navrh, syntézu a
biologické hodnoceni dvou sérii sloucenin vcetné cyklizovanych (pyrazin-oxazinon) a
karboxamidovych derivata jako potencidlné aktivnich antimykobakteridlnich latek sdilejicich
spole¢ny strukturni fragment pyrazinového jadra, které by mohly potencidlné cilit na
mykobakterialni aspartat dekarboxylazu (PanD) a prolyl-tRNA syntetazu (mtProRS). Syntézy
findlnich sloucenin bylo dosaZeno prostfednictvim jednotlivych reakénich krokii zahrnujicich
acylaci methyl-3-aminopyrazin-2-karboxylatu pro pfipravu béZného meziproduktu, ktery byl
nasledné pouzit pro syntézu finalnich sloucenin. VSechny konecné slouceniny byly
analyzovany 'H a >*C-NMR spektroskopii, IR spektroskopii a stanovenim teploty tani. Ze 14
findlnich sloucenin bylo nakonec sedm testovano na aktivitu in vitro proti péti
mykobakteridlnim kmeniim. Celkové pét ze sedmi testovanych sloucenin vykazalo mirnou az
sttedni antimykobakterialni aktivitu proti nékterym mykobakterialnim kmenim. Kromé toho
bylo provedeno in silico molekulové dokovani malé¢ knihovny virtualné ptipravenych liganda
za ucelem identifikace novych potencialnich kandidati pro cileni na mtProRS. Celkovy
vysledek této experimentidlni studie povzbuzuje/podporuje dalSi zkoumani novée
identifikovanych potencidlnich kandidath na vyvoj novych antimykobakteridlnich 1€¢iv se

zlepSenou selektivitou vii¢i mykobakteriim a niZsi toxicitou pro clovéka.



AIM OF WORK

In this work, we aim to design, synthesize, and test two series of compounds including cyclized
(pyrazine-oxazinone) and pyrazine-carboxamide derivatives as potentially active
antimycobacterial agents (refer to Figure 1). Final structures contained the pyrazine core, the
aromatic nucleus of the structurally simple, first-line anti-tubercular, pyrazinamide. The unclear
mechanism of action of pyrazinamide and its many proposed molecular targets inspired us to
further develop analogues with specific structural modifications toward two interesting targets,
PanD (aspartate decarboxylase) and ProRS (prolyl-tRNA synthetase). We prepare common
intermediates for both end targets. The general structure for PanD inhibition activity was
inspired by the work of Ragunathan et al where they attached a bulky naphthamido group at
the 3 position of pyrazine core, refer to the structure A in Figure 1.! On the other hand, the
general structure for prolyl-tRNA synthetase inhibition activity was based on Adachi ligand, 3-
(cyclohexanecarboxamido)-N-(2,3-dihydro-1H-inden-2-yl)pyrazine-2-carboxamide, which is
the confirmed inhibitor of the human homolog of the enzyme (refer to structure B in Figure 1).2
Moreover we manually prepare a database of ligands for docking into mtProRS. As the
importance of second and fourth position substituents for targeting the mycobacteria was
demonstrated by our research group, the prepared database of ligands are typically substituted
with short alkyl or halogen at position 2’ or/and 4’ with few exceptions which are substituted

at position 3’ of the phenyl ring.>*
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Figure 1. General structure for PanD inhibition indicated by red colour on the left.
General structure for ProRS inhibition indicated by blue colour on the right.



1. INTRODUCTION

1.1. Tuberculosis

Tuberculosis (TB) is a contagious disease transmitted when an infected person releases
infectious droplets into the air by coughing or sneezing.> ¢ TB is caused by the rod-shaped
Mycobacterium tuberculosis (Mtb). Individuals who are exposed to Mtbh may develop either
primary active disease or latent infection, which is clinically asymptomatic and may progress
to active disease when the immune system gets compromised.” TB commonly affects the lungs,
however, it can also affect other organs, such as pleura, lymph nodes, bones, joints, or
urogenital tract which in that case is referred to as extrapulmonary TB. The latter form of TB
accounts for 15% of all TB cases and is more challenging to diagnose and treat.®!° Classical
symptoms of TB includes fever, productive cough, and weight loss, among others.” The
pathophysiology of TB is complex, involving several immune system responses. The most

important TB infection hallmarks are summarized in Figure 2 below.!!
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Figure 2. Pathophysiology of pulmonary TB. Taken from a publication !!

Available anti-tubercular agents are divided into first- and second-line. Agents and their
mechanism of action are summarized in Table 1. Treatment-susceptible TB is treated by giving

the four first-line agents together for a period of two months, which is known as the induction



phase, and then treatment is continued for another four months with isoniazid and rifampicin,
which is known as the continuation phase, the second line agents are reserved for treatment-
resistant TB cases. Other less effective drugs are also classified as second-line agents. The

lengthy, complex treatment of TB results in poor adherence to treatment as a consequence, the

emergence of antimicrobial resistance.® > 13

Table 1. First- and second-line anti-tubercular drugs, their chemical structures, and
mechanism of action.® % 1415
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Our design rationale is based on the first-line anti-tubercular agent pyrazinamide (PZA).
Structurally, PZA is a nicotinamide analogue. It has been used in therapy since 1952. It plays a
vital role in TB treatment regimen as it shortens the course of drug-sensitive TB treatment from
9 to 6 months due to the unique sterilizing activity against semi-dormant, non-replicating
mycobacteria.'® 7 Despite its long-term availability in the market, PZA still attracts research

interest due to its ambiguous mode of action. Several theories have been proposed regarding



how PZA exerts its antimycobacterial activity. Interestingly, the antimycobacterial activity of
pyrazinamide was first evaluated in infected animals, and it was found that pyrazinamide
possesses a potent activity in vivo. '8 On the contrary, no activity was observed after testing in
a standard mycobacterial culture medium of Mtb at near neutral pH. Further studies
demonstrated that the culture medium is needed to be mildly acidic (pH of 5.8) for PZA to
inhibit the growth of Mtb.!® It is confirmed that pyrazinamide acts as a pro-drug that is
converted to its biologically active form, pyrazinoic acid, by the enzyme
pyrazinamidase/nicotinamidase coded by the pncA gene. Mutations in pncA gene are most
commonly associated with resistance to pyrazinamide. It was believed that pyrazinamide is
active only at acidic pH based on the old theories suggesting that pyrazinamide shows improved
activity in acidic media thus TB lung lesions are acidic, the first proposed mechanism of action
for pyrazinamide was based on an ionophore model. This model describes PZA as a prodrug
that enters Mtb by passive diffusion across the cellular envelope to the cytoplasm (pH 7.2),
where it is converted to its biologically active metabolite POA (pKa of 2.9) by the catalytic
activity of enzyme PZase.'® !° Following exposure to an acidic environment such as activated
phagosome or acidified culture medium, POA becomes protonated and subsequently shuttles
protons from the extracellular acidic environment into the bacilli which consequently result in
collapse of membrane energetics and cytoplasmic acidification due to accumulation of
protons.'® However, this mode of action has been challenged by recent findings about inhibitory
effect of PZA and POA on the growth of Mtb at neutral pH, suggesting that acidic pH is not
strictly associated with antimycobaacterial activity of the drug.'® Moreover, TB lesions are not
necessarily of acidic character, however, they are present with various range of pH from acidic
to alkaline. Subsequent studies demonstrated that, even under near-neutral culture conditions
the improved PZA activity could be achieved in the presence of other factors including pncA
overexpression (that is, overexpression of the activating enzyme), inhibition of efflux pumps to
prevent POA export from the bacilli, exposure of bacilli to conditions such as alkaline pH, low
temperature, nutrient limitation, and hypoxia.'®2° Worth mentioning that, POA does not cause
rapid collapse of membrane potential or cytoplasmic acidification in Mtb unlike bona fide
ionophores, such as carbonyl cyanide m-chlorophenyl hydrazine.?!' It was proved that in order
for POA to achieve its MIC, it must be available at much higher concentrations in the
cytoplasm. According to experimental data, POA failed to alter the membrane potential of Mtb
in the medium at pH 5.8 over the period that was evaluated even at concentrations 10-fold above

the MIC.'¢



According to the fact that PZA/POA is also active at neutral pH and that TB lung lesions are
not necessarily acidic, it was hypothesized that the failure to isolate POA-resistant mutants was
due to the acidic pH used in the selection media. Therefore, there was an attempt to recover
PZA/POA-resistant mycobacteria on neutral pH agar. Moreover, results from whole genome
sequencing revealed missense mutations in the gene the aspartate decarboxylase PanD, which
is involved in the biosynthesis of the essential cofactor Coenzyme A. PanD catalyses the
decarboxylation of L-aspartate to B-alanine, which is the rate-limiting step in this pathway.?!"?3
Recent findings suggest the vulnerability of this pathway both in vitro and in vivo therefore it

could be considered a promising approach to target this cofactor synthesis pathway via

inhibition of PanD activity by novel therapeutic agents.?!

Pyrazinamide interferes with the function of different targets that are involved in various
cellular processes in mycobacteria, such as energy production, trans-translation (via
interference with small ribosomal protein S1 ((RpsA) and metabolic pathways

[pantothenate/coenzyme A (PanD)] which are essential for survival of the pathogen.!® 18

1.2. Aspartate decarboxylase (PanD)

Amino acid biosynthesis is essential for the survival and pathogenesis of Mtb. Therefore, one
of the approaches applied in antibacterial drug discovery is targeting metabolic processes that
are ideally specific for the pathogen. Aspartate decarboxylase is an enzyme responsible for
catalyzing the conversion of L-aspartate to B-alanine, which subsequently is utilized as a
precursor for the synthesis of pantothenate (commonly known as vitamin B5). Pantothenate is
an essential cofactor involved in many critical metabolic processes, such as fatty acid synthesis
and ATP production. In addition, pantothenate is required for the synthesis of coenzyme A
(CoA), which is involved in the metabolism of fats, carbohydrates, and proteins, essential for
energy production. The latter biosynthetic pathway represents an interesting target for
antibacterial drug discovery as pantothenate is not synthesized de novo by humans.?* > POA
interferes with CoA biosynthesis by blocking PanD-mediated conversion of aspartate to f3-
Ala.?% Interestingly, POA has a dual on-target mechanism. In addition to acting as a very weak
inhibitor of PanD’s enzymatic activity, binding of POA to PanD promotes the degradation of
the protein by the caseinolytic protease complex ClpC1-ClpP.?*?7 ClpC1 is an unfoldase that
recognizes proteins containing various C-terminal tags and delivers these proteins for
degradation to the ClpP protease. The ClpCI1-ClpP complex is responsible for proteome

housekeeping and regulation of the protein level of certain proteins.?® Taken together,



mechanism of action studies suggest that POA may act as a bacterial target ‘degrader’, and thus

PZA to be the first antibacterial to act as a selective target degrader.?® 3°

However, it must be noted that Mtb strains lacking panD gene are still susceptible to PZA,
suggesting that aspartate decarboxylase is not the only molecular target for PZA.?! This is
elucidated by recent studies on PZA/POA-resistant mycobacteria which are recovered on
neutral pH agar. Whole-genome sequencing demonstrated missense mutations in PanD.
Interestingly, the frequency of panD polymorphisms in clinical isolates is low, although the
reason for this is still not clear. Missense mutations in the Coenzyme A biosynthetic pathway
gene PanD encoding Aspartate Decarboxylase cause PZA resistance in vitro and in vivo
showing that cenzyme A biosynthesis is essential in Mtb both in vitro and in vivo.*? Therefore,
resistance caused by missense mutations in PanD would then be due to a lack of drug binding.
Indeed, outcomes of biophysical analyses demonstrated that POA could bind to recombinant
wild-type PanD but not proteins containing POA-resistance mutations. Last but not least, panD

poly-morphisms associated with PZA resistance are rare in clinical isolates of Mtb.?!
1.2.1. Derivatives of 3-amino-POA as inhibitors of PanD

Recent available studies reporting the design and synthesis of 3-amino-POA analogues as
inhibitors of Mtb PanD, refer to Figure 3. Enzymatic activity was assessed by B-Ala production
evaluation. Their best inhibitor was 3-(1-naphthamido)pyrazine-2-carboxylic acid (bearing the
bulky naphtamido moiety). The latter inhibitor had 1000-fold increase in enzymatic inhibition
compared to POA, and moderate improvement in anti-mycobacterial activity, approximately 4-
folds when compared to POA against M. bovis BCG, which is an attenuated variant of Mtb.

Such analogues inhibit PanD via one on-target mechanism, which is enzymatic inhibition.'
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Figure 3. The chemical structure of 3-(1-naphthamido)pyrazine-2-carboxylic acid, the best
inhibitor of Mtb PanD reported by Ragunathan et al and its mechanism of action.

As mentioned earlier in the Aim of the work section, we designed our final products containing
cyclized derivatives of pyrazine pharmacophore. These cyclized derivatives contain a fused
lactone ring to the pyrazine that could potentially act as prodrugs which are depicted below in
Figure 4. We hypothesized that our newly synthesized compounds which may get cleaved
metabolically to produce the pyrazinoic acid derivatives may exhibit a similar structure skeleton

to the reference molecules that in return can potentially inhibit mycobacterial PanD'.
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Figure 4. Demonstration of R substituted pyrazine-oxazinone derivatives.



1.3. Aminoacyl-tRNA synthetases

Protein synthesis has always been an important target for antimicrobial drugs. The aim of drug
discovery is to design agents that affect different stages in the process of protein synthesis.
Aminoacyl-tRNA synthetases (aaRSs) are a class of enzymes belonging to the adenylate-
forming enzyme group responsible for maintaining the fidelity of protein synthesis by pairing
the amino acids to their related tRNA in an ATP-dependent manner. In other words, they charge
tRNA with the related aa. The charged tRNA is subsequently utilized at ribosome during the
process of translation.>** the role of aaRSs is not limited only to translation; they get involved
in different processes such as proofreading of mature tRNA, transcriptional regulations,
mitochondrial RNA cleavage, cytokine-like activities, and biosynthesis of alarmones (bacterial
second messengers vital for surviving stress conditions). aaRSs could be targeted for the
treatment of multiple human diseases as they are involved in various physiological and
pathological processes including post-translational modifications, autoimmune diseases,
angiogenesis, fibrosis, and neuromuscular disorders.* 3¢ Moreover they could be targeted in
various inflammatory diseases including lung cancer, breast cancer, and ovarian cancer that are
associated with overexpression and higher catalytic activity of a particular aaRSs.>” Apart from
human-related disease, the aaRSs have been known as perspective targets for the treatment of
various infectious diseases including protozoal, fungal, parasites, and bacterial infections. The
divergence between prokaryotic and eukaryotic cytoplasmic aaRS offers the possibility to
design selective inhibitors.>**® Therefore recently various types of aaRSs inhibitors have been
found such as substrate mimetics, Trojan horses, induced-fit inhibitors, and reaction hijacking
inhibitors.>*3% 40 Sequence similarities and conserved binding motifs allow the design of multi-
target inhibitors, especially for aaRSs within the same subclass. As an example, we can mention
L-Cys:mycothiol ligase (MshC), which is inhibited by inhibitors of MetRS. Except for
oxaboroles targeting the editing site of MtLeuRS, the reported inhibitors of mycobacterial
aaRSs bind to the catalytic site (ATP- binding site, aminoacyl-binding site, or both. The aim is
to design compounds by a combination of an ATP (or adenine) mimicking fragment with
improved pharmacokinetic properties and an aminoacyl mimicking fragment with affinity to
one or more aaRSs and at the same time making use of the (often subtle) interspecies differences
between aaRSs to achieve selectivity.>> Recently various compounds have been extensively
investigated for targeting various aaRSs. Obafluorine is a natural product, that has been reported

as a novel covalent inhibitor of bacterial threonyl-tRNA synthetase (ThrRS).*!
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2-(quinolin-2-ylsulfanyl)-acetamide scaffold

Among more recent advancements in antimicrobial research, it is worth to mention 2-(quinolin-
2-ylsulfanyl)-acetamide scaffold which has been discovered as a potential dual-target inhibitor
of aaRSs for the treatment of tuberculosis.*> Among boron-based compounds (benzaoxaboreles
e.g. tavaborole) targeting leucyl-tRNA synthetase (LeuRS), including an antibiotic that recently
has successfully passed phase II clinical trials as a potential therapeutic agent for the treatment
of tuberculosis. Interestingly it was found that benzoxaboroles do not bind directly to their
target LeuRS, instead they are prodrugs that enable their activation by forming a reversible
LeuRS inhibition adduct with AMP, ATP, or the terminal adenosine of the tRNAM"#
Currently, there are three inhibitors of various aaRS in therapy including mupirocin as a
competitive inhibitor of bacterial isoleucyl-tRNA synthetase (IleRS) which has been used for
the treatment of skin infection,** tavaborole (AN2690) is a benzoxaborole derivative act as an
irreversible inhibitor of fungal leucyl-tRNA synthetase (LeuRS) approved for the treatment of
onychomycosis, and halofuginone as a non-competitive inhibitor of protozoal prolyl-tRNA
synthetase (ProRS) in p.falciparum.*> *> Moreover halofuginone is indicated for the treatment

of scleroderma as an orphan drug approved by FDA 4

1.4. Prolyl-tRNA Synthetase

In the antimycobacterial research, the potential of aaRSs inhibitors has been rather undervalued.
The most studied aaRSs in mycobacteria spc. is LeuRS with at least four structural types of
inhibitors, followed by AspRS and TyrRS. Lately, Prolyl-tRNA synthetase (ProRS) has been

extensively investigated by our search group as potential target for the development of novel



antimycobacterial drugs.>* Prolyl-tRNA synthetase (ProRS) is responsible for catalyzing the
synthesis of prolyl-tRNA® utilizing ATP, L-proline, and tRNAP™ as a substrate which could
be done by a two-step reaction. The initial step involved the formation of enzyme-bound prolyl-
adenylate complex (Pro-AMP) and pyrophosphate (PP;) in the presence of ATP. The later step
of the reaction is done by transferring the activated amino acid to the 3'-end of tRNAP™, forming
aminoacylated tRNA (Pro-tRNAP™).34 3% 40 Halofuginone as a confirmed ProRS inhibitor
occupies both the proline (Pro) and the 3'-end of related tRNA binding sites in an ATP-
dependent manner. Halofuginone has shown to have anti-fibrosis and anti-tumor activities in
addition to its brilliant antimalarial activity.> 4" *® According to recently available
investigations, many hsProRS inhibitors are identified based on pyrazinamide pharmacophore
among which there is an ATP-competitive inhibitor that works in a proline-dependent fashion.?
Moreover a novel series of pyrazinamide ProRS inhibitors have been discovered by our
research group. The outcome of this study was finding of a novel drug-like ProRS inhibitor
with a unique binding mode to hsProRS in proline-dependent manner. This latter inhibitor was
effective in a cellular context, Thus, the series of ProRS inhibitors are considered to be a

forward step for development with differentiation from earlier mentioned halofuginone.*

It is worth mentioning that recent studies demonstrated upregulation of EPRS in hepatocellular
carcinoma which is associated with enhanced proliferation of cancer cells. Glutamyl-prolyl-
tRNA synthetase (EPRS) is a dual-function enzyme responsible for catalysing the formation of
charged glutamyl-tRNA and prolyl-tRNA in the cytoplasm. The human ProRS (hsProRS)
activity is located at the C-terminal region of this protein and inhibition of this enzyme has been
recognized as a promising approach for the treatment of hsProRS -related diseases. Therefore
recently, a novel ATP-competitive ProRS inhibitor has been synthesized as a potential

therapeutic agent for the treatment of multiple myeloma.
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This latter inhibitor known as NCP26 contains pyrazinamide scaffold as the main structural

feature and interestingly possess high structural similarity to Adachi ligand which is the



confirmed inhibitor of hsProRS.*>>° Moreover, among recent advancements in treatment of
fibrosis, is worth mentioning the development of a novel prolyl-tRNA synthetase inhibitor,
Bersiporicin (DWN12088) which is under clinical evaluation for the treatment of idiopathic

pulmonary fibrosis.”!

1.4.1. Derivatives of 3-amino-PZA as inhibitors of ProRS

Derivatives of 3-aminopyrazine-2-carboxamide with simple substituents were prepared
previously by our research group, refer to Figure 5. The design was based on Adachi ligand,
which is the confirmed ATP-competitive inhibitor of human prolyl-tRNA synthetase
(hsProRS). Adachi ligand binds to the ATP site of the enzyme in the presence of L-proline,
mimicking the interactions of the adenine core. The binding affinity of the synthesized
derivatives toward hsProRS was evaluated by Thermal shift assay and crystallographic studies.
It was concluded that 2’-substitution of such structures favors halogen atoms particularly

chlorine (Cl) or/and short alkyl substituents such as methyl. 2

N el s v e,

N” “NH NH CI N NH
(0]
Adachi 14a 14b
MIC Mtb H37Rv = 62.5 ug/ml 14a: MIC Mtb H37Rv > 100 pg/ml

14b: MIC Mtb H37Rv = 1.56 pg/ml

Figure 5. Derivatives of 3-amino-PZA (14a, 14b compound numbers from the article)®* and
reference compound of Adachi, and their antimycobacterial activity.

Available experimental data by our research group demonstrated that newly synthesized
derivatives with 2’-substitution on benzene ring could also bind to hsProRS. which is very well
confirmed according to the results from thermal shift assay and picture from crystallographic
studies. The overlay of simplified derivatives of 3-aminopyrazine-2-carboxamide with Adachi
ligand in the active site of the enzyme is very well depicted in Figure 6, although the affinity is
weaker in comparison to Adachi ligand.> The weaker affinity could have been due to the

missing carbonyl oxygen (in the 3’-substituent), which is found to be essential for higher



binding affinity toward the enzyme via the formation of strong hydrogen bond interaction

between the carbonyl oxygen and hydrogen of Thr of the enzyme as depicted in Figure 6.3

Figure 6. Overlay of Adachi hsProRS inhibitor (white carbons) with in-house 2’-sbustituted
derivatives of 3-aminopyrazine-2-carboxamide, in hsProRS.*

Figure 7. 2D ligand-protein interaction diagram demonstrating the confirmed
hsProRS inhibitor and importance of carbonyl oxygen interaction with threonyl (Thr1276) for
binding to hsProRS.

As aresult of experimental studies, it was found that derivatives with 2’-substitution on phenyl
ring with short alkyl or halogen possess no anti-mycobacterial activity, however, the 4’-
substituted derivatives possess moderate in vitro activity against mycobacteria but no binding
affinity to hsProRS. This could justify the distinction between the structure of human and

mycobacterial protein. Therefore 4’-substituted derivatives could potentially bind to mtProRS.



For this reason, the structure is further optimized by the synthesis of repurposed compounds
with carbonyl oxygen similarly as reference hsProRS inhibitor (Adachi) to improve the binding
affinity towards ProRS by preserving the carbonyl group in the structure and also substitution
at position 4> with short alkyl particularly methyl or halogen to maintain potential
antimycobacterial activity. Despite that target studies are still not available, but one of the best
previously studied compounds showing promising activity against mycobacteria is compound
15 (numbering in the original publication) from the article which is depicted below in Figure 8.

This latter compound shows interaction with the homology model of mtProRS and will be

7

subjected to further studies and evaluation.??
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Figure 8. Compound 15 docked (induced fit docking) into the homology model of mtProRS.

A — Ligand-receptor interactions in 3D.3

Based on recently available results from experimental studies, my diploma thesis was focused
on the synthesis of another group of compounds from the same series with a hybrid structure of
2 previously described derivatives of 3-aminopyrazine-2-carboxamide where the carbonyl
group is preserved and benzene ring is substituted at position 2’ and 4’°, concomitantly to
improve the binding affinity and antimycobacterial activity (refer to Figure 9). The aim is to
synthesize new target compounds with a higher selectivity toward mycobacterial ProRS and in
vitro antimycobacterial activity but lack significant toxicity on human cells (mediated by

interaction with hsProRS).



R!, R*=short alkyl and/or halogen

Figure 9. Newly synthesized derivatives with potentially improved binding affinity while
maintaining antimycobacterial activity.



2. EXPERIMENTAL SECTION

2.1. Instrumentation and General Information

All reagents and solvents (unless stated otherwise) were purchased from Merck (Taufkirchen,
Germany) and used without further purification. Reaction progress and purity of products were
monitored using Silica 60 Fas4 TLC plates (Merck, Darmstadt, Germany). Flash
chromatography of the final compounds was performed on a puriFlash XS420+ (Interchim,
Montlucon, France) with original columns (spherical silica, 30 um) provided by the same
company. The mobile phase was ethyl acetate (EtOAc) in hexane (Hex), gradient elution 0—
100%, and detection was performed by UV-VIS detector at 254 nm and 280 nm. The NMR
spectra were recorded either on a Varian VNMR S500 (Varian, Palo Alto, CA, USA) at 500
MHz for 'H and 126 MHz for *C or on a Jeol INM-ECZ600R at 600 MHz for 'H and 151 MHz
for 1*C. The spectra were recorded in DMSO-ds or CDCI; at ambient temperature. The chemical
shifts reported as & values in ppm are indirectly referenced to tetramethylsilane (TMS) via the
solvent signal (2.49 for 'H and 39.7 for *C in DMSO-ds; 7.26 for 'H and 77.2 for '3C in
CDCI3). IR spectra were recorded on a NICOLET 6700 FT-IR spectrophotometer (Nicolet,
Madison, WI, USA) using the ATR-Ge method. Elemental analysis was done on a Vario
MICRO cube Element Analyzer (Elementar Analysensysteme, Hanau, Germany) with values
given as a percentage. The purity of the newly synthesized compounds with Fluorine atoms was
measured using a Shimadzu LC20 chromatograph (Shimadzu, Kyoto, Japan) coupled with a
PDA detector (SPD-M20A) on the ZORBAX ECLIPSE XDB - C18 (3.0 x 50 mm, 1.8 pm,
Agilent Technologies, U.S.A) column using an acetonitrile/water mobile phase mixture in
gradient mode. Data were processed using LabSolutions software (v. 5.92, Shimadzu, Kyoto,
Japan). The stock solution of each compound (1.0 mg/mL) was prepared by dissolving the
appropriate amount in methanol. Working solutions were prepared by diluting the stock
solutions with the acetonitrile/water mixture (1:1, v/v) to a concentration of 50 pg/mL. The PDA
detector acquired spectra from 190 to 380 nm, and a wavelength of 260 nm was employed for
purity evaluation. Yields are given in percentage and refer to the amount of pure product after
all purification steps. Melting points were determined in open capillary on a Stuart SMP30

melting point apparatus (Bibby Scientific Limited, Staffordshire, UK) and are uncorrected.

LogP values were calculated using ChemDraw v20.0. (PerkinElmer Informatics, Waltham,
MA, USA). In silico calculations were performed in Molecular Operating Environment (MOE)
2022.02 (Chemical Computing Group Inc., Montreal, QC, Canada) under Amberl0:EHT
forcefield.



2.2. Chemistry
2.2.1. Synthesis of Substituted 3-benzamidopyrazine-2-carboxylates

(Intermediate esters)
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Scheme 1. Synthetic procedures for preparation of common intermediate.
(a) ACN solvent; Pyridine as Base; 70 °C; 24 h
(b) Hydrazine hydrate; THF solvent; Isopropanol as catalyst; Reflux for 1 h

Step 1: Acylation of Methyl 3-Aminopyrazine-2-Carboxylate

4 mmol (613 mg) of starting material (methyl 3-aminopyrazine-2-carboxylate; was weighed in
a round bottom flask and dispersed in 20 mL of acetonitrile (ACN). The reaction mixture was
stirred at room temperature for 5 min, and then 2.5 eq (0.8 mL) of anhydrous pyridine was
added as a base. The reaction mixture was stirred for another 5 min and 2.2 eq of corresponding
acyl chloride was added dropwise. The reaction temperature was increased to 70 °C and
refluxed for 24 h. Reaction progress was checked on TLC using 1:1 Hex;EtOAc as mobile
phase. Once the reaction was complete with full consumption of the starting material, the
solvent was evaporated under reduced pressure. The crude reaction mixture of diacylated
(undesired product) and monoacylated (desired product) products was obtained. Both
diacylated and monoacylated products were purified by automated flash chromatography using
EtOAc in Hex as eluent. After purification, both the diacylated and monoacylated products were
separated into two fractions in two different round bottom flasks for evaporation of the residual
solvents of the mobile phase by rotary evaporator under reduced pressure. After evaporation,
pure diacylated and monoacylated products were obtained. The typical yield of this reaction for
the variously substituted diacylated product was 80-90% however the typical yield of this

reaction for the synthesis of variously substituted monoacylated product was 0-30%.



Step 2: Reduction of diacylated side-product to mono-acylated product
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Scheme 2. Synthesis of 3-benzamidopyrazine-2-carboxylates by reduction of a diacylated
side-product.
(b) Hydrazine hydrate; THF solvent; Isopropanol as catalyst; Reflux for 1 h

The conversion of diacylated (undesired product) to monoacylated (desired) product was
carried out by a reduction reaction. Into a round bottom flask containing 10 mL of
tetrahydrofuran (THF), 1 mmol of diacylated product was added and heated to reflux; then 3
mL of isopropanol was added as a catalyst which was followed by the addition of 1 mL (1leq)
of 1M hydrazine hydrate in THF. The reaction mixture was refluxed for 1h. Once the reaction
was complete, the solvent was evaporated, and the final product was dispersed in water. A few
drops of sulphuric acid were added to the water for acidification and the product was extracted
to EtOAc using a separatory funnel. The typical yield of this reduction reaction to monoacylated

intermediate was 80—90%.

2.2.2. Synthesis of Pyrazine-oxazinone derivatives (Final compounds)

Cyclisation of Intermediate esters
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Scheme 3. Synthesis of cyclized derivatives from intermediate esters.
(c) Anhyd. toluene as solvent; triethylamine as base; 80 °C upto 6 h;
1,2-dibromotetrachloroethane; triphenylphosphine



I mmol of the monoacylated intermediate (substituted methyl 3-benzamidopyrazine-2-
carboxylate, 153 mg) was weighed and added into a 50 ml round bottom flask containing 15ml
of anhydrous toluene as a solvent. The sample mixture with a magnetic stir bar was placed on
a magnetic stirrer device at room temperature. 1.1 equivalent of triphenylphosphine (288 mg)
was weighed and added to the reaction mixture followed by 3.0 equivalent (300 uL) of
triethylamine was added and the reaction mixture was heated up to 80 °C under condenser with
continuous stirring. After 10 min, 1.1 equivalent of 1,2-dibromotetrachloroethane (358 mg) was
weighed and dissolved in a few mL of toluene in a separate flask and subsequently added
dropwise to the reaction mixture. The reaction mixture was constantly stirred for 5 to 6 hours
at 80 °C. Once the reaction was complete, the reaction mixture was filtered to remove the
triethylammonium chloride residues. Afterwards, the solvent used during the reaction was
evaporated from the reaction mixture by rotavapor under reduced pressure. The solid precipitate
was obtained following evaporation which was subsequently washed off with ethanol (EtOH)
and transferred to a beaker containing acetonitrile (ACN) as a solvent for recrystallization to
remove trace impurities from the final product. The mixture was heated up to boiling
temperature. Once the precipitate fully dissolved in ACN, the mixture was cooled down and

filtration was followed. After filtration pure crystals were obtained of final yield was 10-30%.

2.2.3. Synthesis of 3-benzamidopyrazine-2-carboxamide derivatives (Final

compounds)

Acylation of 3-Aminopyrazine-2-carboxamide
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Scheme 4. Synthesis of 3-benzamidopyrazine-2-carboxamide derivatives.
(d) ACN solvent; Pyridine as Base; 50 °C; 24 h

In a dry round bottom flask, 3 mmol of starting material (3-aminopyrazine-2-carboxamide) was
weighed. Afterwards, 10 ml of ACN was added as a solvent to dissolve the starting material. 1
ml of pyridine was added as a base to the reaction mixture. The reaction mixture was stirred
constantly for 10 minutes at room temperature. After running the reaction for 10 min, 2.2 eq.

of substituted benzoyl chloride was added to the reaction mixture. The reaction mixture was



heated up to 50 °C and maintained for 24h under constant stirring. Reaction progress was
checked under TLC using 1:1 Hex; EtOAc. After full consumption of the starting material, the
solvent present in the reaction mixture was evaporated under reduced pressure using a rotary
evaporator. Following evaporation, a crude reaction mixture was obtained. The crude reaction
mixture was purified by flash chromatography using 1:1 Hex; EtOAc as gradient mobile phase.

The yield of this reaction was typically 60—80% across variously substituted derivatives.

2.3. Biological Assays

2.3.1. In Vitro biological evaluation on Mycobacterium species

Microdilution assay (Microplate Alamar Blue Assay (MABA)) was performed as described in our
group’s publication.’ The initial antimycobacterial assay was performed with fast-growing
Mycolicibacterium smegmatis DSM 43465 (ATCC 607), Mycolicibacterium aurum DSM
43999 (ATCC 23366); non-tuberculous (atypical) mycobacteria, namely Mycobacterium
avium DSM 44,156 (ATCC 25291) and Mycobacterium kansasii DSM 44,162 (ATCC 12478),
from German Collection of Microorganisms and Cell Cultures (Braunschweig, Germany) and
with the virulent strain of Mycobacterium tuberculosis H37Ra ITM-M006710 (ATCC 9431)
from Belgian Coordinated Collections of Microorganisms (Antwerp, Belgium) also according
to the method published®®. The technique used for activity determination was microdilution

broth panel method using 96-well microtiter plates.

The cultivation medium was Middlebrook 7H9 broth (Merck, Steinheim, Germany) enriched
with 0.4% of glycerol (Merck, Steinheim, Germany) and 10% of Middlebrook OADC growth
supplement (Himedia, Mumbai, India). Mycobacterial strains were cultured on Middlebrook
7TH9 agar and suspensions were prepared in Middlebrook 7H9 broth. Final density was adjusted
to value 1.0 according to McFarland scale and diluted in a ratio 1:20 (for fast-growing
mycobacteria) or 1:10 (for M. tuberculosis) with broth. Tested compounds were dissolved in
DMSO (Merck, Steinheim, Germany) then Middlebrook broth was added to obtain a
concentration of 2000 pg/mL. Standards used for activity determination were isoniazid (INH),
rifampicin (RIF) and ciprofloxacin (CIP) (Merck, Steinheim, Germany). Final concentrations
were reached by binary dilution and addition of mycobacterial suspension and were set as 500,
250, 125, 62.5, 31.25, 15.625, 7.81 and 3.91 pg/mL. Isoniazid was diluted in the range of 500—
3.91 pg/mL for screening against fast-growing mycobacteria and in the range of 1-0.0078
pg/mL for screening against M. tuberculosis. Rifampicin final concentrations ranged from 50
to 0.39 ug/mL for fast-growing mycobacteria and from 1 to 0.0078 pg/mL for M. tuberculosis.

Ciprofloxacin was used for screening antimycobacterial activity with the final concentrations



1-0.0078 pg/mL. The final concentration of DMSO did not exceed 2.5% (v/v) and did not affect
the growth of M. smegmatis, M. aurum or M. tuberculosis. Positive (broth, DMSO, bacteria)
and negative (broth, DMSO) growth controls were included. Plates were sealed with polyester
adhesive film and incubated in dark at 37 °C without agitation. The 0.01% solution of resazurin
sodium salt was added after 48 hours of incubation for M. smegmatis, after 72 hours of
incubation for M. aurum, after 96 h of incubation for M. avium and M. kansasii, and after 120
hours of incubation for M. tuberculosis, respectively. After the addition of the dye, the
microtitration plates were further incubated for 2.5 hours for M. smegmatis, 4 hours for M.
aurum, 5-6 h for M. avium and M. kansasii, and 18 hours for M. tuberculosis before the activity
was determined. The antimycobacterial activity was expressed as minimum inhibitory
concentration (MIC) and the value was read based on stain color change (blue color — inhibition

of growth; pink color — growth). All experiments were conducted in duplicate.



2.4. MONOGRAPHS OF FINAL COMPOUNDS

Compound 1

Chemical structure:

Laboratory Code: 4-Me LAC

Chemical Name: 2-(p-tolyl)-4H-pyrazino[2,3-d][1,3]oxazin-4-one
Chemical Formula: C;3HoN3O»

Molecular weight: 239.23 g/mol

*Yield: 24%; 57 mg

Appearance: white, solid

m.p.: Not determined

'H NMR: (600 MHz, CDCls) § 8.97 (d, J = 2.1 Hz, 1H, PzH), 8.82 (d, J = 2.1 Hz, 1H, PzH),
8.49 —8.17 (m, 2H, ArH), 7.45 — 7.31 (m, 2H, ArH), 2.47 (s, 3H, CHs).

I3C NMR: (151 MHz, CDCls) 8 161.64, 157.49, 155.15, 151.57, 145.65, 145.49, 130.47,
129.99, 129.60, 126.14, 22.00.

Elemental analysis:
Theoretical: C, 65.27; H, 3.79; N, 17.56
Experimental: C, 65.20; H, 3.95; N, 17.64

IR (ATR-Ge, cm™): 2922, 1769(C=0, COO0), 1609, 1573, 1557, 1536, 1018



Compound 2

Chemical structure:

Laboratory Code: 4-C1 LAC

Chemical Name: 2-(4-chlorophenyl)-4H-pyrazino[2,3-d][1,3]oxazin-4-one
Chemical Formula: C12HsCIN3O2

Molecular weight: 259.65 g/mol

*Yield: 27%; 70 mg

Appearance: white, solid

m.p.: 277.1-279.6 °C

'H NMR: (600 MHz, DMSO-ds) & 9.06 (d, J= 2.2 Hz, 1H, PzH), 8.90 (d, J=2.2 Hz, 1H, PzH),
8.28-8.23 (m, 2H, ArH), 7.75-7.70 (m, 2H, ArH).

13C NMR: (151 MHz, DMSO-ds) & 158.72, 156.63, 153.64, 150.77, 145.14, 138.34, 130.96,
129.92, 129.00, 128.12

Elemental analysis:
Theoretical: C, 55.51; H, 2.33; Cl, 13.65; N, 16.18
Experimental: C, 55.56; H; 2.57; N; 15.98

IR (ATR-Ge, cm™): 3096, 1770(C=0, COO0), 1611, 1504, 1539, 1489, 1028



Compound 3

Chemical structure:

Laboratory Code: 4-tertBu LAC

Chemical Name: 2-(4-(fert-butyl)phenyl)-4 H-pyrazino[2,3-d][ 1,3 ]Joxazin-4-one
Chemical Formula: C;sHisN3;O»

Molecular weight: 281.32 g/mol

*Yield: 25%; 70 mg

Appearance: white, solid

m.p.: 215.5-218.2 °C

'H NMR: (600 MHz, DMSO-ds) & 9.04 (d, J= 2.2 Hz, 1H, PzH), 8.87 (d, J=2.2 Hz, 1H, PzH),
8.22-8.16 (m, 2H, ArH), 7.71-7.64 (m, 2H, ArH), 1.35 (s, 9H, +-BuH).

13C NMR: (151 MHz, DMSO-ds) & 159.74, 157.53, 156.96, 154.17, 151.03, 145.08, 131.48,
128.47, 126.71, 126.10, 40.06, 34.99, 30.77.

Elemental analysis:
Theoretical: C, 68.31; H, 5.37; N, 14.94
Experimental: C, 68.11; H, 5.14; N, 15.09

IR (ATR-Ge, cm™): 2972, 2876, 1770 (C=0, COO), 1605, 1559, 1540, 1469, 1052



Compound 4
Chemical structure:
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Laboratory Code: 4-MeO LAC

Chemical Name: 2-(4-methoxyphenyl)-4H-pyrazino[2,3-d][1,3]oxazin-4-one
Chemical Formula: Ci;3HoN3;O3

Molecular weight: 255.23 g/mol

*Yield: 23%; 59 mg

Appearance: Yellow, solid

m.p.: 206.1-208.5 °C

'H NMR: (600 MHz, DMSO-ds) 8 9.01 (d, J= 2.4 Hz, 1H, PzH), 8.83 (d, J=2.3 Hz, 1H, PzH),
8.24-8.19 (m, 2H, ArH), 7.20-7.15 (m, 2H, ArH), 3.89 (s, 3H, OCHs).

13C NMR: (151 MHz, DMSO-ds) & 163.69, 159.63, 157.55, 154.34, 151.01, 144.72, 131.18,
130.72, 121.45, 114.71, 55.69.

Elemental analysis:
Theoretical: C, 61.18; H, 3.55; N, 16.46
Experimental: Not determined

IR (ATR-Ge, em™): 2848 (CHz), 1770 (C=0, CONH), 1600, 1530, 1513, 1015



Compound 5
Chemical structure:
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Laboratory Code: 2-F LAC
Chemical Name: 2-(2-fluorophenyl)-4 H-pyrazino[2,3-d][1,3]oxazin-4-one
Chemical Formula: C12HsFN3O>
Molecular weight: 243.20 g/mol
*Yield: 28%; 68 mg
Appearance: White, solid

m.p.: 213.5-215.2 °C

'H NMR: (600 MHz, DMSO-ds) 5 9.07 (d, J = 2.2 Hz, 1H, PzH), 8.92 (d, J=2.2 Hz, 1H, PzH),
8.20-8.12 (m, 1H, ArH), 7.80-7.74 (m, 1H, ArH), 7.51-7.43 (m, 2H, ArH).

13C NMR: (151 MHz, DMSO-ds) 5 160.80 (d, J = 259.4 Hz), 157.63 (d, J = 4.7 Hz), 157.33,
153.77, 151.08, 145.71, 135.58 (d, J= 9.1 Hz), 131.56, 125.06 (d, J = 3.6 Hz), 118.01 (d, J =
8.5 Hz), 117.50 (d, J = 21.7 Hz).

Elemental analysis:
Theoretical: C, 59.27; H, 2.49; F, 7.81; N, 17.28
IR (ATR-Ge, cm™): 3078, 1770(C=0), 1614, 1563, 1537, 1401, 1076

HPLC: 100% pure, 5 to 70% ACN/Water gradient



Compound 6

Chemical structure:
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Laboratory Code: 4-Me E

Chemical Name: methyl 3-(4-methylbenzamido)pyrazine-2-carboxylate
Chemical Formula: C14H13N303

Molecular weight: 271.28 g/mol

*Yield: 80%; 217 mg

Appearance: Beige solid

m.p.: 158.9-161.2 °C

'H NMR: (500 MHz, DMSO-d) 5 11.31 (s, 1H, NHCO), 8.71 (d, J = 2.4 Hz, 1H, PzH), 8.55
(d,J=2.4 Hz, 1H, PzH), 7.96-7.90 (m, 2H, ArH), 7.38-7.32 (m, 2H, ArH), 3.75(s, 3H, OCHs),
2.39 (s, 3H, CHz)

13C NMR: (126 MHz, DMSO-ds) 4 166.00, 164.92, 146.02, 145.20, 142.82, 139.73, 138.44,
130.09, 129.12, 128.16, 52.35, 21.09

Elemental analysis:
Theoretical: C, 61.99; H, 4.83; N, 15.49
Experimental: C, 61.81; H, 4.78; N, 15.41

IR (ATR-Ge, cm™): 3313, 1687 (C=0, CONH), 1579, 1492, 1467, 1441, 1115.



Compound 7

Chemical structure:

Laboratory Code: 2-F E

Chemical Name: Methyl 3-(2-fluorobenzamido)pyrazine-2-carboxylate
Chemical Formula: C13H10FN3O;

Molecular weight: 275.24 g/mol

*Yield: 85%; 234 mg

Appearance: Beige solid

m.p.: 123.2-125.4 °C

'H NMR: (600 MHz, DMSO-ds) & 11.42 (s, 1H, NHCO), 8.70 (d, J = 2.5 Hz, 1H, PzH), 8.57
(d,J=2.5 Hz, 1H, PzH), 7.69 (t, 1H, ArH), 7.66-7.60 (m, 1H, ArH), 7.39-7.33 (m, 2H, ArH),
3.80 (s, 3H, OCHz)

13C NMR: (151 MHz, DMSO-De) § 165.40, 164.09, 159.89 (d, J = 251.2 Hz), 145.95 (d, J =
17.3 Hz), 145.83, 140.73 (dd, J= 24.9, 7.0 Hz), 138.39, 134.23, 130.71 (d, J= 10.2 Hz), 125.18
(d,J=17.0 Hz), 123.35 (d, J = 13.1 Hz), 116.89 (d, J = 19.0 Hz), 53.01.

Elemental analysis:
Theoretical: C, 56.73; H, 3.66; F, 6.90; N, 15.27

IR (ATR-Ge, ecm™): 3254, 1712 (C=0, CONH), 1610, 1506, 1453, 1127.



Compound 8

Chemical structure:

(0]
N\ O/
(-
N NH

Laboratory Code: 4t-butyl E

Chemical name: methyl 3-(4-(tert-butyl)benzamido)pyrazine-2-carboxylate
Chemical Formula: C;7H9N303

Molecular weight: 313.36 g/mol

*Yield: 83%; 260 mg

Appearance: Beige solid

m.p.: 114.3-116.6 °C

'H NMR: (600 MHz, DMSO-ds) & 11.31 (s, 1H, NHCO), 8.71 (d, J = 2.4 Hz, 1H, PzH), 8.55
(d,J=2.4Hz, 1H, PzH), 7.99-7.94 (m, 2H, ArH), 7.59-7.54 (m, 2H, ArH), 3.75 (s, 3H, OCHs),
1.32 (s, 9H, ¢-BuH)

I3C NMR: (151 MHz, DMSO-ds) & 165.94, 164.92, 155.56, 145.99, 145.16, 139.70, 138.39,
130.14, 127.99, 125.38, 52.33, 34.78, 30.85

Elemental analysis:
Theoretical: C, 65.16; H, 6.11; N, 13.41
Experimental: C, 64.79; H, 5.90; N, 13.72

IR (ATR-Ge, cm™): 3298, 2965, 1692(C=0), 1578, 1489, 1443, 1410, 1080



Compound 9

Chemical structure:

(0]
N\ O/
P
N NH

Laboratory Code: 4-C1 E

Chemical name: Methyl 3-(4-Chlorobenzamido)pyrazine-2-carboxylate
Chemical Formula: C;3H10CIN3O3

Molecular weight: 291.04 g/mol

*Yield: 82%; 239 mg

Appearance: Beige solid

m.p.: 172.7-174.9 °C

'H NMR: (500 MHz, CDCl3) § 11.72 (s, 1H, NHCO), 8.71 (d, J = 2.3 Hz, 1H. PzH), 8.45 (d,
J=23Hz, 1H, PzH), 8.02-7.97 (m, 2H, ArH), 7.53-7.49 (m, 2H, ArH), 4.09 (s, 3H, OCH3)

I3C NMR: (126 MHz, CDCls) 8 167.04, 163.35, 150.12, 147.14, 139.09, 138.60, 132.33,
129.22, 129.02, 128.64, 53.77

Elemental analysis:
Theoretical: C, 53.53; H, 3.46; N, 14.41
Experimental: C, 53.84; H, 3.36; N, 14.26

IR (ATR-Ge, cm™): 3206, 2957, 1702(C=0, CONH), 1684, 1596, 1509, 1486, 1455, 1129



Compound 10

Chemical structure:
(0]
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Laboratory Code: 4-MeO E

Chemical name: Methyl 3-(4-methoxybenzamido)pyrazine-2-carboxylate
Chemical Formula: C14H13N304

Molecular weight: 287.28 g/mol

*Yield: 82%; 236 mg

Appearance: White solid

m.p.: 144.5-145.0 °C

'H NMR: (500 MHz, DMSO-ds) & 11.23 (s, 1H, NHCO), 8.70 (d, J = 2.4 Hz, 1H, PzH), 8.53
(d,J=2.4 Hz, 1H, PzH), 8.06-7.99 (m, 2H, ArH), 7.11-7.05 (m, 2H, ArH), 3.85 (s, 3H, OCH3),
3.74 (s, 3H, OCH3).

I3C NMR: (126 MHz, DMSO-ds) & 165.46, 164.93, 162.68, 146.11, 145.10, 139.52, 138.38,
130.20, 124.90, 113.83, 55.51, 52.28.

Elemental analysis:
Theoretical: C, 58.53; H, 4.56; N, 14.63
Experimental: C, 58.00; H, 4.29; N, 14.09

IR (ATR-Ge, em™): 3307, 1704 (C=0, CONH), 1607, 1496, 1443, 1127



Compound 11

Chemical structure:
0 N/\

H
cl Cl H,N” 0

Laboratory Code: 2,4-diCl NH;

Chemical Name: 3-(2,4-dichlorobenzamido)pyrazine-2-carboxamide
Chemical Formula: C;2HsC12N4O>

Molecular weight: 311.12 g/mol

*Yield: 76%; 236 mg

Appearance: white, solid

m.p.: 226-229°C

'H NMR: (600 MHz, DMSO-de) 5 12.24 (s, 1H, NHCO), 8.56 (s, 1H, CONH), 8.55 (d, J=2.4
Hz, 1H, PzH), 8.43 (d, J = 2.4 Hz, 1H, PzH), 8.12 (s, 1H, CONH), 7.76 (d, J = 2.0 Hz, 1H,
ArH), 7.70-7.67 (m, 1H, ArH), 7.58 (dd, J = 8.3, 2.0 Hz, 1H, ArH).

I3C NMR: (151 MHz, DMSO-ds) & 163.69, 159.63, 157.55, 154.34, 151.01, 144.72, 131.18,
130.72, 121.45, 114.71, 55.69.

Elemental analysis:
Theoretical: C, 46.33; H, 2.59; N, 18.01
Experimental: C, 46.33; H, 2.68; N, 18.09

IR (ATR-Ge, cm™): 3392, 3196 (NH2), 1705 (C=0, CONH), 1646, 1622, 1542, 1507, 1120



Compound 12

Chemical structure:
(0]

N

§ ﬁ
~
N NH
O}\O\
CN

Laboratory Code: 4CN NH>

Chemical Name: 3-(4-cyanobenzamido)pyrazine-2-carboxamide
Chemical Formula: C;3HoNsO>

Molecular weight: 267.08 g/mol

*Yield: 69%; 184 mg

Appearance: White, solid

m.p.: 320 °C (carbonation)

'H NMR: (600 MHz, DMSO-ds) 5 12.88 (s, 1H, NHCO), 8.68 (d, J = 2.4 Hz, 1H, PzH), 8.63
(s, 1H, CONH), 8.46 (d, J = 2.4 Hz, 1H, PzH), 8.18 (s, 1H, CONH), 8.12-8.04 (m, 4H, ArH).

I3C NMR: (151 MHz, DMSO-ds) & 168.48, 163.05, 148.90, 146.48, 138.94, 138.75, 133.47,
132.44, 129.65, 128.67, 118.56, 115.23

Elemental analysis:
Theoretical: C, 58.43; H, 3.39; N, 26.21
Experimental: C, 57.72; H, 3.43; N, 25.46

IR (ATR-Ge, cm™): 3368, 3198, 2239 (CN), 1681 (C=0, CONH), 1601, 1516, 1494, 1188



Compound 13
Chemical structure:
O
N
[ X7 "NH,
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N NH F
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F
Laboratory Code: 2,4F NH>

Chemical Name: 3-(2,4-difluorobenzamido)pyrazine-2-carboxamide
Chemical Formula: C;2HgF2N4O»

Molecular weight: 278.22 g/mol

*Yield: 77%; 214 mg

Appearance: Brown Solid

m.p.: 180 °C (Carbonation)

'H NMR: (500 MHz, DMSO-de) § 12.49 (s, 1H, NHCO), 8.64 (d, J = 2.4 Hz, 1H, PzH), 8.57
(s, IH, CONH), 8.44 (d, J= 2.4 Hz, 1H, PzH), 8.12 (s, 1H, CONH), 7.94 (td, J= 8.7, 6.6 Hz,
1H, ArH), 7.70-7.37 (m, 1H, ArH), 7.28 (tdd, J = 8.9, 2.5, 0.8 Hz, 1H, ArH)

13C NMR: (126 MHz, DMSO-ds) 8 167.51, 164.12 (dd, J= 252.4, 12.5 Hz), 159.93 (dd, J =
253.3, 13.0 Hz), 159.90 (d, J = 2.1 Hz), 147.91, 145.63, 137.99, 132.51 (dd, J = 10.6, 3.7 Hz),
131.30, 120.80 — 119.15 (m), 112.32 (dd, J=21.7, 3.6 Hz), 104.86 (t, J = 26.6 Hz)

Elemental analysis:
Theoretical: C, 51.81; H, 2.90; F, 13.66; N, 20.14; O, 11.50
IR: Not determined

HPLC: 99.93% Purity, 5% to 70% ACN/water gradient method.



Compound 14
Chemical structure:
(0]
~
N~ °NH CH,

@)
F

Laboratory Code: 2Me, 4F NH»

Chemical Name: 3-(4-fluoro-2-methylbenzamido)pyrazine-2-carboxamide
Chemical Formula: Ci3H11FN4O2

Molecular weight: 274.26 g/mol

*Yield: 79%; 217 mg

Appearance: Beige Solid

m.p.: 219.1-220.9 °C

'H NMR: (600 MHz, DMSO-de)  12.18 (s, 1H, NHCO), 8.62 (d, J = 2.4 Hz, 1H, PzH), 8.52
(s, 1H, CONH), 8.42 (d, J= 2.4 Hz, 1H, PzH), 8.07 (s, 1H, CONH), 7.68 (dd, J= 8.5, 5.9 Hz,
1H, ArH), 7.24-7.14 (m, 2H, ArH), 2.46 (s, 3H, Me).

13C NMR: (151 MHz, DMSO-de) 8 167.79, 165.44, 162.86 (d, J = 247.8 Hz), 148.17, 145.74,
140.17 (d, J = 8.6 Hz), 137.92, 132.38 (d, J = 3.0 Hz), 132.10, 129.77 (d, J= 9.3 Hz), 117.82
(d,J=21.5Hz), 112.82 (d, J = 21.5 Hz), 19.63

Elemental analysis:
Theoretical: C, 56.93; H, 4.04; F, 6.93; N, 20.43; O, 11.67
IR: Not determined

HPLC: 98.60% purity, 5% to70% ACN/water gradient method.



3. RESULTS AND DISCUSSION
3.1. Chemistry
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Scheme 5. General reaction procedure for synthesis of final compound.
(a) ACN solvent; Pyridine as Base; 70 °C; 24 h
(b) Hydrazine hydrate; THF solvent; Isopropanol as catalyst; Reflux for 1 h
(c) Anhyd. Toluene as solvent; triethylamine as base; 80 °C up to 6 h;
triphenylphosphine; 1,2-dibromotetrachloroethane
(d) ACN solvent; Pyridine as Base; 50 °C; 24 h

Synthesis of intermediate pyrazine carboxylate involves acylation of starting material (methyl
3-aminopyrazine-2-carboxylate) with various substituted benzoyl chlorides. The preparation of
intermediate ester was a challenging step due to low reactivity of starting material at ambient
temperature. Therefore, low reactivity and incomplete consumption of starting material during
the reaction led to subsequent presence of traces of starting material in the acylated product.
Thus, the separation of the desired product was also problematic due to similar retention factors
between the starting material and the desired product. Increasing the temperature was a solution
to achieve higher reactivity. However, by increasing the reactivity, a higher yield of diacylated

side product was obtained in comparison to monoacylated product. However, monoacylated



product was the intermediate compound of interest for the synthesis of target compounds. Thus,
following purification by flash chromatography, an additional step of reduction reaction in the
presence of hydrazine hydrate in THF as solvent was involved for the preparation of
monoacylated intermediate from diacylated products. Synthesis of diacylated product using
procedure B solves the problem with the purification step using chromatographic methods since
the difference in retention factors is considerably higher than in procedure A. Moreover, after
all purification steps, the yield of monoacylated product obtained from the reduction reaction
in procedure B (80-90%) was substantially increased compared to the yield obtained from

procedure A (0-30%).

Cyclization of monoacylated intermediate was achieved with procedure C during which
triphenylphosphine and 1,2-dibromotetrachloroethane reacted with intermediate ester as
starting material in the triethylamine as base and anhyd. toluene as a solvent, under high
temperature up to 80 °C. After complete reaction, residues of triethylammonium chloride were
removed by filtration. Following evaporation of solvent, which was used during the reaction,
the solid precipitate was obtained. Eventually, the solid precipitate was purified by
recrystallization in ACN and gave 10-30% yield of final product.

Synthesis of final amide derivatives involved acylation of 3-aminopyrazine-2-carboxamide
with substituted benzoyl chlorides at 50 °C; unlike the earlier acylation step, this reaction favors
the monoacylated final products. We suppose that the observed tendency for monoacylation
was mainly caused by the lower reaction temperature (50 °C vs previously used 70 °C). The
increased reactivity of the 3-aminopyrazine-2-carboxamide towards acylation might be also
connected with decreased steric hindrance — with unsubstituted carboxamidic moiety being less

bulky in comparison with the methyl carboxylate moiety.



3.2. Biological Evaluation
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Table 2. Summarized antimycobacterial activity of compounds 1-14.

Code R/Ri R2 M M M M Mib
smegmatis | aurum avium | Kansasii | H37Ra
MIC MIC MIC MIC MIC
(ug/mL) | (ug/mL) | (ug/mL) | (ug/mL) | (ug/mL)
1 4-Me _ >125 >125 >125 125 >125
2 4-Cl _ >125 >125 >125 62.5 >125
3 4-tert- _ 250 250 >500 >500 >500
Bu
4 4-MeO _ >500 >500 >500 >500 >500
5 2-F _ >500 >500 >500 >500 >500
6 4-Me _ 62.5 250 250 N.D. N.D.
7 2-F _ >500 >500 N.D. N.D. 250
8 4-tert- _ N.D. N.D. N.D. N.D. N.D.
Bu
9 4-Cl _ N.D. N.D. N.D. N.D. N.D.
10 4-MeO _ >500 >500 N.D. N.D. 250
11 2-Cl 4-Cl 500 >500 250 62.5 >500
12 _ 4-CN >125 >125 >125 >125 >125
13 2-Me 4-F N.D. N.D. N.D. N.D. N.D.
14 2-F 4-F N.D. N.D. N.D. N.D. N.D.
INH _ _ 12.5 0.39 1000 6.25 0.25
RIF 0.125 0.015625 0.78 0.25 0.25

INH - isoniazid; RIF — rifampicin; N.D. - not determined




In total, seven final compounds were tested against five mycobacterial strains, and three out of
five intermediate esters were previously studied and tested against three mycobacterial strains
including virulent strains in Vinod Pallabotula et al.> Among five cyclized derivatives
(pyrazine-oxazinone), compounds 1, 2, and 3 possess mild to moderate antimycobacterial
activity. Compound 2 with chlorine substituent at position 4' has shown moderate
antimycobacterial activity specifically against M. kansasii at MIC = 62.5 pg/mL. Moreover
compound 1 with methyl substituent at position 4' has also shown some mild antimycobacterial
activity against the same mycobacterial strain however at MIC = 125 pg/mL, two times higher
than compound 2. Compound 3 with t-butyl substituent at position 4' has shown mild activity
against M.aurum and M. smegmatis strains at MIC = 250 pg/mL. However, in contrast to
compounds 1 and 2, no activity has been observed against M. kansasii and other mycobacterial
strains. Cyclized derivatives (pyrazine-oxazinone) with substitution at position 4' with short
alkyl particularly methyl or a higher homolog such as t-butyl and halogen have shown mild to
moderate antimycobacterial activity in contrast to their precursors, intermediate methyl esters
which were totally inactive. Currently, available experimental data from biological studies
demonstrate the importance of substitution at position 4' with short alkyl or/and halogen for
antimycobacterial activity as it was previously described by previously published articles.® All
cyclized derivatives will be further subjected to testing for in-vitro metabolic studies for
evaluation of prodrug activity in the biological environment. Furthermore, another series of
compounds with carboxamide moiety were also prepared, among carboxamide derivatives, two
compounds were subjected to biological testing. According to outcomes, compound 11 with Cl
substitution at position 2' and concomitantly 4', has shown moderate activity against M. kansasii
at MIC = 62.5 pg/mL. Moreover, mild activity has also been observed against M. avium at MIC
=250 pg/mL. Whereas in the case of compound 12 possessing CN moiety at position 4', no
significant activity has been observed at measured concentration (MIC = 125 pg/mL) against
any mycobacterial strains. Higher concentrations were not possible to measure due to
precipitation. The importance of substitution at position 4' with halogen particularly CI has been
clearly demonstrated by the interpretation of currently available experimental data and results
from biological studies hand in hand with a recently published article. As it was mentioned
earlier in the above section for Derivatives of 3-amino-PZA as inhibitors of ProRS, one of their
best compounds which has been recently synthesized and biologically tested against
mycobacterial strains possess a Cl substitution at position 4'. This latter compound showed
activity against M. smegmatis and the reference virulent strain M.tuberculosis H37Rv at MIC

=3.91 pg/mL. However, the activity has been lost significantly in the case of Cl substitution at



position 2' in the same series of previously published compounds.®> This could justify the
significance of halogen substitution, especially at position 4' of phenyl ring for compounds
possessing antimycobacterial activity. As it was previously described in the section Derivatives
of 3-amino-PZA as inhibitors of ProRS, the role of second position substituent is to improve
binding affinity in hsProRs according to recent available studies.* Therefore, the synthesis of
compound 11 with CI substitution at positions 2' and 4' was an attempt to improve binding
affinity to the enzyme mtProRS while concomitantly maintaining the antimycobacterial
activity. However, in this case, no activity has been observed against M. smegmatis and the
reference virulent strain M. tuberculosis H37Rv in contrast to the recently synthesized
compound by our research group with a single Cl substituent at position 4'. Unlike compound
13 of a previously published article with a single CI substituent at position 2' of the phenyl ring,
which was completely inactive, mild to moderate activity was observed against M. avium and
M. kansasii in the case of compound 11 with 2,4-diCl substituent.’? Currently, available
biological data and recent experimental studies brings us to the conclusion that overall
antimycobacterial activity has lost significantly in comparison to previously synthesized
carboxamide derivatives possessing Cl substituent solely at position 4'. However higher anti
mycobacterial activity was observed compared to intermediate methyl esters which were almost

completely inactive.’



3.3. In silico Studies

Database of 48 compounds including cyclized (pyrazine-oxazinone), carboxylic acids, methyl
esters, and carboxamide derivatives were prepared manually for docking to mtProRS using
ChemDraw software. All the prepared ligands share a 3-aminopyrazinamide core as a common
structural feature. Ligands were drawn manually in ChemDraw, entitled by their codes, and
SMILES were generated. The generated text file with SMILES was imported into MOE
software and the ligands were prepared using a typical workflow. The dominant protomers were
generated at pH 7, and 3D structures were rebuilt and minimized by employing the Wash utility

in MOE.

The prepared database of ligands was docked into already prepared protein particularly ProRS
of M. tuberculosis (mtProRS). Three-dimensional coordinates of mycobacterial prolyl-tRNA
synthetase (mtProRS) were downloaded from the AlphaFold database (UniProt ID:
POWFT9).>* Since The crystallographic structure of mtProRS (UniProt ID: P9WFT9) is not
available, thus, a homology model constructed by AlphaFold-an artificial intelligence system
developed by DeepMind was used. The main template used to build the model was a bacterial
ProRS from Enterococcus faecalis (pdb id: 2J3L). The overlay of the two structures was used
to manipulate proline (Pro) and adenosine as a substrate and a substrate-like compound,
respectively, into the homology model. The rotamer of Thr111 sidechain was changed to match
the conformation of the corresponding Thr in the template (necessary for the interaction with
Pro substrate). Additionally, the water molecule forming the water bridge between adenosine
N-3 and Ser461 as seen in EfProRS (pdb id: 2J3L). This water bridge often occurs also in other
crystallographic structures of ProRS and participates in the interactions. The importance of this
water molecule was previously confirmed by the Solvent Analysis application using the 3D-
RISM model.> For this reason, water molecule crystallography was kept in the receptor for
docking. Proline was set as a part of the receptor. The pocket was defined as a set of residues
with at least one atom within 4.5 A from the overlayed ligand (adenosine). The resulting system
(mtProRS homology model with Pro, adenosine, one molecule of water, and manipulated
Thr111) was prepared by MOE QuickPrep functionality with default settings, which included
corrections of structural errors, the addition of hydrogens, calculation of partial charges, 3D
optimization of protonation/tautomeric states and H-bond network (Protonate3D) and a
restrained minimization (to RMS gradient of 0.01 kcal.mol™!. A™!. In previous studies, the

binding of similar 3-aminopyrazinamide derivatives to hsProRS was found to be Pro-



dependent. For this reason, the pocket for docking was determined by the position of the

adenosine, and our compounds were docked alongside the Pro substrate.?

Prepared ligands were docked to mtProRS. Ligands were treated as flexible, and all rotatable
bonds were allowed to rotate whereas the receptor was treated as rigid by applying the following
(predefined) settings of the docking protocol: Placement> Triangle Matcher, London dG, 30
poses Refinement> Rigid Receptor, GBVI/WSA dG, 5 poses. As an outcome of docking, a
large database of ligands’ poses was generated with different docking scores. The ligand-target
binding affinity was estimated based on the GBVI/WSA scoring function.’> A more negative
value means higher binding affinity to the target since the energy is released upon binding of
the ligand to the receptor. The resulting database of ligands’ poses was further optimized by
applying PLIF (Protein-Ligand Interaction Fingerprints) analysis implemented in MOE,
through which the most relevant interactions with specific amino acid residues were selected.
The significance of H-bond interactions with Ala154 and Argl142 was previously demonstrated
by available experimental data.> Thus poses with interaction to Alal54 and also Argl142 were
selected for further analysis. Following PLIF analysis, in total 22 ligands (out of 48) were found
to exert the desired interactions - 12 cyclized (pyrazine-oxazinone) derivatives (11-22) and 10
carboxamide derivatives (1-10) were subjected to further evaluation, see Table 3. Esters and
carboxylic acid derivatives were not present among the final database of 22 ligands as they have

been excluded earlier via the scoring function and the lack of the key intended interactions.



VIRTUAL LIBRARY
OF COMPOUNDS

Compounds V1 to V10

Compounds V11 - V22

Table 3. Summarized docking results into mtProRS based on interactions and scoring
function of virtual compounds (V1-V22).

" | Additional
Virtual No. | Synthesized as R Argl42 Alal54 | intera | . . Score
. Interactions
ction
Vi - 2-F + + - - -7.27
V2 - 2-Cl + + - - -7.08
V3 - 2-Me + + + - -7.03
V4 - 4-Me + + - - -6.63
V5 - 4-Cl + + - - -6.60
Arg462 HBD
V6 i 4-tert- i . i Wlth N atom 6.60
Bu n pyrazine
ring HBA
V7 Compound 12 4-CN + + + - -6.59
A4 - 4-MeO + + - - -6.45
2,4-
V9 - diMe + + - - -6.45
V10 - 3-Cl + + + - -6.37
Vi1 - 3-Me + + + - -7.16
Arg462 HBD
V12 - 2-Me + + + with C=0 -6.98
HBA
V13 - 3-Cl + + + - -6.97
Arg462 HBD
Vi4 Compound 5 2-F + + - with C=0 -6.95
HBA
V15 Compound 1 4-Me + - + - -6.90
Arg462 HBD
V16 Compound 4 | 4-MeO - - - with C=0 -6.87
HBA
V17 Compound 2 4-ClI + + + - -6.83




"4 Argd62 HBD
VI8 - Iy + - - with C=0 -6.75
tvie HBA

Arg462 HBD
V19 - 2-Cl + + + with C=0 -6.70
HBA

Gly424 HBD
V20 Compound 3 4-tert- arene-cation ) ) Wlth N atom 6.60
Bu Interaction 1n pyrazine

ring HBA

Arg462 HBD
V21 - 2‘8114' - - - with C=0 -6.56
HBA

1-Glu144
HBA with 4-
V22 - 2,4-diCl - - - Cl 2-Arg462 -6.53
HBD with
C=0

Among carboxamide derivatives (V1-V10), compound V1 with F substituent at position 2° of
the benzene ring, which has been previously studied by our research group,’ possesses the best
binding score. Moreover, the representative binding mode of compound V1 was fully consistent
with adenosine as the original ligand. (refer to Figure 10 and Figure 11). In Figure 10, the

position of the adenosine substrate-like fragment is taken from the reference.’

Phel57
y
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Figure 10. 3-(2-Fluorobenzamido)pyrazine-2-carboxamide (V1, green carbons) docked into
mtProRS in comparison with adenosine (grey carbons).
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Figure 11. 2D ligand interaction diagram of 3-(2-fluorobenzamido)pyrazine-2-carboxamide
(V1) docked to mtProRS.

Compound V7 (newly synthesized as Compound 12) with 4’-CN moiety possessed the
expected binding mode and also the same type of interactions with Alal54, Argl42, and n-nt

interaction between pyrazine core and Phel57 (refer to Figure 12).

Gly
Ads8

Figure 12. 2D ligand interaction diagram of 3-(4-cyanobenzamido)pyrazine-2-carboxamide
(V7, Compound 12) docked to mtProRS.

In all carboxamide derivatives (V1-V10), an H-bond interaction has been observed between the
carbonyl group of carboxamide moiety (acceptor) and Argl42 side chain (donor). Moreover,

another H-bond interaction has been observed between the amino group of carboxamide moiety



(donor) and Alal54 backbone (acceptor) and a similar interaction has occurred between the N-
1 atom present in pyrazine ring (acceptor) and Alal54 sidechain (donor). In several compounds

n-7 interactions have been observed between pyrazine core and Phel57.

Among cyclized derivatives (pyrazine-oxazines), the best score belongs to compound V11 with
3’-CH3, Compound V11 possesses H-bond interaction with Alal54 and Argl42. Additionally,
n-7 interaction was observed with Phe157 which is depicted in Figure 13 and Figure 14. Despite
the same interacting amino acid residues, the binding mode of the cyclized derivatives (V11-
V22) is significantly different from the binding mode of the carboxamides and adenosine as the

original ligand.

Figure 13. 2-(m-tolyl)-4H-pyrazino[2,3-d][1,3]oxazin-4-one (V11, red carbons) docked into
mtProRS in comparison with adenosine (grey carbons).



Figure 14. 2D ligand interaction diagram of [2-(m-tolyl)-4H-pyrazino[2,3-d][1,3]oxazin-4-
one] (V11) docked to mtProRS.

Almost all cyclized derivatives (pyrazine-oxazinone) possess strong H-bond interaction with
Alal54 and/or Argl42 except for compound V22 which possess a new interaction with Glu144
and Arg462. Interestingly the outcomes of this experiment were consistent with recently studied
carboxamide derivatives by our research group.® Almost all cyclized derivatives bind to the
same binding site as previously studied carboxamide derivatives however the binding mode is
significantly different than previously published compounds.® Typically H-bond interactions
have been observed between the N atom present in the pyrazine ring and Argl42. Moreover, in
some derivatives, similar interaction occurs between adjacent nitrogen atoms present in the
oxazinone ring and Arg142. Another interaction has been observed between the second nitrogen
atom present in the pyrazine ring and Alal54. In some derivatives interaction between Phel57
and pyrazine core has been observed. Compound V22 with Cl substituent at positions 2‘ and 4*
possesses relatively new interaction with rather different aa sequence compared to previously

studied carboxamide derivatives with CI substituent at position 4¢(refer to Figure 15).3
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Figure 15. 2D ligand interaction diagram of (LEFT) the previously published 3-(4-
chlorobenzamido)pyrazine-2-carboxamide; and (RIGHT) newly synthesized derivative 2-
(2,4-dichlorophenyl)-4H-pyrazino[2,3-d][1,3]oxazin-4-one (V22), demonstrating a new
interaction with mtProRS.

Methyl esters and carboxylic acid derivatives were excluded following PLIF analysis since they
lack the expected binding mode to the enzyme as has been demonstrated by recently available
studies. Whereas carboxamide derivatives bear the same binding mode as previously
synthesized carboxamide derivatives with few exceptions (refer to Figure 16), we found that
cyclized derivatives (pyrazine-oxazinone) could also bind to the enzyme mtProRS, but with a
significantly different binding mode (refer to Figure 17), Therefore, novel in-silico studied
compounds could potentially target mtProRS as well. Thus, these compounds could be
promising candidates for future target studies and will be subjected to further evaluation against

mtProRS once the protein is available.



Figure 16. Binding mode of carboxamide derivatives (V1, V3, V4, V5, V7) depicted with
(R=2-Me, blue carbons; R=2-F, green carbons; 4-Cl, brown; 4-Me arctic blue; 4-CN, bright
purple) docked into mtProRS, in overlay with adenosine (grey carbons).

Figure 17. Binding mode of cyclized derivatives (V11, V12, V13, V14) - depicted with green
carbons - (R=3-Me, 3-Cl, 2-F, 2-Me) and original adenosine ligand (grey carbons) docked to
mtProRS.



4. CONCLUSION

To sum up this experiment, I have synthesized 14 compounds including cyclized derivatives,
carboxamide derivatives, and methyl ester derivatives bearing pyrazine pharmacophore as
common structural features. Out of 14 compounds, seven compounds including five cyclized
derivatives (1-5) and two carboxamide derivatives (11, 12) were biologically tested and three
out of five methyl ester derivatives (6, 7, 10) were previously studied and biologically evaluated
by our research group. Cyclized derivatives (pyrazine-oxazinone) compound (1, 2, 3) with
substitution at position 4' with short alkyl particularly methyl or a higher homolog such as tert-
butyl and halogen have shown mild to moderate antimycobacterial activity in contrast to their
precursors, intermediate methyl esters, which were totally inactive. Therefore, currently
available results from biological studies could justify the importance of substitution at position
4" with short alkyl or/and halogen for antimycobacterial activity as it was previously
demonstrated by our research group.> Among carboxamide derivatives, compound 11 (R = 2,4-
diCl) has shown moderate antimycobacterial activity. Whereas in the case of compound 12 (R
= 4-CN), no significant activity has been observed at measured concentration against any
mycobacterial strains. The importance of substitution at position 4' with halogen particularly CI
has been clearly demonstrated by our research group.’ One of their best compounds which has
been recently synthesized and biologically tested against mycobacterial strains possesses a Cl
substitution at position 4'. However, the activity has been lost significantly in the case of Cl
substitution at position 2' in the same series of previously published compounds.® This could
justify the significance of halogen substitution, especially at position 4' of the phenyl ring for
compounds possessing antimycobacterial activity. The role of second position substituent is to
improve binding affinity toward ProRS according to recent available studies. Therefore,
synthesis of compound 11 with ClI disubstitution at positions 2' and 4' was an attempt to improve
binding affinity to the enzyme mtProRS while concomitantly maintaining the antimycobacterial
activity. However, in this case, the expectation were not fulfilled and the disubstitution led to a
significant decrease of activity. Outcome of this experiment and recent available experimental
studies bring us to the conclusion that overall antimycobacterial activity was lost to a significant
extent in comparison to previously synthesized carboxamide derivatives possessing Cl
substituent solely at position 4'. However higher antimycobacterial activity was observed

compared to intermediate methyl esters which were almost completely inactive.?

Recently available studies reported the design and synthesis of 3-amino-POA analogs as

inhibitors of mycobacterial aspartate decarboxylase (PanD).! Therefore, we hypothesized that



cyclized derivatives (pyrazine-oxazinone) can act as prodrugs which may get metabolically
converted to POA derivatives upon exposure to the biological environment. Based on this
hypothesis we designed and synthesized novel compounds which could potentially target the
PanD of mycobacteria. All cyclized derivatives will be further subjected to testing for in-vitro

metabolic studies for evaluation of prodrug activity in the organism/biological environment.
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6. REPRESENTATIVE NMR SPECTRA
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THE END



