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Leishmaniases are a wide variety of diseases caused by protozoan parasites belonging to the genus 

Leishmania. Approximately 700,000 to 1 million new cases are reported annually which are 

transmitted by the bite of female phlebotomine sand flies (https://www.who.int/news-room/fact-

sheets/detail/leishmaniasis). Even though it infects millions every year, cost-effective treatments 

are unavailable. Hence, it is necessary to include newer targets in developing antileishmanials to 

counter the limitations posed by these drugs.  

 

1.1. Leishmaniases 

The World Health Organization (WHO) enlists 20 diverse bacterial, parasitic, fungal, viral, and 

non-communicable conditions as neglected tropical diseases (NTDs) 

(https://www.who.int/teams/control-of-neglected-tropical-diseases/global-report-on-neglected-

tropical-diseases-2023). Of them, the infections caused by trypanosomatids are of a serious 

concern as they are endemic to countries with poor socio-economic backgrounds and limited 

access to healthcare facilities. Moreover, overlapping of some of these endemic regions results in 

their co-infection thus further adding to the woes. The global spread of leishmaniases and 

trypanosomal infections has been depicted in Figure 1. Leishmaniases are caused by parasites 

belonging to the genus Leishmania of the order Trypanosomatida. Infections that are caused by 

the leishmanial parasites are usually associated with bad housing, migration, and weak immunity. 

The female sandflies of the genus Lutzomyia and Phlebotomus of subfamily Phlebotominae are 

primary hosts of Leishmania sp. The infective stage (promastigotes) of Leishmania sp. is injected 

into the secondary hosts by sandflies which are phagocytosed by macrophages and other 

mononuclear phagocytic cells. Later on, these promastigotes transform into amastigotes and spread 

infection to other mononuclear cells. As per records, about 20 species of Leishmania are 

pathogenic for humans and the severity of this disease can be rated on a scale of high to low 

depending on the species transmitted by sand flies. On the basis of clinical manifestations, 

leishmaniases can be categorized into three broad groups. The cutaneous form of leishmaniasis 

(CL) chiefly develops a chronic skin ulcer at the site of the sand fly bite, which often takes months 

to heal. The mucocutaneous leishmaniasis initially causes skin ulcers similar to that of cutaneous 

form that heal. However, the lesions reappear subsequently in mucous tissue of the nose and mouth 

leading to massive tissue damage. Lastly, visceral leishmaniasisis a rather serious condition that 

leads to swelling of visceral organs such as the spleen, liver, lymph nodes, bone marrow, etc., 

https://www.who.int/news-room/fact-sheets/detail/leishmaniasis
https://www.who.int/news-room/fact-sheets/detail/leishmaniasis
https://www.who.int/teams/control-of-neglected-tropical-diseases/global-report-on-neglected-tropical-diseases-2023
https://www.who.int/teams/control-of-neglected-tropical-diseases/global-report-on-neglected-tropical-diseases-2023
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which if neglected is highly fatal. Of late, new forms of leishmaniases such as diffused cutaneous 

leishmaniasis (DCL) and post kala-azar dermal leishmaniasis (PKDL) have evolved from 

cutaneous and visceral leishmaniasis, respectively [1, 2]. The disease is mostly reported from Asia, 

Africa, and Latin America where about 98 countries are endemic for leishmaniases.  

 

Figure 1: Global distribution of infections caused by trypanosomatids. Regions recognized for a 

particular trypanosomatid-related infection have been demarcated based on the technical health data 

published by WHO in the year 2018 for American trypanosomiasis and 2021 for leishmaniases and human 

African trypanosomiasis. The green, red and pink colours represent the localisation of leishmaniases, 

human African trypanosomiasis and American trypanosomiasis, respectively. The orange colour denotes 

regions where both leishmaniases and human African trypanosomiasis are prevalent, while the blue colour 

delineates regions where both leishmaniases and American trypanosomiasis are found. The global map was 

generated using MapChart online server (https://www.mapchart.net/). 

 

1.2. Available therapeutics for leishmaniases 

Despite affecting as many as half a million people worldwide annually, remarkable progress in 

development of drugs against leishmaniases that are cost-effective and at the same time render a 

complete cure is not very evident. The remedies which are currently employed for the treatment 

of these diseases such as arsenals and antimonials have low efficacy, high toxicity, and become 

https://www.mapchart.net/
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ineffective due to drug resistance among parasites. Furthermore, in some cases, the recurrence of 

infections has also been observed. The disadvantages of some of the current remedies have been 

listed in Table 1. However, these diseases are curable if a timely diagnosis complexed with a proper 

as well as cost-effective regimen is established. In order to combat the rapid spread of infections 

caused by trypanosomatids, several attempts have been made to immunize the hosts via inducing 

a passive immunity by injecting dead or weakened parasite. For instance, leishmanization is the 

inoculation of a mixture of live and dead Leishmania major to generate a mild cutaneous 

leishmaniasis that can avert future infection by the parasite. Some of the licensed vaccines such as 

Leishmune, CaniLeish, Leishtech, Letifend, etc. are available in a few countries to prevent canine 

visceral leishmaniasis.  

Table 1: Available drugs against leishmaniases and their side effects 

Drug Mode of action Disadvantage Reference 

Pentavalent 

antimony 

compounds 

Pentavalent antimony Sb(V) 

under low pH gets converted 

to trivalent antimony that is 

reported to kill parasites 

through inhibition of 

trypanothione reductase 

(TryR) 

Parasite resistance is being 

reported from many disease 

endemic countries, and in 

Indian subcontinent these 

compounds are not being 

used to treat patients 

3 

 

Paromomycin 

 

Inhibition of protein synthesis 

and alteration in 

mitochondrial membrane 

potential 

Poor absorption and 

required to be given 

through intramuscular 

injections 

3 

Amphotericin B 

 

AmpB primarily targets 

ergosterol present in parasites 

cell membrane and affects 

cellular integrity resulting in 

disorganization of the 

membrane and formation of 

aqueous pores 

Highly toxic and causes 

numerous side effects such 

as high fever, rigor, chills, 

and renal failure 

3 

 

Miltefosine 

Miltefosine induces apoptosis 

like events in Leishmania 

species and depolarizes 

Resistance of parasites is 

mainly due to over 

expression of an ABC 

4 
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 mitochondrial membrane 

potential. It inhibits 

cytochrome-c oxidase, which 

might be associated with the 

apoptosis-related death of 

parasites. 

transporter, P-glycoprotein, 

accomplished by 

inactivation of two proteins 

responsible for its uptake, 

the LdMT and its beta 

subunit LdRos3 

 

1.3. Protein synthesizing machinery as a drug target 

The “Central Dogma” of molecular biology elucidates the process by which the genetic code is 

carefully decoded and converted into a functional product in a living system. Two important 

phenomena are fundamental to Central Dogma viz. transcription of mRNA from DNA and mRNA 

translation into protein. Several macromolecules such as tRNA, aminoacyl-tRNA synthetases 

(aaRSs), ribosomes, auxiliary factors etc., integrate to form the protein synthesizing machinery, 

all of which are tightly regulated. Since regulation of gene expression at the translational level is 

associated with cell adhesion and migration, axes development in embryo etc., dysregulation of 

any of these constituents can lead to aberrant functioning or even termination of some of the most 

important metabolic processes happening inside a cell. A rapidly growing cell demands abundant 

as well as synchronized pattern of protein synthesis and protozoan parasites proliferating 

continuously inside their host are no exception to it. A global map describing the cross-talk 

between proteins and their complexes happening inside Trypanosoma brucei has also been 

documented [5]. Antibiotics such as chloramphenicol, tetracycline, erythromycin, kanamycin, etc., 

are all known to inhibit bacterial growth by terminating the elongation of nascent polypeptides.  It 

has also been reported that inhibitors targeting the translation process can be used to study gene 

expression by ribosome profiling apart from being used in cell culture techniques [6]. Many of 

these inhibitors such as anisomycin, trichothecene mycotoxins, narciclasine, A201A etc., affect 

polypeptide elongation by binding to the A-site of ribosome thereby destabilizing aminoacyl-

tRNA binding. Some of them like bactobolin A and blasticidin S bind to the P-site and promote 

inhibition by a similar mechanism. Another inhibitor puromycin mimics the CCA-end of tRNA 

and on entering the ribosome causes untimely termination of polypeptide synthesis. Likewise, with 

the enumeration of multifaceted roles of aaRSs, these enzymes are being considered as new drug 

targets on the table. Possessing at least three important sites for their proper functioning viz. a 

tRNA binding site, ATP binding domain and a site to incorporate the correct amino acid, aaRSs 
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have been considered as potent target for drug development [7-10]. Leishmania sp. has been shown 

to shut off translation mechanisms happening inside the macrophages of their host by using a GPI-

anchored surface metalloproteinase, gp63, or leishmanolysin that cleaves mTOR (rapamycin) 

leading to dephosphorylation of 4E-BP1 [11]. It has been reported that not all targets/pathways 

perform well in the drug trial sessions, some of them being cytochromeP450 family 51 (CYP51), 

cytochrome b, etc. One of the key reasons is the presence of limited targets within a pathway that 

further scale down the scope for combinatorial therapy. On the other hand, the protein translational 

machinery is a broad umbrella harbouring several suitable drug targets that are crucial for the 

parasite’s survival.  

 

1.4. Aminoacyl tRNA synthetases 

Fidelity is a prerequisite for deciphering the genetic code and this high degree of fidelity is 

rendered by aaRSs that are responsible for the ligation of amino acids to their cognate tRNAs. The 

precision in the mode of action is dependent upon several factors such as stereospecificity of aaRSs 

towards their respective amino acids and tRNA [12] and the presence of editing domains that 

remove erroneous amino acids, if incorporated [13, 14]. The formation of aminoacyl-tRNA is a 

two-step enzymatic mechanism [15] (Figure 2). Although the ultimate goal of aaRSs is to catalyze 

a reaction that leads to attachment of an amino acid with its cognate tRNA, based on the 

architectural differences of their catalytic sites, the known 23 aaRS can be classified into two 

groups. Class I enzymes possess Rossmann fold motif with HIGH (His-Ile-Gly-His) and KMSKS 

(Lys-Met-Ser-Lys-Ser) conserved sequences just like dehydrogenases and some kinases that have 

an expanded five stranded parallel β-strands connected by alpha [16]. Whereas a rare structural 

fold is observed in the case of class II enzymes that consists of six antiparallel β-strands and is 

elsewhere reported in biotin synthetase holoenzyme [17]. Transfer of aminoacyl adenylate happens 

on either the 2’ or 3’ hydroxyl group of terminal adenosine residue present in 3’ terminal of tRNA 

molecule. The class I aaRSs prefer 2’ hydroxyl group, while the class II aaRSs transfer the 

aminoacyl adenylate on the 3’ hydroxyl group of tRNA molecule. Further classification of aaRSs 

can be made on the basis of site at which reaction is taking place i.e., cytosolic or mitochondrial.  
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Figure 2: Schematic representation of a cell showing the process of aminoacylation. In the initial steps 

of aminoacylation, the tRNA synthetase is bound by ATP and its cognate amino acid that results in the 

formation of aminoacyl adenylate intermediate upon release of a pyrophosphate molecule. In the sequential 

steps, the cognate tRNA binds to this tRNA synthetase via its anticodon domain and the amino acid is 

transferred to its CCA arm resulting in the formation of adenylated tRNA (charged tRNA). On the release 

of charged tRNA as well as AMP, the tRNA synthetase is now ready for another cycle of aminoacylation. 

 

The general nomenclature of aaRSs begins with the uppercase alphabet representing the amino 

acid followed by ‘RS’. Also, a numerical ‘2’ is appended to the mitochondrial version of the 

synthetase, for example in the case of aspartyl tRNA synthetase, the cytosolic form is abbreviated 

as DRS1 and the mitochondrial form as DRS2. It is noteworthy that unlike other eukaryotes that 

possess at least two genes for most of the cytosolic and mitochondrial aaRSs, the trypanosomatids 

encode only one gene except for a few, such as AspRS, TrpRS, and LysRS [18, 19]. In 

trypanosomatids, 26 aaRSs have been recognized [20]. In reference to Trypanosoma, a study 

revealed that alternate trans-splicing of an immature RNA results in formation of isoforms, the one 

with mitochondria targeting sequence (MTS) is directed towards mitochondria while the one 
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devoid of MTS is retained within cytosol [21]. Novel antibiotics having aaRSs as their target have 

drawn a great deal of interest, some of which are REP8839 and AN2690 that have successfully 

stepped forward for clinical trials. In fact, mupirocin marketed as Bactroban by GSK is a well-

known drug approved by the FDA. It is isolated from Pseudomonas fluorescens and targets the 

active site of isoleucine tRNA synthetase of E. coli [22]. Consecutively, methods that enable high 

throughput screening of inhibitor libraries have been developed exclusively for trypanosomatid 

based drug targets. Although, the resazurin assay has been used to measure the cytotoxicity of 

inhibitors towards parasites, there exists several limitations such as false negatives, long incubation 

period etc. which hindered the process of drug discovery [23]. Moreover, a SYBR Green based 

semi-automated assay has been developed that could possibly replace the resazurin test to check 

the cytotoxicity posed by the potent inhibitors to parasites. This test might be used by the 

researchers in the times to come and is cost-effective with minimal background noise [24]. Lately, 

the quest for the development of novel anti-trypanosomal drugs has brought researchers closer 

towards targeting aaRSs based on which inhibitors were designed that subsequently showed a post-

treatment decrease in parasite growth (Figure 3).   

 

Figure 3: Evolution of drugs against trypanosomatid aaRSs in recent years. Target-specific inhibitor 

designing in order to attain enriched potency in the case of trypanosomatid aaRSs has been mostly done for 

LeuRS, MetRS and HisRS. Also, drugs like borrelidin and cladosporin which are well-known inhibitors of 

ThrRS and LysRS have shown promising results in the reduction of parasitic growth. 
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1.5. Leishmanial aaRSs 

Several studies have reported the essentiality of aaRSs as suitable drug targets for curbing 

leishmaniases. For example, the replacement of LeuRS gene resulted in reduction of parasitemia 

in mouse macrophages infected with L. donovani and the compound 5-fluoro-1,3- dihydro-1-

hydroxy-benziborole (AN2690) could inhibit L. donovani growth both in amastigote and 

promastigote stages in vitro as well as in vivo (BALB/c mice) while rendering low toxicity to 

mammalian cells [25]. Post AN2690 treatment, the aminoacylation activity was reduced by 2.8-

fold, suggesting that AN2690 inhibits parasite growth by targeting LeuRS [25]. A recent study 

also demonstrated that CP1 domain of LdLeuRS plays a pivotal role in aminoacylation activities 

and with the help of isothermal titration calorimetry, the high binding affinity of AN2690 for CP1 

domain could be noticed [26]. It has been reported that L. major lack a C-terminal dimerization 

region in MetRS [27] and substantial differences were observed near the ATP and substrate 

binding regions of LmMetRS to that of human mitochondrial and cytosolic forms which results in 

selective inhibition of parasite MetRS [27]. Researchers also identified DDD806905 (MetRS01) 

based on a high-throughput compatible biochemical assay that was shown to compete for 

methionine and high levels of potency was demonstrated in various Leishmania cell-based 

viability assays and in vitro translational assays [28]. However, this inhibitor failed to prove its 

efficacy in the in vivo studies pertaining to its dibasic nature. L. donovani tyrosyl tRNA synthetase 

(LdTyrRS), like other TyrRSs was found to be a dimer and involved in chemokine signaling [29]. 

It was observed that LdTyrRS on migrating to the extracellular environment acts as a neutrophil 

chemoattractant wherein the binding of the ELR peptide motif with the CXCR2 receptor of host 

macrophages mediate secretion of proinflammatory cytokines such as TNF-α and IL-6 in 

Leishmania infections, thus highlighting its immune-modulating roles. The study further 

documented slower growth kinetics and virulence for heterozygous mutants of L. donovani. 

Moreover, TyrRS appeared to be an essential enzyme for the parasite as the chromosomal null 

mutant did not survive [29]. Structural analysis of LdTyrRS in complex with tyrosyl adenylate 

analog (TyrSA) have shown the two pseudo-monomers, each with two domains, and the presence 

of an extra pocket (EP) near to the adenine binding pocket which is absent in HsTyrRS [30]. Some 

of the previously proclaimed antiparasitic plant derivatives such as polyphenolic compounds and 

alkaloids have been shown to specifically target the active pocket of leishmanial TyrRS with the 
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help of molecular docking analysis [31, 32]. A study also validated the importance of tRNA-aaRS 

interactions for the development of antitrypanosomal drugs via computational approaches whrein 

the screening of marine natural products (MNP) library led to identification of extracts possessing 

tremendous inhibitory potential toward L. major ThrRS. Furthermore, of the several inhibitors 

screened, they were successful in identifying three major inhibitors of LmAlaRS [33]. Similarly, 

the leishmanial AspRS has been characterized at various dimensions as well. On the basis of the 

gel-filtration chromatogram, the cytosolic LdAspRS was found to be a homodimer [34]. For 

LysRS, there is an extreme conservation seen in the ATP binding pocket of Leishmania species 

and other eukaryotes except two residues (Q308 and S324) which forms the basis of selective 

inhibition by cladosporin and its isoform and could retard parasite growth [35]. 

 

1.6. Arginyl- and histidyl-tRNA synthetases 

ArgRS is a class-Ic tRNA synthetase that undergoes ATP-PPi exchange with the help of its cognate 

tRNA [36], like GlnRS [37], and GluRS [38, 39]. In Trypanosoma brucei, it showed a good 

druggability score, and its knockdown led to rapid cell death [40]. In Plasmodium falciparum, 

chloroquine-mediated disruption of heme detoxification allowed the cytosolic hemin to dimerize 

ArgRS, thus rendering it inactive and causing cell death [41]. Additionally, the catalytic core 

domain (CCD) of leishmanial ArgRS was observed to be unique than other ArgRSs as a large 

insertion was found in it whose role is also unknown.  

The histidyl-tRNA synthetase (HisRS) is grouped with other class IIa aaRSs (viz., ProRS, ThrRS, 

AlaRS, SerRS, and GlyRS) that possess similar anticodon binding domains [42, 43]. As observed 

in HisRSs of eukaryotes, the trypanosomatid HisRSs contain a lysine-rich N-terminal domain that 

has been earlier linked to the binding of tRNA [44]. Co-crystallized structures of HisRSs with L-

His, ATP, and quinolone inhibitors have provided relevant insights into the interactions between 

HisRS and its cognate ligands [45-47]. Furthermore, using RNAi, HisRS has been reported to be 

indispensable for the propagation of T. brucei [45]. The differences between human and 

trypanosomatid HisRS pave the way for genesis of drugs with high specificity and less cytotoxicity 

[44, 45]. Despite their significance as good drug targets in other organisms, ArgRS and HisRS 

have not been characterized enzymatically and structurally from leishmanial parasites.  
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1.7. Objectives: 

➢ To clone and purify arginyl- and histidyl-tRNA synthetases of 

Leishmania donovani  

➢ To characterize the purified proteins biochemically and perform 

inhibition studies 

➢ To assess the structure of leishmanial proteins with or without ligands 
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2.1.     Materials 

2.1.1.  Plasmids, bacterial strains, and kits 

The pET28a(+) expression vector used for cloning was procured from Novagen, USA. Pfu, Taq 

polymerases, and dNTPs were purchased from G-Biosciences, USA, while the endonucleases 

(NdeI, EcoRI, DpnI), Phusion polymerase, T4 DNA ligase, GeneJET Gel Extraction, Plasmid 

MiniPrep, and Electrophoretic Mobility-Shift Assay (EMSA) kits were bought from Thermo 

Fisher Scientific, USA. E. coli strains such as XL1-Blue and BL21 (DE3) were procured from 

Stratagene, USA, and Novagen, USA, respectively. The primers used for amplification were 

acquired from GCC Biotech Pvt. Ltd., India. 

 

2.1.2.  Culture media and cell lines 

Luria Bertani (LB) media used for growing E. coli cells was prepared by dissolving 10 g Tryptone, 

10 g NaCl, and 5 g yeast extract in 900 ml of distilled water and the volume was adjusted to 1000 

ml. For induction of recombinant proteins, 1 M IPTG was prepared by mixing 238 mg in sterile 

Mili-Q water. All of these chemicals were obtained from HiMedia Laboratories (India). Murine 

macrophages RAW 264.7 were the kind gift from Dr. Nooruddin Khan and were grown in DMEM 

media. The cell culture reagents were purchased from HiMedia Laboratories (India) and DMSO 

was bought from Sigma-Aldrich, USA. 

 

2.1.3. Antibiotic stocks 

Kanamycin (50 mg/ml) and tetracycline (12.5 mg/ml), purchased from HiMedia Laboratories 

(India), were prepared in sterile Mili-Q water and 70% ethanol, respectively, and stored at -20°C 

until required. 

 

2.1.4.   Beads and columns used for protein purification 

To purify recombinant proteins by affinity chromatography, Ni-NTA agarose beads were procured 

from G-Biosciences, USA. For subsequent purification of the proteins by size-exclusion 

chromatography, HiLoad 16/600 Superdex 200 pg column was purchased from GE Healthcare, 

USA. 
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2.1.5.   Components of aminoacylation assay 

The constituents of aminoacylation assay such as HEPES buffer, DTT, divalent, and monovalent 

salts were purchased from HiMedia Laboratories (India). The components of developing solution 

like malachite green, ammonium molybdate, and polyvinyl alcohol were also obtained from 

HiMedia Laboratories (India). Cofactor, substrate, pseudosubstrate, and PPiase were procured 

from Sigma-Aldrich, USA. 

 

2.2.  Methods 

2.2.1. Sequence analysis and phylogenetic tree 

The CCDs of ArgRSs and protein sequences of HisRSs from organisms belonging to different 

strata of evolution (viz., archaea, bacteria, and eukaryotes) were retrieved from the KEGG database 

(https://www.genome.jp/kegg/) and used to construct the rooted phylogenetic trees. Protein 

sequences were aligned using MUSCLE [48], and the phylogenetic tree was constructed applying 

MEGA-X [49] with 1000 bootstrap steps by Neighbor-Joining method [50]. Furthermore, global 

sequence alignments of ArgRSs or HisRSs from L. donovani, Trypanosoma as well as H. sapiens 

were performed by Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) and submitted to 

ESPript 3.0 (https://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi). The domain arrangements of 

LdArgRS and LdHisRS was predicted by Pfam (http://pfam.xfam.org/) and their physicochemical 

parameters such as molecular weight and pI, were computed with the help of Expasy ProtParam 

tool (https://web.expasy.org/protparam/).  

 

2.2.2. Cloning of ORFs in pET28a(+) vector 

The full-length nucleotide sequences of LdArgRS and LdHisRS were retrieved from the KEGG 

database with the corresponding accession numbers LDBPK_271230 and LDBPK_300650. The 

ORFs were amplified from the genomic DNA of L. donovani (Strain: MHOM/IN/80/DD8) by Pfu 

DNA polymerase with gene-specific primers containing NdeI and EcoRI restriction sites in the 

forward and reverse primers, respectively. A similar strategy was employed to amplify HsArgRS 

and HsHisRS from human myeloid fibroblast cDNA (Table 2). Initially, a gradient PCR with 

varying annealing temperatures was performed to optimize Tm which was thereafter used for the 

next set of ORFs amplifications. A total of six PCR were designed to obtain ΔIns-LdArgRS 

through splicing by overlapping extension (SOE)-PCR employing the set of primers given in Table 

https://www.genome.jp/kegg/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi
http://pfam.xfam.org/
https://web.expasy.org/protparam/
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2. The first two PCR amplified ORF portions preceding and succeeding the insertion segment, i.e., 

the first half and second half ORF of LdArgRS. The third and fourth PCR were meant for the 

incorporation of flanking ends into the previously obtained PCR products. The primers were made 

such that the trailing end of the first half and initial end of the second half of ORF are 

complementary to each other. No primers were used in the fifth PCR reaction as the flanking 

sequences incorporated in the previous two sets of reactions acted as primers and created a nascent 

ORF corresponding to 1.7 kb. The final PCR was set up with the original forward and reverse 

primers (also used for the amplification of full-length LdArgRS) to amplify the nascent ORF. All 

the above PCR products were loaded onto 1% agarose (w/v) gels, followed by their extraction and 

purification by GeneJET Gel Extraction kit. Utilizing NdeI and EcoRI, the amplicons as well as 

pET28a(+) vector were digested, ligated together with T4 DNA ligase for 2 hours at 22°C, and 

subsequently transformed into E. coli XL1 Blue cells. For site-directed mutagenesis of LdHisRS, 

catalytic pocket residues viz., Glu157 and Arg164 to alanine was executed by employing primers 

with specific mutations (Table 2). The inverse PCR of the constructs was done with Phusion 

polymerase and subsequently treated with DpnI for 1 hr at 37°C to cleave the methylated parental 

DNA. To confirm the clones, the plasmids were isolated with GeneJET Plasmid Miniprep Kit and 

proceeded for double digestion followed by DNA sequencing. 
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Table 2: Primers used for cloning and site-directed mutagenesis 

 Primers used 

LdArgRS FP: 5’ATTCATATGTGCGCCGCTGCCGCTACC 3’ 

RP: 5’ ATCGAATTCCTAAATGCGCTCGGCCGTCTCGATGTT 3’ 

HsArgRS FP: 5’ ATACATATGGACGTACTGGTGTCTGAGTGC 3’ 

RP: 5’ GAATTCTTACATCCTTTGGACAGGTTTTATTCC 3’ 

 

 

 

 

 

 

ΔIns-

LdArgRS 

 

 

 

 

First 

PCR 

FP: 5’ATTCATATGTGCGCCGCTGCCGCTACC 3’ 

RP: 5’ CTTGCTGACGATGAGCTTCGCGCCGT 3’ 

Second 

PCR 

FP: 5’ CGTTTCTCCTTCCCGCTGATGGTGGTGAAAAGT 3’ 

RP: 5’ ATCGAATTCCTAAATGCGCTCGGCCGTCTCGATGTT 3’ 

Third 

PCR 

FP: 5’ATTCATATGTGCGCCGCTGCCGCTACC 3’ 

RP: 5’ GAAGCTCATCGTCAGCAAG 3’ 

Fourth 

PCR 

FP: 5’ TCGTCAGCAAGCGTTTCTCCTCCCGCT 3’ 

RP: 5’ ATCGAATTCCTAAATGCGCTCGGCCGTCTCGATGTT 3’ 

Fifth 

PCR 

No primers used 

Sixth 

PCR 

FP: 5’ ATTCATATGTGCGCCGCTGCCGCTACC 3’ 

RP: 5’ ATCGAATTCCTAAATGCGCTCGGCCGTCTCGATGTT 3’ 

LdHisRS FP: 5’ AAATGTCATATGTCCTCGACGGCCTCGCCCAAT 3’ 

RP: 5’ ATCGAATTCCTACAAGTCTTCGAAGGGCACAGGGTC 3’ 

LdHisRS-E157A FP: 5’ CGGGAGATGGCCGCGTAGCGCCAGC 3’ 

RP: 5’ GCTGGCGCTACGCGGCCATCTCCCG 3’ 

LdHisRS-R164A FP: 5’ GTAATGCTCACGGGCACGACCGCGGGAGATG 3’ 

RP: 5’ CATCTCCCGCGGTCGTGCCCGTGAGCATTA 3’ 

HsHisRS FP: 5’ ATACATATGGCAGAGCGTGCGGCGCTG 3’ 

RP: 5’ ATAGTCGACTCAGCAGATGCAGAGGGGCTG 3’ 

 

2.2.3. Expression and purification of recombinant proteins 

Upon confirmation of clones, the constructs were transformed into E. coli BL21 (DE3) cells for 

expression of the recombinant proteins. Cells were grown at 37°C for 16 hrs in LB (Luria Bertani) 

media containing 50 µg/ml kanamycin as primary culture, followed by their inoculation at a 1:100 
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ratio as secondary culture until OD600 reached 0.4–0.6 before proceeding for protein induction at 

0.5 mM IPTG (Isopropyl β-d-1-thiogalactopyranoside). The induced cells were pelleted at 3438 g 

for 10 minutes at 4°C. Cells were resuspended in a lysis buffer comprising 20 mM (LdArgRS) or 

50 mM (LdHisRS) phosphate buffer pH 8, 400 mM NaCl, 30 mM imidazole, 2.5% glycerol, 1 mM 

DTT (Dithiothreitol), 1 mM PMSF (Phenylmethylsulfonyl fluoride), 0.5% Triton X-100, and 0.25 

mg/ml lysozyme, and then subjected to sonication at a 10/20 sec ON/OFF cycle with 35% 

amplitude. Following the pelleting of cell debris at 13,751 g for 30 minutes at 4°C. For purification 

of LdArgRS, the supernatant was kept for binding with pre-equilibrated Ni-NTA agarose beads 

and then washed rigorously with buffers containing 30, 40, and, 50 mM imidazole. The proteins 

were eluted at gradient imidazole concentrations (100, 250, and 400 mM), and the highest form of 

purity was observed from 250 mM imidazole onwards. Similarly, for LdHisRS, the cell lysate was 

then allowed to bind with the pre-calibrated Ni-NTA agarose beads for about 1 hour at 4°C. Two 

washes of 25 mM and 30 mM imidazole were given before eluting the pure proteins starting from 

100 mM to 500 mM imidazole. The purified fractions of recombinant proteins were clubbed 

together, concentrated to 5–10 mg/ml, and proceeded for size-exclusion chromatography (HiLoad 

16/600 Superdex 200 pg column, GE Healthcare, USA) with a buffer consisting of 30 mM HEPES 

pH 7 and 150 mM NaCl. Molecular weights of the purified proteins were deduced by comparing 

their elution volume with that of standard proteins used for calibration of the column. The 

concentration of purified proteins was estimated through Nanodrop 2000c (Thermo Fisher 

Scientific, USA) with the help of molecular weight as well as molar extinction coefficient viz., 

LdArgRS (62, 800 M-1 cm-1; 80 kDa) and LdHisRS (39, 880 M-1 cm-1; 55 kDa). 

 

2.2.4. Aminoacylation assays 

The aminoacylation reaction was performed similarly to that of LdSerRS [51] with some modified 

parameters. For aminoacylation of ArgRS, the reaction consisted of 5 mM L-arginine (L-Arg, 

substrate) or L-canavanine (L-Can, pseudo-substrate), 100 μM ATP, 0.25-2 μM purified protein, 

1 mM DTT, 10 mM MgCl2, 4 µg/µl with or without ytRNA (Sigma-Aldrich, USA), and 2 U/ml 

inorganic pyrophosphatase (Sigma-Aldrich, USA) dissolved in an aminoacylation buffer 

containing 30 mM HEPES pH 7 and 150 mM NaCl. While the final concentration of divalent 

metals was kept at 10 mM, the monovalent metals were used at 15 mM. For the determination of 

kinetic parameters, the concentrations of substrate/pseudo-substrate, ATP, and tRNA were varied 
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from 0.1–5 mM, 10-100 μM, and 1–10 μM, respectively. Similarly,10 nM recombinant protein 

along with 1.25 mM DTT, 2 mM ATP, 15 mM MgCl2, 15 mM KCl, and 2 U/ml inorganic 

pyrophosphatase were dissolved in aminoacylation buffer made up of 50 mM HEPES pH 7, 150 

mM NaCl. The kinetics of mutant proteins (LdHisRS-E157A and LdHisRS-R164A) was also 

performed with similar strategy.  

The stability of the recombinant proteins was studied and compared at varying temperatures (10–

80°C) and pH (4–10). Moreover, the effect of divalent (Mg2+, Mn2+, Ca2+, Cd2+, Zn2+, and Fe2+) 

and monovalent (Li+, Na+, K+, and Cs+) metal ions on the aminoacylation of purified proteins was 

checked.  After adding the components, each reaction was incubated at 37°C for 30 minutes then 

terminated with a malachite green solution and the readings were taken at 620 nm using the Infinite 

M PLEX multimode reader. All of the aminoacylation reactions were conducted in duplicates with 

their respective blanks. 

 

2.2.5. Inhibition by benzothiazolo-coumarin derivatives 

The benzothiazolo-coumarin derivatives synthesized by our collaborators from NIPER, 

Hyderabad were dissolved in DMSO (Dimethyl sulfoxide) to obtain the final concentration as 5 

mM. To calculate their IC50 (half-maximal inhibitory concentration) against aminoacylation 

activity of recombinant proteins, the synthesized compounds were added in the range of 0–15 µM. 

IC50 values were computed by keeping X-axis as the log of inhibitor concentration and the 

normalized percentage activity was placed on the Y-axis. For determining their mode of inhibition, 

Lineweaver-Burk plots with different inhibitor concentrations. All the reactions were conducted 

in duplicates alongside their respective blanks, while the readings were taken exactly at the same 

time intervals, and graphs were plotted employing GraphPad Prism version 8.0 

(https://www.graphpad.com/scientific-software/prism/). The ADME properties of hit compounds 

were computed using the SwissADME online server (http://www.swissadme.ch/).  

 

2.2.6. Cytotoxicity assay of hit compounds 

The murine macrophage (RAW 264.7) cell line, a kind gift from Dr. Nooruddin Khan (University 

of Hyderabad, Hyderabad, India), was taken to evaluate the cell viability in the presence of 

inhibitors as described earlier [52]. It is a regularly used cell line and was ascertained based on 

typyical morphological characteristics and adherence. Briefly, the cells were grown in Dulbecco’s 

https://www.graphpad.com/scientific-software/prism/
http://www.swissadme.ch/
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Modified Eagle Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS) and 1% 

penicillin–streptomycin at 37 °C with 5% CO2. Approximately 0.1x10-6 cells were seeded into 

each well of a 96-well plate, and the cells were then incubated overnight at 37 °C for proper 

adhering. The following day, lead compounds were added from 1 to 200 µM, and its effect was 

checked post 24 h by adding MTT [3-(4,5- dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium 

bromide] at a final concentration 0.5 mg/mL followed by incubation for 4 h at 37 °C in the dark. 

The supernatant was carefully removed, and the formazan crystals were dissolved in 100 µl DMSO 

prior to absorbance at 570 nm with 630 nm as a reference. The experiment was carried out in a 

mycoplasma-free macrophage cell line. 

 

2.2.7. EMSA of LdArgRS and its deletion mutant  

RNA EMSA was executed through the Electrophoretic Mobility Shift Assay kit (Invitrogen). The 

concentrations of LdArgRS and ΔIns-LdArgRS were varied from 0 to 4 µM, while 70 ng of total 

ytRNA was used for the study. The protein-ytRNA mixture was dissolved in 1X binding buffer 

comprising 10 mM Tris pH 7.4, 150 mM KCl, 0.1 mM EDTA (Ethylenediaminetetraacetic Acid), 

and 0.1 mM DTT, and incubated at 25°C for 30 minutes. The samples were then mixed in 6X 

loading dye, loaded onto 6% non-denaturing polyacrylamide gel, and run for 45 minutes at 140 V 

and 4°C in 0.5X TBE (Tris-Borate-Acetic acid) buffer. The SYBR Green EMSA stain was 

prepared by adding 5 µl of component A to 50 ml 1X TBE. The gel was carefully removed, stained 

with 1X SYBR Green EMSA staining solution for 20 minutes, and visualized by 590/110 UV 

transilluminator filter. 

 

2.2.8. MST analyses of LdArgRS and its deletion mutant 

The lysine residues of LdArgRS and ΔIns-LdArgRS were covalently labeled with the help of 

Protein Labelling kit RED-NHS 2nd Generation (NanoTemper Technologies, GmbH, USA). The 

proteins were initially prepared as 10 µM samples and the dye was added in three times excess 

followed by incubation in the dark for 30-45 mins after which the unlabelled dye was removed 

with the help of a B-column. Subsequently, 20 nM of labeled protein was taken as the final 

concentration, supplemented with 0.1% pluronic acid and serial dilutions of ytRNA were prepared 

(150 µM to 4.5 nM). The samples were briefly incubated for 5-10 minutes on ice from which 10 
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µl of each sample was loaded into capillaries, and shift in emission spectra was measured using 

Monolith X instrument. 

 

2.2.9. Fluorescence spectroscopy 

For fluorescence measurements, 1 µM of protein was added in the buffer containing 30 mM 

(LdArgRS) or 50 mM (LdHisRS) HEPES pH 7 and 150 mM NaCl at 25°C. The intrinsic 

fluorescence of aromatic residues was utilized and the changes in conformation were recorded 

(Excitation at 280 nm and Emission from 300 to 400 nm) using Spectrophotometer FP-8500 

(Jasco, Japan) at a scan rate of 100 nm/sec while every experiment was performed in duplicates. 

The effect of pH (4–10) on the intrinsic fluorescence of recombinant proteins was studied in 

buffers containing 30 or 50 mM each of sodium acetate/ citrate, Tris, and CAPS with 150 mM 

NaCl by incubating the protein for 30 minutes on ice in the corresponding pH buffers, after which 

the readings were taken. Likewise, the localization of aromatic residues was determined by adding 

fluorescence quenching reagents such as acrylamide and KI to recombinant proteins, followed by 

incubation on ice for half an hour before fluorescence measurements. The relative fluorescence 

intensities acquired were converted to a modified Stern-Volmer equation, and the graphs were 

plotted with Log(F0-F1/F1) on the Y-axis against Log(quencher) on the X-axis, where F0 and F1 

are the corresponding fluorescence intensities of control and observed. A similar strategy was used 

to calculate the binding affinity values for the inhibitor towards the proteins, wherein the inhibitor 

concentration was varied from 0 to 15 µM. The extrinsic fluorophore, ANS was added at a 5 µM 

concentration and excited at 380 nm to study the change in the hydrophobic environment in the 

presence or absence of inhibitor. 

 

2.2.10. CD measurements 

In order to structurally characterize the recombinant proteins, the Far-UV CD spectrum was 

recorded for 1 µM of the protein dissolved in 10 mM HEPES pH 7 using quartz cell of 0.2 cm path 

length on J-1500 CD Spectrophotometer (Jasco, Japan) with a scan speed of 50 nm/sec in 

duplicates. The effect of pH over a range of 4 to 10 on structural conformations was also checked 

in buffers containing 10 mM each of sodium acetate/citrate (pH 4-6), Tris (pH 7-9), and CAPS 

(pH 10). The stability of the proteins was validated in the presence of denaturants like urea and 

guanidine hydrochloride (GdHCl) at a range of 0–6 M. Likewise, the thermal stability of the 



21 

 

proteins in the absence or presence of their ligands was verified by increasing temperature from 

20 to 70°C, and the ellipticity change was monitored at 222 nm with 1°C/min scan speed. The 

spectra were examined through the DichroWeb online server 

(http://dichroweb.cryst.bbk.ac.uk/html/home.shtml), and the normalized values were plotted 

employing GraphPad Prism. 

 

2.2.11. Structure prediction and docking studies 

The LdArgRS and LdHisRS structures were taken from the AlphaFold Protein Structure Database 

(https://alphafold.com), and their stereo-chemical properties were validated through PROCHECK 

(https://saves.mbi.ucla.edu). The structures were further refined by employing ModLoop 

(https://modbase.compbio.ucsf.edu/), and visualized with PyMOL software (https://pymol.org/2/). 

A total of eight leishmanial tRNAArg isoforms were found in the gtRNAdb database 

(http://gtrnadb.ucsc.edu/GtRNAdb2/), and one of the tRNA sequence (Gene: tRNA-Arg-ACG-1-

1) was retrieved. Subsequently, the structure of tRNAArg was generated using the RNA composer 

online tool (https://rnacomposer.cs.put.poznan.pl). The generated tRNA structure was used to 

dock with LdArgRS structure through the HDOCK server (http://hdock.phys.hust.edu.cn). The 

coordinates of ATP and L-Arg, were retrieved from the PubChem database 

(https://pubchem.ncbi.nlm.nih.gov), and PDB ID: 4Q2T (https://www.rcsb.org/), respectively. 

Similarly, for LdHisRS, the coordinates of ATP and L-His were taken from the corresponding 

PDB IDs 3HRK and 3LC0. The chemical structure of inhibitors was drawn using ChemDraw Pro 

8.0 [53] and converted into PDB format with the help of OPENBABEL online tool 

(http://www.cheminfo.org/). The docking of ligands with LdHisRS and LdArgRS was done 

through AutoDock Vina 1.1.2 [54] and the interactions between them were visualized in LigPlot 

[55]. 

 

2.2.12. Molecular dynamic simulations 

The apo proteins (LdArgRS and LdHisRS) and their complexes were subjected to MDS studies in 

the GROMACS software [56]. The topologies of proteins were generated by executing 

CHARMM36 force field, while the topologies of tRNAArg and other ligands were created with 

CHARMM GUI online software (https://charmm-gui.org/). The complexes were put at the center 

of a cubic box, and the water model used for the study was SPC/E [57]. The systems were then 

http://dichroweb.cryst.bbk.ac.uk/html/home.shtml
https://alphafold.com/
https://saves.mbi.ucla.edu/
https://modbase.compbio.ucsf.edu/
https://pymol.org/2/
http://gtrnadb.ucsc.edu/GtRNAdb2/
https://rnacomposer.cs.put.poznan.pl/
http://hdock.phys.hust.edu.cn/
https://pubchem.ncbi.nlm.nih.gov/
https://www.rcsb.org/
http://www.cheminfo.org/
https://charmm-gui.org/
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neutralized, and indexing of the protein-ligand complexes was performed separately to positionally 

restrain the ligands, following which the parameters were added to their respective topology files. 

The energy minimization of all the systems was executed by employing the steepest descent 

algorithm. Subsequently, two steps of equilibration, viz., NVT and NPT, were performed for each 

run of 1 ns, and then the production of MD was achieved at 300 K for a span of 100 ns, followed 

by plotting the RMSD, Rg, and RMSF graphs as described previously [58]. The binding energy of 

the ligands with LdHisRS was also computed with the help of Molecular Mechanics Poisson-

Boltzmann Surface Area (MM/PBSA). The thermodynamic stability of LdHisRS and its mutants 

at 328 K was understood with 2D free energy landscape (FEL) diagrams that were generated 

utilizing principal components, PC1 and PC2. By employing MD simulations as the sampling 

technique, free energy conformations were obtained from the last 60 ns.   
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3. To clone and purify arginyl- and histidyl-

tRNA synthetases of Leishmania donovani 
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3.1. Result 

3.1.1. Leishmanial ArgRS possesses insertion specific to trypanosomatids  

The evolutionary linkage was deduced among the ArgRSs belonging to different domains of life, 

i.e., archaea, bacteria, and eukaryotes (Figure 4). In total, five major clades were observed, in 

which the clade consisting of mammalian ArgRSs segregated as the earliest formed enzymes that 

were paraphyletic to the clades containing ArgRSs from nematodes and arthropods. On the other 

hand, the clades possessing ArgRSs from trypanosomatids and most of the apicomplexans were 

paraphyletic to each other, while P. falciparum formed a separate clade. Succeeding the lineage of 

trypanosomatids and apicomplexans, the clade containing bacterial ArgRSs was present, followed 

by fungi. LdArgRS comprises 692 aa (amino acids) that corresponds to 78.2 kDa protein with 5.8 

as its isoelectric point (pI). Comparative sequence analysis of ArgRSs indicates the presence of a 

long insertion (110 aa) within the CCD of trypanosomatids that is absent in human ArgRS (Figure 

5). Further analysis of LdArgRS sequence using BLASTp tool (data not shown) suggests the 

existence of this insertion only in trypanosomatids, making it a peculiar feature of their ArgRSs. 

Previously, the CCD of Thermus thermophilus AspRS was reported to possess an insertion of 120 

aa resembling the GAD (GatB-AaRs-for-Asp) domain of GatB (the B-subunit of archaeal Glu-

tRNAGln amidotransferases) [59, 60]. This GAD domain is accountable for stabilizing tRNA 

binding with aaRSs. Moreover, a consensus sequence similar to xSKxxLKKxxK is also present in 

the trypanosomatid-specific insertion that has been previously identified as an anticodon binding 

motif in the class-IIb eukaryotic aminoacyl-tRNA synthetases [61]. In LdArgRS, this motif was 

present between Leu355 and Lys365, which contained residues in the order of 

L355S356K357K358E359V360K361P362W363N364K365. The active site motif was present on either side of 

the trypanosomatid-specific insertion, and considerable differences were observed between human 

and leishmanial active site motifs. For example, the residues Ser200, Val238, Val407, Val408, and 

Leu445 in HsArgRS have been replaced by Ala132, Ile170, Cys449, Thr450, and Thr485 in 

LdArgRS, respectively. The HIGH motif consisted of H140-V141-G142-H143 and the KMSKS 

residues were found replaced by KKIKT (K490-K491-I492-K493-T494). Furthermore, the last 

residue methionine has been replaced by isoleucine for trypanosomatids, however, in most of the 

cases, the methionine residue exerts conformational changes that help in proper anticodon binding 

[62].  
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Figure 4: Comparison of arginyl-tRNA synthetase (ArgRS) sequences. Evolutionary analysis of arginyl 

tRNA synthetases from different organisms. The rooted phylogenetic tree was constructed using the 

Neighbor-Joining method with 1000 bootstrap repeats and the percentage of replicate trees with which each 

of the taxa clustered together is mentioned on the branches. 
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Figure 5: Global sequence alignment of ArgRSs from trypanosomatids and H. sapiens. Corresponding 

UniProt IDs of LdArgRS, TbArgRS, TcArgRS, and HsArgRS are A0A3Q8IED7, Q386W0, Q4E397, and 

P54136 and were obtained from the UniProt database (https://www.uniprot.org). Blue stars and green 

circles represent ATP and L-Arg binding motifs, respectively. The consensus tRNA binding motif has been 

indicated with a black box. The blue boxes represent sequence similarity or identity. 
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3.1.2. Comparison of HisRS sequences 

The phylogenetic tree divided HisRSs into clades according to the taxa of organisms from where 

they have been retrieved (Figure 6). It was noticed that Plasmodium falciparum HisRS is closer to 

HisRSs from trypanosomatids, while other apicomplexa HisRSs constituted a different clade. The 

trypanosomatid HisRSs were also observed to be distantly related to human HisRS and to further 

analyze their sequences, a global sequence alignment was executed (Figure 7). The Pfam server 

was used to predict the arrangement of LdHisRS domains and the active site residues were 

reckoned from the T. cruzi HisRS-histidyl-adenylate structure (PDB ID: 3HRK). Leishmania 

donovani HisRS (LdHisRS) harbors NTD (N-terminal domain, Met1-Lys40), CCD (Catalytic core 

domain, Lys41-Ser378), and CTD (C-terminal domain, Leu379-Leu473). The WHEP domain is 

also found towards NTD which is reported in other eukaryotes [60], whereas an ID (insertion 

domain, Ser210-Leu286) connects motif 2 and 3 of CCD. The ID plays an important role during 

histidine adenylation when the tRNA is absent [63] and the conservation of amino acid sequence 

at this region is high within eukaryotes, while it is very low among the prokaryotic HisRSs [45]. 

The interacting residues with L-His and ATP were observed to be identical in trypanosomatids 

excluding Ile335 in Leishmania that is exchanged by Leu336 in Trypanosoma HisRSs, while in 

HsHisRS some of these residues were different. The active site residues in the leishmanial enzyme 

viz., Glu125, Glu157, Arg164, Ala334, and Leu335, have been substituted by Asp130, Pro161, 

Tyr168, Ser356, and Val357, respectively in its human counterpart. These differences between 

LdHisRS and HsHisRS are intriguing, particularly at the Glu157 and Arg164 positions as the 

residues are electrochemically dissimilar in HsHisRS. LdHisRS is made up of 473 amino acids, 

out of which four are tryptophan residues and the theoretical pI of the protein is 5.81.   
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Figure 6: Evolutionary analysis of HisRS from different organisms. The rooted tree was achieved after 

1000 bootstrap repeats by using the Neighbor-Joining method. For every segregating branch, the percentage 

of divergence is indicated.  
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Figure 7: Comparison of HisRSs from various organisms. Multiple sequence alignment of LdHisRS, 

TcHisRS, TbHisRS, and HsHisRS. The black circles and green triangles correspondingly indicate ATP and 

L-His interacting residues. The NTD (N-terminal domain), CCD (Catalytic core domain), ID (Insertion 

domain), and CTD (C- terminal domain) are shown as purple, green, yellow, and blue boxes, respectively. 
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3.1.3.  Cloning of arginyl- and histidyl-tRNA synthetases 

In the course of evolution, trypanosomatids have integrated a unique and large insertion within the 

CCD of ArgRS. Thus, in order to investigate its possible role, LdArgRS, ΔIns-LdArgRS, and 

HsArgRS were cloned into the pET28a(+) expression vector. The amplified ORFs of LdArgRS 

and HsArgRS could be seen as 2.1 and 1.9 kb approximately (Figure 8A & B). The full-length 

LdArgRS was used for the derivation of its deletion mutant by SOE-PCR technique. The amplified 

bands of the first half of the gene, i.e., prior to the novel insertion (897 bp), and second half of the 

gene (852 bp), were used for the next set of PCR reactions wherein the flanking sequences could 

be added (Figure 8C). The fifth PCR used the flanking sequences as primers and the entire stretch 

of 1.7 kb nascent ORF was amplified (Figure 8D). All of these clones were subsequently confirmed 

through double digestion (Figures 8E-G).  

 

 

Figure 8: Cloning of ArgRSs in pET28a(+) expression vector. (A & B) Amplification of ArgRSs from 

Leishmania donovani genomic DNA and cDNA of human myeloid fibroblast cells, respectively; (C) 

Amplification of the first half of LdArgRS (lane 1), 1 kb DNA ladder (lane 2), and the second half (lane 3) 

of LdArgRS; (D) Amplification of ΔIns-LdArgRS; Double digestion of LdArgRS-pET28a(+) (E), 

HsArgRS-pET28a(+) (F), and ΔIns-LdArgRS-pET28a(+) with NdeI and EcoRI (G).   
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Similarly, the same expression vector was employed for the cloning of LdHisRS and its human 

counterpart while the mutants were generated through primers with specific mutations. The full-

length ORF of LdHisRS (1.42 kb, Figure 9A) and HsHisRS (1.53 kb, Figure 9B) were amplified 

from Leishmania donovani genomic DNA and human myeloid fibroblast cDNA, respectively by 

implementing gene-specific primers. The constructs were confirmed by double digestion and 

further validated by DNA sequencing (Figure 9C-D). 

 

Figure 9: Molecular cloning of HisRSs. Amplification of HisRSs from (A) Leishmania donovani genomic 

DNA and (B) cDNA of human myeloid fibroblast cells, wherein lanes 1 and 2 of each gel correspondingly 

represent 1 kb DNA ladder and amplified ORFs; Confirmations of (C) LdHisRS-pET28a(+) and (D) 

HsHisRS-pET28(+) wherein lanes 1, 2, and 3 represent 1kb DNA ladder, undigested construct, and double 

digested construct with NdeI and EcoRI. 
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3.1.4. Purification of tRNA synthetases to homogeneity 

After confirmation by double digestion and DNA sequencing all of the plasmids containing native 

and mutanted genes were transformed into E. coli BL21(DE3) cells for expression of recombinant 

proteins. To determine the optimum IPTG concentration for protein induction, LdArgRS and ΔIns-

LdArgRS were subjected to 0, 0.1, 0.25, and 0.5 mM IPTG. Thick bands of LdArgRS (Figure 10A) 

and ΔIns-LdArgRS (Figure 10B) overexpression were visible on 10% SDS-PAGE in the cells 

treated with IPTG, while no protein expression was noticed in the uninduced cells. The optimum 

IPTG concentrations was estimated as 0.5 mM for both the recombinant proteins and they could 

be successfully brought to homogeneity with the help of Ni-NTA, followed by size-exclusion 

chromatography. The purified LdArgRS, ΔIns-LdArgRS, and HsArgRS could be seen as ≈80 kDa 

(78.2 kDa+2 kDa His-Tag), ≈69 kDa (67 kDa+2 kDa His-Tag), 75 kDa (73 kDa+2 kDa His-Tag) 

recombinant proteins when run on a 10% SDS-PAGE gel (Figure 10C). The full-length LdArgRS 

solubility and yield were higher than its deletion mutant, i.e., 2 mg/ml (LdArgRS) versus 0.5 mg/ml 

(ΔIns-LdArgRS) per one-liter culture. The oligomeric state of LdArgRS was found to be dimeric, 

while that of ΔIns-LdArgRS as monomeric in solution (Figure 10D). Similarly, the optimal IPTG 

concentration for inducing these proteins was observed to be 0.5 mM for LdHisRS. The induced 

LdHisRS and its mutants (55 kDa) were visible on the next lane to the protein ladder (Figure 11A). 

The recombinant proteins were purified using Ni-NTA affinity and gel filtration chromatography 

(Figure 11B), while the 110 kDa of native LdHisRS indicate its dimeric state.  
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Figure 10. Purification of LdArgRS, ΔIns-LdArgRS, and HsArgRS. 10% SDS-PAGE exhibiting 

overexpression of proteins for (A) LdArgRS and (B) ΔIns-LdArgRS. Lane M of each gel corresponds to 

protein marker, lane 1, 2, 3, and 4 represent cells treated with 0, 0.1, 0.25, and 0.5 mM IPTG, respectively; 

(C) 10% SDS-PAGE gel of purified proteins depicting protein marker (lane M), LdArgRS: 80 kDa (lane 

1), ΔIns-LdArgRS: 69 kDa (lane 2), and HsArgRS: 75 kDa (lane 3); (D) Molecular weight determination 

of LdArgRS and ΔIns-LdArgRS using size-exclusion chromatography, the inset displays a plot of standard 

proteins comprising b-Amylase (b-Amy: 200 kDa), Alcohol Dehydrogenase (ADH: 150 kDa), Bovine 

Serum Albumin (BSA: 66 kDa), Carbonic Anhydrase (CA: 29 kDa), and Cytochrome-c (Cyt-c: 12 kDa) 
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Figure 11: Purification of HisRSs. (A) Expression of leishmanial HisRS with lane M representing protein 

marker, lanes 1, 2, 3, and 4 showing protein induction at 0, 0.1, 0.25, and 0.5 mM IPTG concentrations, 

respectively; (B) Purified proteins on 10% SDS-PAGE with lane M: protein ladder, lane 1: 55 kDa 

LdHisRS, lane 2: 55 kDa LdHisRS-E157A, lane 3: LdHisRS-R164A, and lane 4: 58 kDa HsHisRS; (C) 

Dimeric state of LdHisRS on size-exclusion chromatogram, the inset is a plot of protein standards as shown 

in Figure 10. 
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3.1.5. Trypanosomatid-specific insertion renders conformational changes in LdArgRS 

In order to study the differences in conformation rendered by the trypanosomatid-specific 

insertion, LdArgRS and ΔIns-LdArgRS were subjected to fluorescence spectroscopy with varying 

pH. The effect of pH could be vividly observed for both proteins with red and blue shifts. At acidic 

pH (4 and 5), LdArgRS showed a blue shift, and when present in a buffer of pH 10, it showed a 

red shift (Figure 12A). However, a red shift was observed at acidic pH (4-6) for ΔIns-LdArgRS, 

and no shift of wavelength was found from pH 7 to 10 (Figure 12B). LdArgRS consists of 29 

phenylalanine, 20 tyrosine, and 6 tryptophan residues out of which 3 phenylalanine, 2 tyrosine, 

and 1 tryptophan are present in the insertion region. Hence, comparative computational and 

quenching analyses were performed to determine their proximate location in the full-length protein 

as well as its deletion mutant. As per the WESA software, 10 aromatic residues, viz., 5 tyrosine 

(Tyr191, Tyr242, Tyr270, Tyr330, and Tyr455), 1 tryptophan (Trp470), and 4 phenylalanine 

(Phe395, Phe411, Phe413 and Phe633) from LdArgRS, were exposed to the solvent milieu. 

However, in ΔIns-LdArgRS, 7 aromatic residues were present on the surface, viz., 4 tyrosine 

(Tyr191, Tyr242, Tyr270, and Tyr344), and 3 phenylalanine (Phe300, Phe302, and Phe522). 

Hence, it can be inferred that 18.18% of LdArgRS and 14.28% of ΔIns-LdArgRS aromatic residues 

are present on the respective protein surfaces. The removal of insertion also led to the shifting of 

Trp359 to a hydrophobic environment in ΔIns-LdArgRS that was previously exposed in LdArgRS 

(Trp470). In order to understand the location of these residues, the quenching of their intrinsic 

fluorescence was studied through in vitro experiments, and it was observed that both the proteins 

could be efficiently quenched by acrylamide from 0.075 to 0.5 M (Figure 12C and E). This is in 

correlation with the prediction of WESA server that indicated the presence of many aromatic 

residues in the hydrophobic core of LdArgRS and ΔIns-LdArgRS. Based on the binding constant 

values observed, it can be interpreted that LdArgRS requires comparatively more acrylamide to 

quench its intrinsic fluorescence (Kb= 2.34±0.35 M-1, Figure 12D) than ΔIns-LdArgRS 

(Kb=1.35±0.16 M-1, Figure 12F). This might be attributed to the lesser number of aromatic residues 

in ΔIns-LdArgRS than its full-length form. Quenching of LdArgRS with potassium iodide (KI) 

was not successful as the fluorescence intensity kept on fluctuating, however, the same was not 

the case for ΔIns-LdArgRS. The Kb of KI towards ΔIns-LdArgRS was found to be 1.33±0.2 M-1 

(Figure 12G and H).  
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Figure 12: Intrinsic fluorescence of LdArgRS and ΔIns-LdArgRS. (A and B) Effect of pH on 

conformational changes of proteins; Decrease in fluorescence intensity of purified proteins in the presence 

of acrylamide (C and E), and potassium iodide (G) with their respective modified Stern-Volmer plots (D, 

F, and H); Kb values computed are mean ± SD from two different experiments with P-value <0.0001 

calculated from one-way ANOVA. 
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3.1.6. Aromatic residues are buried in the hydrophobic core of LdHisRS 

In the physiological condition, λmax (maximum intrinsic fluorescence) of LdHisRS was recorded 

at 335 nm (Figure 13A). Near its isoelectric point, i.e. pH 6, the lowest intrinsic fluorescence 

intensity was recorded besides mild blue shift (Figure 13B), while at acidic pH (4 and 5), the 

highest intensities were noticed. However, no shift in the wavelengths was observed when the 

protein was subjected to other pH buffers, except for pH 10 where it depicted a mild red-shift. The 

WESA software located 1 tryptophan, 2 phenylalanine, and 2 tyrosine residues on the surface 

accounting for 13.1% of the total aromatic residues, thus indicating the presence of aromatic acids 

majorly in the hydrophobic core of LdHisRS. The in silico analysis was validated by employing 

polar (potassium iodide) and non-polar (acrylamide) quenchers (Figure 13C and E). The 

corresponding Ksv (quenching constant) of acrylamide and potassium iodide were calculated to be 

2.5±0.2 (Figure 13D) and 1.03±0.2 M-1 (Figure 13F), suggesting that the intrinsic fluorescence of 

LdHisRS could be quenched with higher potassium iodide than acrylamide. 
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Figure 13: Intrinsic fluorescence of the leishmanial HisRS. (A) LdHisRS fluorescence intensity at pH 

7; (B) pH based conformational changes; Reduction in intrinsic fluorescence of purified protein in (C) 

acrylamide and (E) KI with their respective Stern-Volmer plots (D and F). 
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3.2. Discussion 

Leishmaniases are the examples of evolutionary arms race wherein pathogens foster invasive 

strategies to defy the defense mechanism of their hosts. Due to the limitations posed by current 

antileishmanial remedies, it has become necessary to devise novel and effective therapeutic 

interventions to combat these diseases. Since the accuracy of protein translation is maintained by 

aaRSs, targeting these enzymes would hinder the cellular metabolism of leishmanial parasites. The 

distant segregation of trypanosomatid and mammalian ArgRSs in a rooted phylogenetic tree is in 

corroboration with a report that studied the gene organization of ArgRSs in detail [64]. Apart from 

evolutionary divergence, we found a 110 aa long insertion within ArgRS CCD that is idiosyncratic 

to trypanosomatids, and a similar case was noticed in the CCD of T. thermophilus AspRS [59].  

Domains incorporated into CCD or ends of aaRSs have been previously associated with the 

enhancement of catalytic efficiency, tRNA binding, or editing mechanisms [59, 60, 65, 66, 67]. 

The human MetRS has also acquired a unique C-terminally appended domain that increases the 

protein’s affinity for tRNA and is linked to the efficient capture of tRNA [68]. Moreover, the 

trypanosomatid-specific insertion contained a consensus sequence, which is important for RNA 

binding in aaRSs and RNA-recognizing proteins [69]. Removal of insertion changed the 

oligomeric state of LdArgRS and it is noteworthy that arginyl-tRNA synthetases have been 

reported in different forms of oligomerization viz., dimeric in Homo sapiens [70] and monomeric 

in P. falciparum [41]. A previous report has demonstrated the role of tRNA binding domain in the 

dimerization of class-I tRNA synthetases as it facilitates the communication between catalytic 

pocket of one monomer to the adjacent monomer [71]. The continuous fluctuations in fluorescence 

intensities of LdArgRS in the presence of ionic quencher, i.e., KI are possible only if the insertion 

is structurally dynamic causing constant alternation between buried and exposed states of 

tryptophan. At this juncture, it should be noted that of the 11 cysteine residues, none were present 

in the 110 aa long insertion, negating the possibility of any disulfide bond formation and thus, 

contributing towards its flexibility. It has previously been shown that TbHisRS and TcHisRS differ 

structurally from their human counterparts [45]. Furthermore, there were notable differences in the 

structure and amino acid sequence of the trypanosomal and HsHisRS catalytic pockets [44]. This 

work further demonstrated that leishmanial HisRSs differ evolutionary from those of mammals as 

shown earlier [72]. Since the activation of histidine in the second monomer depends on the first 

monomer's aminoacylation being completed, the monomers must pair for the catalysis to occur 
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[73, 74]. It was observed that LdHisRS's oligomeric state was dimeric, as reported in HisRSs from 

other organisms [45, 75, 76]. Additionally, it has also been formerly reported to be tetrameric [46, 

77]. One of the most important differences between the leishmanial and human HisRS is the 

replacement of the ATP-interacting residues proline and tyrosine in HsHisRS by glutamate and 

arginine in LdHisRS, respectively. These residues are part of a motif that alters loop formation 

when attaching to the ATP adenyl group. Similar to leishmanial pyridoxal kinase, LdHisRS 

demonstrated low fluorescence intensity near isoelectric point [78]. Moreover, the majority of the 

aromatic amino acid residues were located at the protein's hydrophobic core, which is comparable 

to LdAspRS [34], LdSerRS [51], LdRPE [58], and LdGluRS [79]. 
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Chapter-II 

4. To characterize the purified proteins 

biochemically and perform inhibition studies 

 

 

 

 

 

 

  



42 

 

4.1. Results 

4.1.1. Trypanosomatid-specific insertion alters catalytic properties of LdArgRS  

The full-length protein was capable of releasing pyrophosphate in the absence of tRNA at 0.25 

µM in aminoacylation assays, and the PPi (inorganic phosphate) was detected with malachite green 

developing solution at 620 nm. Since ΔIns-LdArgRS mimics ArgRSs that lack such an insertion, 

its ability to catalyze the ATP-PPi exchange reaction was also checked in the absence of tRNA 

(Table 3). It was observed that ΔIns-LdArgRS lost about 90% of the enzyme activity at 0.25 µM 

concentration (Figure 14A). However, upon increasing the protein concentration, the protein 

gradually gained its activity up to 45% at 2 µM, beyond which not much increase in its enzyme 

activity was visible. This is in contrast to the 85% activity of LdArgRS at 2 µM. On varying pH, 

although the maximum activity for both proteins was observed at pH 7, their extent of 

aminoacylation differed at the basic pH (9-10) (Figure 14B). For LdArgRS, about 40–60% activity 

was seen from pH 3-6, after which a sharp increase in activity was observed till pH 7, followed by 

a gradual decrease to 50% in the basic pH (9 to 10). For ΔIns-LdArgRS, although the 

aminoacylation pattern was similar to that of the full-length protein at acidic pH, it showed a good 

percentage of activity even at basic pH. A similar pattern was observed for both proteins when the 

temperature was varied (Figure 14C), wherein the initial activity curve was comparable until both 

reached their highest capacities at 40°C. However, ΔIns-LdArgRS remained comparatively more 

active than LdArgRS even at higher temperatures (50-80°C), while the aminoacylation capability 

of LdArgRS decreased to almost 20%. Additionally, the effect of various metal ions on the 

aminoacylation by purified proteins was investigated. The reactions devoid of divalent ions 

showed much lesser enzymatic activity in comparison to the ones lacking monovalent ions. While 

manganese, magnesium, and calcium were most efficient in increasing the enzyme activity of both 

forms of protein, divalent metals such as cadmium, iron, zinc, and copper could not alleviate 

activity to a great extent (Figure 14D and E). Among monovalent metals, although the highest 

activity was noticed in the presence of potassium, other ions (Na+, Li+, Cs+) could also activate 

LdArgRS to attain more than 50% of its activity (Figure 14F). The monovalent metal lithium, 

however, seemed to be mildly activating ΔIns-LdArgRS beyond its basal level (Figure 14G).  
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Table 3: Kinetic parameters of ligands for LdArgRS, ΔIns-LdArgRS, and HsArgRS 

Protein Ligand Km 

(µM) 

Vmax 

(µM/ min) 

kcat 

(µM-1) 

kcat/Km 

(min-1µM-1) 

0.25 µM LdArgRS L-Arg 225.8±44 4±0.35 16 0.07 

2 µM LdArgRS L-Arg 197±20 5.6±0.3 2.8 0.01 

0.25 µM ΔIns-LdArgRS L-Arg 376.1±17 1.49±0.09 5.96 0.015 

2 µM ΔIns-LdArgRS L-Arg 249.6±31 2.9±0.3 1.45 0.005 

0.25 µM LdArgRS ATP 4.5±0.75 2.23±0.1 8.91 1.98 

2 µM LdArgRS ATP 1.09±0.2 6.29±0.09 3.14 2.88 

0.25 µM ΔIns-LdArgRS ATP 25.4±4 0.68±0.08 2.72 0.1 

2 µM ΔIns-LdArgRS ATP 18.4±3.5 3.9±0.8 1.95 0.1 

0.25 µM LdArgRS L-Can 203.4±25 13.52±0.75 54.08 0.26 

0.25 µM ΔIns-LdArgRS L-Can 408.0±48 4.078±0.2 16 0.04 

 

 

Figure 14: Aminoacylation by LdArgRS and ΔIns-LdArgRS. (A) Aminoacylation of L-Arg at different 

protein concentrations; Effect of (B) pH, (C) temperature, (D and E) divalent metals, (F and G) monovalent 

metals on the enzymatic activity of purified proteins. 
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Next, in order to understand the differences in their catalytic properties concerning ATP and L-

Arg, we performed enzyme kinetics at different concentrations of the proteins. When the kinetics 

were conducted with ATP as a function at 0.25 µM protein, Km of LdArgRS and ΔIns-LdArgRS 

were found to be 4.5±0.75 and 25.4±6 µM, respectively (Figure 15A). Similarly, for L-Arg, the 

corresponding Km of LdArgRS and ΔIns-LdArgRS was observed to be 225.8±44 and 376.1±17 

µM (Figure 15C). The Km values decreased at 2 µM for both proteins, with an increase in their 

Vmax values indicating the impact of protein concentration on various kinetic parameters. It was 

observed that the ligand binding propensity of LdArgRS was always greater than that of ΔIns-

LdArgRS, which was reflected by their Km and kcat/Km values (Figure 15B and D). The pseudo-

substrate L-Can increased the Vmax of LdArgRS and ΔIns-LdArgRS by almost 3.5 and 2.5 folds, 

respectively, while a major effect on their Km was not observed (Figure 15E). However, the 

pseudo-substrate could efficiently increase the kcat/Km values for both proteins (Figure 15F). 

 

Figure 15: Catalytic efficiencies of LdArgRS and ΔIns-LdArgRS.  Enzyme kinetics of purified proteins 

at 0.25 and 2 µM concentration for (A) ATP, (C) L-Arg, and (E) L-Can, whereas respective kcat/Km values 

are depicted in (B), (D), and (F).  

 

4.1.2. Mutation of ATP-binding residues reduces catalytic efficiency of LdHisRS 

The aminoacylation by LdHisRS was investigated under various conditions as the suitable 

parameters are unknown. While it showed maximal enzymatic activity at pH 7, there was a gradual 
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decrease in aminoacylation on either side of this pH (Figure 16A). Similarly, its lowest activity 

was noticed at 10°C, followed by increase till 40°C after which it decreased (Figure 16B). The 

aminoacylation of LdHisRS was correspondingly highest and least in the presence of magnesium 

and iron (Figure 16C). The activity of LdHisRS with calcium and zinc was similar, while copper 

and iron could not enhance after 23% and 18%, respectively.  Likewise, the best enhancer of 

aminoacylation by LdHisRS was perceived to be potassium, then sodium, lithium, and cesium 

(Figure 16E). Interestingly, LdHisRS showed 23% activity when there were no monovalent metals, 

as compared to 5% when the reaction was devoid of divalent metals. Furthermore, the ideal 

magnesium and potassium concentration was found to be 15 mM (Figure 16D and F). The Km of 

ATP and L-His was calculated to be 44.1±1 (Figure 16G), and 0.7±0.1 µM (Figure 16H), 

respectively (Table 4), suggesting the greater affinity of LdHisRS towards L-His than ATP. The 

enzyme kinetics of mutants (E157A and R164A) in terms of ATP delineated a correspondingly 

increased Km i.e., 67.9±1 and 100.4±3.5 µM depicting the relevance of E157 and R164 in ATP 

binding (Figure 16I).  Besides the kcat/Km (catalytic efficiency) of E157A and R164A reduced by 

nearly 22% i.e., 1.73 and 1.72, respectively (Figure 16J).  

 

Table 4: Enzyme kinetics of LdHisRS and its mutants 

Protein Ligand Km (µM) Vmax (µM/min) kcat(s-1) kcat/Km(s-1 µM-1) 

LdHisRS L-His 0.7±0.1 63.5±8.3 105.8 151.14 

LdHisRS ATP 44.1±1 58.6±1.5 97.6 2.2 

LdHisRS-E157A ATP 67.9±1 70.7±0.2 117.8 1.73 

LdHisRS-R164A ATP 100.4±3.5 103.8±0.7 173 1.72 
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Figure 16: Enzyme kinetics of LdHisRS and its mutants. Aminoacylation by LdHisRS at various (A) 
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pH, (B) temperature, (C) divalent, and (E) monovalent metals; Optimum concentration of (D) magnesium, 

and (F) potassium for LdHisRS; Kinetics of LdHisRS with (G) ATP, (H) L-His, and (I) mutants with ATP; 

(J) Catalytic efficiency of purified proteins. 

 

4.1.3. Trypanosomatid-specific insertion is a tRNA binding domain in LdArgRS 

To understand the role of trypanosomatid-specific insertion in binding of tRNA, the enzyme 

kinetics of LdArgRS, ΔIns-LdArgRS, and HsArgRS were performed with Baker’s yeast total 

tRNA (ytRNA) as a function. Since, ArgRSs are known to be catalytically active in the presence 

of tRNAArg, the aminoacylation reaction was supplemented with ytRNA in order to compare the 

tRNA dependency of LdArgRS, ΔIns-LdArgRS, and HsArgRS (Figure 17A). While the Vmax was 

mostly similar for HsArgRS, LdArgRS, and ΔIns-LdArgRS, their affinity towards tRNA varied 

greatly. The Km of ΔIns-LdArgRS towards tRNA increased by almost two and three times (21.4±3 

µM) than that of LdArgRS (10.83±2.7 µM) and HsArgRS (7.8±0.4 µM), respectively (Table 5). 

Hence, it resulted in a proportional reduction of its kcat/Km value, i.e., by 2.5 and 4 folds compared 

to the catalytic efficiency of LdArgRS and HsArgRS, respectively. The MST (MicroScale 

Thermophoresis) analyses revealed that while tRNA could bind LdArgRS with a Kd of 1.2±0.2 µM 

(Figure 17B), no binding could be detected toward ΔIns-LdArgRS (Figure 17C). The tRNA 

binding capabilities of LdArgRS and ΔIns-LdArgRS were also validated through RNA-EMSA 

(Electrophoretic Mobility Shift Assay) (Figure 17D and E). In the case of the full-length protein, 

an upward shift in the protein-tRNA complex and a decrease in free tRNA were observed as the 

protein concentration increased. On the other hand, neither the tRNA-bound form could be 

detected nor a decrease in free tRNA was observed for ΔIns-LdArgRS, suggesting that the removal 

of insertion leads to a lowering of tRNA binding affinity in LdArgRS. 

 

Table 5: Catalytic efficiencies of LdArgRS, ΔIns-LdArgRS, and HsArgRS with ytRNA  

Protein Km 

(µM) 

Vmax 

(µM/ min) 

kcat 

(µM-1) 

kcat/Km 

(min-1µM-1) 

0.25 µM LdArgRS 10.83±2.7 2.73±0.16 10.92 1 

0.25 µM ΔIns-LdArgRS 21.4±3 2.22±0.1 8.88 0.4 

0.25 µM HsArgRS 7.8±0.4 3.4±0.7 13.6 1.74 
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Figure 17: Kinetics of LdArgRS, ΔIns-LdArgRS, and HsArgRS with ytRNA; Data are represented as 

mean ± SD from duplicates of two individual experiments; (A) Kinetics of LdArgRS, ΔIns-LdArgRS, and 

HsArgRS with ytRNA; Spectral shift dose–response curves for ytRNA towards (B) LdArgRS, and (C) 

ΔIns-LdArgRS; 6% non-denaturing PAGE gel exhibiting RNA-EMSA for (D) LdArgRS, and (E) ΔIns-

LdArgRS, lane 1 of gels represents only ytRNA (70 ng), lanes 2, 3, 4, 5, 6, 7, and 8 contain 70 ng ytRNA 

along with recombinant proteins (LdArgRS or ΔIns-LdArgRS)  at 50, 100, 250, 500, 1000, 2000, and 4000 

nM concentrations, respectively. Lane 9 of the gels represents results obtained with only recombinant 

protein present (4000 nM). 

 

4.1.4. Benzothiazolo-coumarin derivatives are potent inhibitors of LdArgRS and LdHisRS 

In a quest to find novel and potent inhibitors of LdArgRS, 14 benzothiazolo-coumarin derivatives 

(7a to n) were synthesized by our collaborators from NIPER, Hyderabad, and screened through 

aminoacylation assays to evaluate their potency to inhibit leishmanial as well as human ArgRS 

(Figure 18). The general structure of these compounds except Comp-7h, 7l, and 7n consisted of 

three benzene rings, in which the first benzene ring is placed adjacent to a pentene ring such that 

they mimic the structure of adenine, the second benzene ring is attached to a cyclohexanone 

molecule, and the third benzene ring is substituted by methyl or halogen groups at various ortho, 
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meta, and para positions. The Comp-7h, 7l, and 7n, on the other hand, lacked the third benzene 

ring.  

 

Figure 18: Chemical structure of synthesized benzothiazolo-coumarin derivatives. A series of 

benzothiazolo-coumarin derivatives were made from combination of aryl and alkyl halides with coumarin 

by substituting at the 7-hydroxy group. 

 

From the values enlisted in Table 6, it can be deduced that substitution with a halogen group at the 

para position or a methyl group in the ortho and meta positions of the third benzene ring is 

necessary for better inhibition of LdArgRS. On the contrary, substitutions by fluorine at the ortho 

and meta positions of the third benzene ring were the most ineffective in enhancing the potency of 

inhibitors as observed for Comp-7d and 7e. Comp-7g and 7j were better at inhibiting LdArgRS 

when compared to other compounds in the series, as their IC50 values were computed to be 0.7 and 

1.2 µM, respectively (Table 6, Figure 19A and B). Moreover, these two compounds showed greater 

selectivity towards LdArgRS than HsArgRS, as a 30 and 16 fold differences in IC50 was observed. 

The mode of inhibition was also determined for these two compounds with respect to L-Arg and 

ATP. The inhibitor Comp-7g inhibited LdArgRS mixed-competitively (Figure 19C) and non-

competitively (Figure 19E) with respect to ATP and L-Arg, respectively, while Comp-7j was 
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found to be competitive for ATP (Figure 19D), and it showed a non-competitive mode of inhibition 

towards L-Arg similar to Comp-7g (Figure 19F). Hence, Comp-7j was considered a better inhibitor 

of LdArgRS than Comp-7g. When the inhibition was evaluated for Comp-7j towards ΔIns-

LdArgRS, the IC50 increased to 9 µM (Figure 19G), and the mode of inhibition changed from 

competitive to mixed-competitive towards ATP (Figure 19H). These results further suggest the 

impact of trypanosomatid-specific insertion in altering the modality of inhibition. 

  

Table 6: IC50 (µM) of benzothiazolo-coumarin derivatives towards LdArgRS and HsArgRS 

Compound LdArgRS HsArgRS 

7a 4.2±1 20.4±1.5 

7b 3.4±0.6 9.9±1.2 

7c 2.9±0.4 7.5±0.6 

7d 9.1±0.8 10±0.5 

7e 7.6±0.7 7.8±0.9 

7f 4.3±0.3 7.2±0.4 

7g 0.7±0.1 21.1±2 

7h 3.2±0.4 19.2±2.5 

7i 2.0±0.2 14.9±1.4 

7j 1.2±0.1 19±1 

7k 2.2±0.3 10.5±1.5 

7l 3.4±0.2 7.4±0.5 

7m 5.1±0.5 9.3±1 

7n 6.2±0.7 8.6±0.5 
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Figure 19: Inhibitory effect of Comp-7g and 7j on purified ArgRSs.  Percentage reduction of LdArgRS 

and HsArgRS activity in the presence of (A) Comp-7g, and (B) Comp-7j; Mode of inhibition for (C) Comp-

7g, and (D) 7j towards ATP; (E) Comp-7g, and (F) 7j depicting non-competitive mode of action with respect 

to L-Arg; (G) Comparative inhibition of purified enzymes with Comp-7j; (H) Mixed-competitive type 
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inhibition of ΔIns-LdArgRS by Comp-7j for ATP. Each of the experiments was performed twice and the 

values indicate mean ± SD. 

 

Similarly, as indicated in Table 7, the compounds possessing methyl or halogen moiety inhibited 

LdHisRS activity better than others. Among the 14 compounds tested, Comp-7a (IC50 = 1.5±0.1 

µM) and 7m (IC50 = 1.1±0.3 µM) demonstrated better inhibition in comparison to others (Figure 

20A and B). It is noteworthy that their IC50 values towards the human HisRS were 6.1±0.1 and 

10.5±1 µM, which is considerably higher than LdHisRS inhibition. The IC50 for lead inhibitors 

were determined to be 4.5±0.7 (Comp-7a) and 6.3±0.8 µM (Comp-7m) for E157A, while the 

respective values for R164A were 8.3±1 and 8.8±0.9 µM. The mode of inhibition was also 

determined towards protein along with their (Ki) slope and (Kiα) intercept inhibition constants. 

Comp-7a was found to be uncompetitive and 7m was mixed-competitive with respect to the 

substrate (Figure 20D and F) and their corresponding Kiα were 2.8±0.4 and 2.2±0.3 nM (Figure 

20C and E).  

 

Table 7: Inhibition of LdHisRS and HsHisRS by benzothiazolo-coumarin derivatives 

Compound LdHisRS HsHisRS 

7a 1.5±0.1 6.1±0.1 

7b 2.5±0.05 7.3±0.1 

7c 3.3±0.2 3.8±0.1 

7d 3.5±0.1 6.9±0.6 

7e 4.4±0.1 8.6±0.1 

7f 5.6±0.5 9.9±1.5 

7g 10.4±1.5 16.1±0.1 

7h 4.1±0.1 15.8±2.5 

7i 4.8±0.1 18±0.1 

7j 3.5±0.1 7.3±0.1 

7k 3.5±0.4 12.7±2 

7l 5.9±0.3 4.4±0.2 

7m 1.1±0.3 10.5±1 

7n 2.5±0.2 9±0.4 
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Figure 20: Inhibition of LdHisRS and its mutants by Comp-7a and 7m: Reduction of LdHisRS activity 

in the presence of (A) Comp-7a and (B) Comp-7m; Mode of inhibition with respect to L-His in presence 

of (C) Comp-7a, (E) Comp-7m, and their corresponding Kiα plots (D and F). 

 

Comp-7a and 7m showed non-competitive (Kiα=3.3±0.5 nM) and competitive (Ki=2.7±0.2 nM) 

mode of inhibition towards LdHisRS with respect to ATP (Figure 21A-D). Comp-7m was 

considered as a better inhibitor of LdHisRS than Comp-7a based on the difference in IC50 values 
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between LdHisRS and HsHisRS as well as mode of inhibition. With ATP as a function, Comp-7m 

inhibited E157A competitively (Ki=26.9±2 nM), while its mode of inhibition changed to mixed-

competitive towards R164A (Kiα=3.9±0.7 nM) (Figure 21E-H).  

 

Figure 21: Inhibition mode of Comp-7m for LdHisRS and its mutants towards ATP. Mode of 
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inhibition for LdHisRS by (A) Comp-7a, (C) Comp-7m, and their respective Kiα (B) and Ki (D) plots; 

Inhibitory effect of Comp-7m on (E) E157A, (G) R164A with their corresponding Ki (F) and Kiα (H) plots. 

 

4.1.5. Binding affinity of lead molecules with tRNA synthetases 

The binding capacity of Comp-7j with LdArgRS, HsArgRS, and ΔIns-LdArgRS was also 

determined through fluorescence spectroscopy. In each case, with increasing concentrations of 

inhibitor, there was a decrease in the fluorescence intensities of the proteins (Figure 22A, C, and 

E). This decrease in intensities was exclusively due to the binding of inhibitors to proteins and not 

because of a change in their environments, as the λmax remained same viz., λmax for LdArgRS, 

HsArgRS, and ΔIns-LdArgRS were 337±1, 330±1, and 335±2 nm, respectively. The inhibitor was 

found to be more specific towards LdArgRS than HsArgRS and ΔIns-LdArgRS as their binding 

constant values (Kb) derived from the modified Stern-Volmer equation were found to be 

9.5±0.3x10-7, 6.5±0.4x10-7, and 5.1±0.4x10-7 M-1, respectively (Figure 22B, D, and F). The effect 

of an extrinsic fluorophore, i.e., 8-anilinonapthalene-1-sulfonic acid (ANS), on LdArgRS was also 

studied by varying pH. An increase in the inhibitor concentration did not lead to protein 

aggregation (Figure 22G), while the protein in apo state showed minimal tendency for aggregation 

between pH 6 and 10 (Figure 22H).  
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Figure 22: Fluorescence measurements of purified ArgRSs with Comp-7j.  Decrease in intrinsic 

fluorescence intensity of (A) LdArgRS, (C) HsArgRS, and (E) ΔIns-LdArgRS with increasing 
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concentrations of Comp-7j; Corresponding modified Stern-Volmer plots are presented in (B), (D), and (F), 

respectively; (G) The binding of Comp-7j with LdArgRS in the presence of the fluorescent probe, ANS; 

(H) pH-dependent extrinsic fluorescence of LdArgRS. In each of the plots, values are indicative of mean ± 

SD with n=2. The P-value<0.0001 was calculated using one-way ANOVA. 

 

Similarly, the binding affinity of Comp-7m towards LdHisRS, its mutants, and HsHisRS was also 

analysed. As the λmax was unaltered with increase in inhibitor concentrations, the reduction of 

intrinsic fluorescence intensity was attributed to the binding of Comp-7m for the protein (Figure 

23A, C, E, and G). Comp-7m depicted comparatively higher binding affinity towards LdHisRS 

than its mutant forms and HsHisRS. The Kb was observed to be 5.9±0.3x10-6 M-1 for Comp-7m 

towards LdHisRS (Figure 23B), while its corresponding Kb for E157A, R164A, and HsHisRS was 

enumerated to be 4.3±0.6x10-6, 3.3±0.3x10-6, and 4.8±0.3x10-6 M-1 (Figure 23D, F, and H).   
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Figure 23: Binding affinity of Comp-7m towards LdHisRS, its mutants, and HsHisRS. Reduction in 

intrinsic fluorescence intensities of (A) LdHisRS, (C) LdHisRS-E157A, (E) LdHisRS-R164A, and (G) 

HsHisRS with their corresponding modified Stern-Volmer plots (B, D, F, and H). 
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4.1.6. ADME properties of lead inhibitors 

The ADME properties of lead inhibitors were also computed to verify if the inhibitors comply with 

the acceptable range of druglikeness (Table 8). For Comp-7g and 7j, the number of H-bond 

acceptors and donors was below 5 as per Lipinski’s rule, while the gastrointestinal absorption of 

Comp-7g and 7j was low and high, respectively suggesting Comp-7j has better pharmacokinetic 

properties than Comp-7g. Moreover, Comp-7g and 7j exhibited low cytotoxicity towards murine 

macrophage RAW 264.7 as their IC50 values were 158±10 and 210±17 µM, respectively. Likewise, 

the ADME characteristics for Comp-7a and Comp-7m were comparable, while their cytotoxicity 

was similar with Comp-7m demonstrating mildly lower IC50 value i.e., 180±7 µM as compared to 

Comp-7a with 173±5 µM. 

 

Table 8: SwissADME properties and cytotoxicity of hit compounds 

Compound Molecular 

weight 

(g/mol) 

LogP LogS H-bond 

accepto

rs 

H-

bond 

donors 

GI 

absorptio

n 

Cytotoxicity 

(µM) 

 

Comp-7a 431.5 3.96 -6.3 4 0 Low 173±5 

Comp-7g 459.6  4.43 -6.9 4 0 Low 158±10  

Comp-7j 510.4  4.55 -6.8 3 1 High 210±17  

 Comp-7m 449.2 4.12 -6.4 5 0 Medium 180±7 
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4.2. Discussion 

Through RNA-EMSA, MST, and enzyme kinetics we confirmed this insertion to be an RNA 

binding domain. ΔIns-LdArgRS also depicted altered structural and catalytic properties compared 

to LdArgRS as the latter could perform aminoacylation at lower protein concentrations apart from 

demonstrating better catalytic efficiency. Since aminoacylation is quantified based on 

pyrophosphate release, it can be inferred that at lower protein concentrations, ΔIns-LdArgRS is 

not capable of initiating the ATP-PPi exchange reaction like other ArgRSs [80, 81]. We also 

synthesized ATP resembling inhibitors knowing that analogs of ATP such as cladosporin are 

potent inhibitors of aaRSs [82]. Of them, the ones that possessed halogen groups attached to the 

para position or methyl groups linked to the ortho and meta positions of the third benzene ring 

augmented their potency. Quinoline derivatives possessing halogen and methyl groups at the para 

position of their benzene rings have been evaluated as potent inhibitors of L. donovani methionine 

aminopeptidase 1 [83, 84]. Among the inhibitors, Comp-7j was found to be a competitive as well 

as specific inhibitor for LdArgRS. However, the removal of insertion changed its mode of 

inhibition adding further evidence to the insertion-based alteration of LdArgRS kinetics. Similarly, 

the highest activity of LdHisRS was observed at pH 7 and 40°C as seen other HisRSs [34, 51, 79, 

85, 86]. The protein’s activity was found to decrease on either extremity of pH and temperature, 

while magnesium and potassium were most efficient in enhancing aminoacylation when compared 

to any other metal ions. The rate of aminoacylation in HisRS from Salmonella typhimurium was 

maximum at an excess of magnesium to ATP ratio [87, 88].  In E. coli HisRS-Mn+2 crystal 

structure, the metal binding sites were observed proximal to Arg259 [77]. It is also reported that 

HisRSs need only two magnesium ions for the electrophilic reaction to take place since the role of 

a third magnesium ion is played by an arginine residue from the active site in HisRSs [89, 90]. 

Minimal activity was recorded for LdHisRS in the reaction devoid of divalent metals whereas there 

was significant enzyme activity in the absence of monovalent metals suggesting the relevance of 

divalent ions. This is consistent with a prior study, which found that the production of His-tRNA 

was only observed when the media was supplemented with magnesium [91]. It was found that the 

protein had a stronger affinity for L-His (substrate) than ATP (cofactor) as reported previously 

[87, 92, 93]. Our study also demonstrated that the catalytic effectiveness of class-II tRNA 

synthetases is decreased when active site residues are mutated to alanine [94]. Analogs of ATP 

that inhibited leishmanial ArgRS efficiently, also inhibited LdHisRS [95]. The methylene group 
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in cladosporin is thought to be responsible for its effectiveness [96, 97], and this study found that 

compounds with methyl or halogen groups were more effective at inhibiting LdHisRS. Alteration 

of the important catalytic pocket residues have provided information about how lead compounds 

alter the mode of Leishmania donovani peptidase T inhibition [98]. 
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Chapter-III 

5. To assess the structure of leishmanial proteins 

with or without ligands 
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5.1. Results 

5.1.1. Removal of insertion modifies LdArgRS secondary structure  

The deviations in the secondary structural content of LdArgRS and ΔIns-LdArgRS were also 

studied upon binding with ligands such as ATP and L-Arg. ΔIns-LdArgRS was found to contain 

slightly more α-helices (32%) than LdArgRS (30%) in its apo state, while the percentage of β-

sheets remained the same (14%) (Figure 24A and C). The corresponding Tm for LdArgRS and 

ΔIns-LdArgRS were found to be 39.8±0.3 and 41.1±1°C (Figure 24B and D, Table 9). Upon ATP 

binding, the α-helical content increased to 33% for ΔIns-LdArgRS while for LdArgRS no change 

was seen in α-helices (30%) with slight increase (16%) in the β-sheets for both proteins. The 

increase in α-helices resulted a Tm of i.e., 42.8°C for ΔIns-LdArgRS in the presence of ATP, and 

the Tm of LdArgRS was found to be 41.6±0.4°C. The higher melting point as well as α-helical 

content suggests that binding of ATP to ΔIns-LdArgRS promotes protein folding, thereby 

stabilizing the protein-ATP complex. Conversely, ΔIns-LdArgRS-L-Arg complex formation led 

to the increase in β-sheets (43%). These changes led to an increase in Tm of ΔIns-LdArgRS by 

4°C, while the same was not noticed for LdArgRS. These results indicate the influence of 

trypanosomatid-specific insertion in ligand binding.  

 

Table 9: Secondary structural content of LdArgRS and ΔIns-LdArgRS with ligands 

Protein α-helices (%) β-sheets (%) Random coils (%) Tm (°C) 

LdArgRS 30 14 56 39.8±0.3 

LdArgRS+ATP 30 16 54 41.6±0.4 

LdArgRS+L-Arg 30 15 55 40.8±0.8 

ΔIns-LdArgRS 32 14 54 41.1±1.0 

ΔIns-LdArgRS+ATP 33 16 51 42.8±0.6 

ΔIns-LdArgRS+L-Arg 3 50 47 44.5±0.3 

 

LdArgRS maintained a higher α-helical content than β-sheets at all pH conditions, despite showing 

greater overall secondary structural content from pH 7 onwards (Figure 24E, Table 10). However, 

in ΔIns-LdArgRS, at lower pH (4 to 6), the α-helical content was lesser as compared to β-sheets 

which increased from pH 7 onwards with a decrement of β-sheets content (Figure 24F). 

Furthermore, chemical denaturation of the proteins was also studied in the presence of denaturants 
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such as urea (Figure 24G) and guanidine hydrochloride (GdHCl) (Figure 24H). The structural 

stability of both proteins was susceptible to lower concentrations of GdHCl than urea, as evident 

from the Cm values viz., 1.72±0.2 and 2.2±0.5 M for LdArgRS, and the respective values of 

2.49±0.25 and 2.98±0.6 M for ΔIns-LdArgRS. From these values, it may be inferred that ΔIns-

LdArgRS needed a higher concentration of denaturants to undergo chemical denaturation than the 

full-length form.   

 

Table 10: Secondary structural elements of LdArgRS and ΔIns-LdArgRS upon pH 

variation 

 pH 4 pH 5 pH 6 pH 7 pH 8 pH 9 pH 10 

α-helices  LdArgRS 25% 27% 30% 30% 32% 28% 28% 

ΔIns-LdArgRS 9% 13% 18% 32% 31% 31% 31% 

β-sheets  LdArgRS 15% 15% 13% 14% 18% 18% 19% 

ΔIns-LdArgRS 43% 39% 40% 14% 11% 15% 12% 

Random coils  LdArgRS  60% 58% 57% 56% 50% 54% 53% 

ΔIns-LdArgRS 48% 48% 42% 54% 58% 54% 57% 
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Figure 24: Secondary structural analysis of LdArgRS and ΔIns-LdArgRS. CD spectra and thermal-

melt curves of (A-B) LdArgRS, and (C-D) ΔIns-LdArgRS with and without ligands; Changes in secondary 

structural content upon pH variation for (E) LdArgRS, and (F) ΔIns-LdArgRS; Effect of urea (G) and 

GdHCl (H) on structural stability of purified proteins.  
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5.1.2. The stability of LdHisRS is enhanced upon binding of ligands 

The secondary structure of LdHisRS varied greatly in the absence or presence of ATP or L-His 

(Figure 25A). The apo form composed of 45, 10, and 45% of alpha-helices, β-sheets, and random 

coils, respectively (Table 11). In the case of LdHisRS-ATP bound complex, an increase in the β-

sheets was observed by 6% while its melting temperature enhanced (Figure 25B). Likewise, the 

binding of L-His augmented Tm that was found to be 53.5±0.5°C. In the presence of both ATP and 

L-His, a conversion of alpha-helices into β-sheets was noticed i.e., 39% alpha-helices and 38% β-

sheets, indicating the equal contribution alpha-helices and β-sheets towards the binding of L-His 

and ATP.  

 

Table 11: Secondary structural contents of LdHisRS and its ligand-bound forms 

Protein α-helices (%) β-sheets (%) Random coils (%) Tm (°C) 

LdHisRS 45 10 45 42.2±1 

LdHisRS+ATP 43 16 42 53.9±0.8 

LdHisRS+L-His 43 15 32 53.5±0.5 

LdHisRS+L-His+ATP 39 38 23 59.3±1.5 

 

The substitution of E157 and R164 residues by alanine led to the increase of β-sheets by 13% and 

17%, correspondingly (Figure 25C, Table 12). As a result, there was a subsequent enhancement of 

the secondary structures in mutated forms i.e., E157A (68%) and R164A (70%) in comparison to 

the native protein (55%). Consequently, there was a shift in the Tm by approximately 10°C and 

13°C, respectively (Figure 25D). Employing guanidine hydrochloride (GdHCl) and urea, the 

chemical denaturation of LdHisRS was investigated (Figure 25E). With lesser concentrations of 

GdHCl, LdHisRS destabilized easily as compared to urea. The Cm was found to be 1.3±0.15 and 

2.5±0.3 M for GdHCl and urea, respectively, suggesting that the protein is susceptible to early 

destabilization with GdHCl.  
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Table 12: Secondary structural features of LdHisRS and its mutants 

Protein α-helices (%) β-sheets (%) Random coils (%) Tm (°C) 

LdHisRS 45 10 45 41.9±1 

LdHisRS-E157A 45 23 32 51.3±2 

LdHisRS-R164A 43 27 30 54±1.7 

  

Likewise, the variation in LdHisRS folding was observed at different pH (Table 13), wherein at 

acidic pH i.e., 4 and 5, fewer secondary structural content was recorded (Figure 25F). Near the 

isoelectric point i.e., pH 6, the lowest percentage of alpha-helices was noticed with a gradual 

increase in the secondary structure with pH 7 and above.    

 

Table 13: Secondary structural elements of LdHisRS upon varying pH 

pH 4 5 6 7 8 9 10 

α-helices (%) 27 2 10 45 55 61 58 

β-sheets (%) 15 51 41 10 10 7 10 

Random coils (%) 58 47 49 45 35 32 32 
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Figure 25: Secondary structural elements of LdHisRS and its mutants. (A) Far-UV CD spectra of 

LdHisRS in complex with its cognate ligands, (C) LdHisRS and its mutants, and (B and D) their 

corresponding thermal stabilities; (E) Chemical denaturation of the purified LdHisRS in the presence of 

urea and GdHCl; (F) Spectra of LdHisRS at various pH. 

 

5.1.3. LdArgRS contains a shorter Rossmann fold unlike other ArgRSs 

The structure of LdArgRS was downloaded from the AlphaFold database and from the 

Ramachandran plot; it was found that 0.3% of residues were in the disallowed region. Hence, the 
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structure was further refined through Modloop server that brought 0% residues to disallowed 

region, 93.9% residues in mostly favored, 5.9% residues in additionally allowed, and 0.2% 

residues in generously allowed regions with an ERRAT score of 99.4. The domain arrangement 

was predicted by comparing the structure with that of PfArgRS (PDB ID: 5JLD). The overall 

structure of LdArgRS could be divided into three main domains: the N-terminal (1–119), catalytic 

(120–293; 406–590), and C-terminal domain (591-692). Apart from these domains, the 

trypanosomatid-specific insertion consisting predominantly of α-helices was positioned from 294 

to 405 residues. The Rossmann fold containing L-Arg and ATP binding motifs comprised of four 

antiparallel β-strands instead of five, as previously observed in other ArgRS [62]. A structural 

comparison of LdArgRS with other arginyl-tRNA synthetase from either human (PDB ID: 4Q2T) 

or yeast (PDB ID: 1F7V) revealed the presence of a loop in the place of the fifth β-strand and all 

of these strands were shorter in length. The HVGH and KKIKT motifs are situated on either side 

of the insertion. 

 

5.1.4. tRNAArg induces rigidity in trypanosomatid-specific insertion 

Since the trypanosomatid-specific insertion was found to help in the binding of tRNA and there is 

no available structure of leishmanial arginyl-tRNA synthetase in complex with tRNAArg, the 

structure of leishmanial tRNAArg was generated, and then docked with the leishmanial enzyme to 

put forward a possible arrangement of the protein-nucleic acid complex (Figure 26A) by HDOCK 

server. From the 10 best complexes achieved from docking results, the second complex was found 

suitable as per our in vitro results as it placed the anticodon of tRNAArg near the xSKxxLKKxxK 

motif and its acceptor arm towards the CCD. While the T-loop was found to be positioned towards 

the catalytic pocket, the D-loop faced away from the protein surface. Furthermore, the nucleotides 

belonging to the minor groove of tRNAArg formed polar contact with residues present near the ATP 

binding motif of LdArgRS (Figure 26B). For instance, the nucleotides from its acceptor arms, 

Gua68, Gua69, Ade70, Ura71, and Ura72, interacted with Asp477, Thr475, Arg445, Gln124, and 

Thr122, respectively. The conserved Ade20 nucleotide present in all ArgRSs, except 

Saccharomyces cerevisiae, was also found in L. donovani tRNAArg. Some of the residues (Glu359 

and Lys365) from this motif formed H-bonds with nucleotides of the tRNAArg anticodon viz., 

Gua44 and Ura28, respectively (Figure 26C). Moreover, the residues surrounding this motif, like 

Arg369, Asp373, and Lys374 interacted with nucleotides near its anticodon, which are Ura26, 



70 

 

Gua10, and Gua44, respectively.   

To achieve a better understanding of the effect of tRNAArg binding on LdArgRS structure and 

dynamics, LdArgRS and LdArgRS-tRNAArg complex were subjected to molecular dynamics 

simulations (MDS) that were run for a span of 100 ns. The average RMSD, RMSF, and Rg values 

for LdArgRS-tRNAArg complex were 0.3, 0.15, and 3.2 nm, respectively in contrast to 

corresponding 0.38, 0.175, and 3.26 nm for LdArgRS, indicating that tRNAArg could bring overall 

stabilization, compactness, and rigidity to the protein. The apo LdArgRS could not attain complete 

stability throughout the run time, and the dynamics of LdArgRS-tRNAArg appeared to be similar 

to LdArgRS until 60 ns. However, beyond 60 ns, the stability as well as compactness of LdArgRS-

tRNAArg enhanced as evident through RMSD and Rg plots (Figure 26D and E). From the RMSF 

plot, it is apparent that most of the fluctuations are present at the insertion region, while the CCD 

present on either side is rigid (Figure 26F). The binding of tRNAArg led to a decrease in 

fluctuations, which further implies that the structure of insertion is highly flexible in nature. It is 

also noteworthy that RMSF of tRNA binding motif (Leu355-Lys365) reduced considerably 

(Figure 26G). Apart from this region, higher fluctuations were observed towards the N-terminus 

of the protein, and binding of tRNAArg did not greatly help in the reduction of these fluctuations.  
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Figure 26: Docking and MD simulation (MDS) of LdArgRS with tRNAArg.  (A) Docked complex 

showing the positioning of L. donovani tRNAArg on LdArgRS. The structure of protein was retrieved from 

the AlphaFold database; Interaction of (B) tRNAArg acceptor arm with catalytic core domain of LdArgRS, 
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and (C) tRNAArg anticodon with the consensus tRNA binding motif of trypanosomatid-specific insertion 

region; (D-F) RMSD, Rg, and RMSF plots of LdArgRS and LdArgRS-tRNAArg complex; (G) Decrease in 

RMSF values at the consensus motif upon tRNAArg binding. 

 

5.1.5. Comp-7j stabilizes LdArgRS better than L-Arg and ATP 

The ligands of LdArgRS were docked at its active site in order to assess how they interact with the 

residues of the catalytic pocket (Figure 27A). Docking of leishmanial protein with its cognate 

ligands brought them close to each other with some common interacting residues. This might be 

possible due to the fact that the substrate and cofactor binding sites are generally in close proximity 

in ArgRS [99]. The binding affinity of L-Arg was the lowest when compared to the other two 

ligands and was found to be -5.2 kcal/mol. In total, three polar contacts and five hydrophobic 

interactions were seen (Figure 27B). The residues Asp129, Asn134, and Tyr426 interacted with 

NH2, ND2, and NE atoms of L-Arg, respectively, while there were hydrophobic interactions 

between the L-Arg and Ala132, His169, Thr450, Gln454, and Phe484 of LdArgRS. 

With regards to ATP, the binding affinity was found to be -9 kcal/mol, and the adenine group was 

placed towards the third ATP binding motif, i.e., FGLVT. The N1 and O4 atoms of the adenine 

ring formed polar contacts with Val484 and Gln454, respectively (Figure 27C). At the triphosphate 

region, atoms O1, O7, and O9 of ATP interacted with His140 via H-bonds, while O11 and O12 

interacted with Asn134. Moreover, there were hydrophobic interactions between Pro133 and 

His143 at the triphosphate region and Gly142, Phe481, Gly482, and Leu483 at the adenine region. 

Apart from the residues known to be present at the ATP binding motif, some other residues were 

observed near the motif interacting with ATP. For example, Lys137, Gln454, and Lys491 

interacted with O6, O3, and N4 atoms of ATP through H-bonds. Also, Glu138 showed 

hydrophobic interactions near the O5 and O8 atoms. It was observed that Comp-7j superimposed 

on the adenine ring of ATP, and its binding affinity was computed to be -8.7 kcal/mol (Figure 

27D). Interactions were majorly hydrophobic in nature, and the portion mimicking the adenine 

ring interacted with all residues present in the FGLVT motif except Thr485 observed in the ATP-

docked complex and it interacted with His140, Gly142, His143, and Asp451. Similar to ATP, 

Comp-7j also formed polar contact with Gln454 that is present near the ATP binding motif and 

hydrophobically interacted with Thr450 of the substrate binding motif. It highlights that Thr450 is 

important as it is replaced with Val408 in HsArgRS.  
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The dynamics for docked complexes of LdArgRS with ATP, Comp-7j, and L-Arg were also 

studied, wherein comparable stabilities, compactness, and rigidity were observed for all the 

complexes. The average RMSD, RMSF, and Rg for the ATP-bound complex were found to be 

0.45, 0.21, and 3.28 nm, respectively in comparison to 0.38, 0.175, and 3.26 nm for LdArgRS. Up 

to 75 ns, the stability and compactness of the ATP bound form were observed to be poor, after 

which, both of these parameters started to improve. Similarly, the corresponding average RMSD, 

RMSF, and Rg for L-Arg-bound complex was 0.4, 0.2, and 3.22 nm. Hence, it can be inferred that 

although the binding of L-Arg did not improve the stability of LdArgRS, it helped to increase the 

compactness of the protein as evident from the average Rg values of LdArgRS and LdArgRS-L-

Arg complex. The inhibitor Comp-7j, on the other hand, enhanced stability as well as compactness 

starting from 30 ns as observed through RMSD and Rg plots. This is in turn reflected in their 

average RMSD and Rg values that were close to that of apo LdArgRS, viz., 0.39 and 3.26 nm, 

respectively (Figure 27E and F). The RMSF plots for all the bound forms were comparable except 

for the L-Arg bound complex, which destabilized the insertion region, although the catalytic 

pocket on either side was rigid (Figure 27G and H). 
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Figure 27: Interaction studies of LdArgRS with various ligands. LdArgRS displaying the catalytic 

pocket and trypanosomatid-specific insertion. (A) The surface model was generated using the PyMOL 
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software; Hydrogen and hydrophobic interactions of LdArgRS with (B) L-Arg, (C) ATP, and (D) Comp-

7j; (E) RMSD, (F) Rg, and (G) RMSF plots of LdArgRS and LdArgRS-ligand complexes; (H) RMSF values 

at the catalytic pocket upon binding of L-Arg, ATP, and Comp-7j. 

 

5.1.6. Structural features of LdHisRS 

By employing AlphaFold colab 2, the three-dimensional structure of LdHisRS was obtained that 

contained 95.3% residues in most favoured, 4.3% residues in the additionally allowed, and 0.4% 

in disallowed regions. With subsequent refinement of LdHisRS structure, the ERRAT score was 

observed to be 94.78 with 0% residues in the disallowed region. The structure of LdHisRS has 3 

domains i.e., N-terminal domain (NTD), catalytic core domain (CCD), and C-terminal or 

anticodon binding domain (CTD) (Figure 28A). The distinctive feature of class-II aaRSs was 

present in the CCD and the leishmanial ID depicted resemblance with that of ID from TcHisRS. 

The M2 loop was made up of Ala158-Ile159-Ser160-Arg161-Gly162 which is important for ligand 

binding. The LdHisRS CTD was linked to the CCD by a loop made from Lys347 to Asp359.  

The ligands of LdHisRS viz., ATP, L-His, and Comp-7m depicted good affinity scores when 

docked with the protein (Figure 28B). The ligands made polar contacts with the identical 

leishmanial residues that were earlier reported for the TcHisRS-ligand complexes. The binding 

affinity of L-His towards LdHisRS was computed to be -5.4 kcal/mol. Polar interactions were 

involved between L-His and Tyr317 as well as Tyr318, and its amino group also formed H-bonds 

with Glu125 and Thr127 (Figure 28C). Likewise, the L-His carboxy group interacted with Arg115 

and Gln169, while there was a non-polar interaction between Tyr341 and the substrate. The ATP 

molecule showed an affinity of -8 kcal/mol for LdHisRS (Figure 28D). The corresponding 

TcHisRS residues in leishmanial HisRS are Arg155 and Arg313 which are necessary for 

interacting with ATP. Gln169 also interacting with ATP bridges oxygen atoms between the ribose 

group and histidine for the formation of histidyl-adenylate in Trypanosoma HisRS [45]. The 

leishmanial residues Ala334, Ile335, and G362 correspond to trypanosomal Ala 335, Leu336, and 

G363 residues that facilitate the positioning of ribose group via electrophilic reaction.  The key 

ATP-binding residues Glu157 and Arg164 in trypanosomatid HisRSs interact with the N6 atom of 

ATP through strong H-bonds. Comp-7m, the potent inhibitor of LdHisRS superimposed on the 

adenine ring of ATP with a binding affinity of -8.2 kcal/mol (Figure 28E), thus delineating a 

competitive mode of inhibition. Some of the common interactions were Arg155 and His167 which 
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made polar and non-polar contacts, respectively with Comp-7m. Likewise, Arg313 and Arg333 

formed H-bonds with the trailing of inhibitor while Ala334 linked to Comp-7m through H-bond. 

Other residues that interacted with Comp-7m were Ile105, Leu315, Glu324, and Cys336. 

 

Figure 28: Structure of LdHisRS and its interactions with ligands. (A) LdHisRS with its domain 

arrangement; (B) Surface model of LdHisRS displaying catalytic pocket; Hydrogen and hydrophobic 

interactions between LdHisRS and (C) L-His, (D) ATP, and (E) Comp-7m.  

 

5.1.7. Molecular dynamic simulation of LdHisRS and its complexes 

The dynamics of the apo and ligand-bound truncated protein (Pro60 to Leu379) were found to be 

similar. However, the apo LdHisRS did not attain stabilization in the entire course of simulation, 

while the ligand-bound complexes subsequently achieved stability beyond 70 ns. The average 

RMSD was calculated as 0.22, 0.25, 0.26, and 0.26 nm for the corresponding LdHisRS (Apo), 

LdHisRS+L-His, LdHisRS+ATP, and LdHisRS+Comp-7m, respectively (Figure 29A). Moreover, 
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LdHisRS, LdHisRS+L-His, LdHisRS+ATP, and LdHisRS+Comp-7m possessed similar average 

Rg values viz. 1.97, 2.00, 2.01, and 1.99 nm, respectively (Figure 29B). A considerable decrement 

with respect to fluctuations in LdHisRS-ligand complexes was observed when compared to apo 

form since the average RMSF values for LdHisRS, LdHisRS+L-His, LdHisRS+ATP, and 

LdHisRS+Comp-7m were computed to be 0.128, 0.107, 0.11, and 0.11 nm (Figure 29C). 

Furthermore, after the binding of ligands, a significant decrease in fluctuations was observed in 

the residues of the active site (Figure 29D). In order to compute the binding energy of Comp-7m 

and ATP for LdHisRS, MM/PBSA analysis was performed (Table 14). Even though the SASA 

and Van der Waals energies were similar for LdHisRS-Comp+7m and LdHisRS+ATP, their 

corresponding binding energies were -71.49±10.3 and -10.47±1.2 kJ/mol, depicting greater 

binding affinity of Comp-7m towards LdHisRS. 

 

Table 14: MM/PBSA analysis of LdHisRS with ATP versus Comp-7m 

Energy (kJ/mol) LdHisRS+ATP LdHisRS+Comp-7m 

Van der Waals -109.57 -110.53 

Electrostatic -148.25 -26.72 

Polar Solvation 260.82 79.29 

SASA -13.46 -13.53 

Binding -10.47 -71.49 
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Figure 29: MD simulation analyses of LdHisRS and its complexes. (A) RMSD, (B) Rg, and (C) RMSF 

plots of LdHisRS and its ligand-bound complexes; (D) Reductions in fluctuations at the catalytic pocket 

upon ligand binding. 

 

5.1.8. Mutation of key ATP-binding residues enhances thermostability of LdHisRS 

To ascertain that point-mutations of Glu157 and Arg164 enhance thermostability of LdHisRS 

(WT), we validated our results through CD spectroscopy wherein we subjected the WT, E157A, 

and R164A to MDS at 328 K. The mutant forms obtained better stability than WT after 50 ns and 

their average RMSD values were calculated to be 0.31 and 0.29 nm, respectively over 0.34 nm of 

WT (Figure 30A).  Although the corresponding average Rg of WT, E157A, and Arg164A were 

calculated to be 2.00, 2.02, and 2.019 nm indicating minimal change in the cumulative 

compactness of mutant forms (Figure 30B), the overall flexibilities of E157A and R164A were 

comparable as their average RMSF was 0.14 and 0.138 nm, respectively in contrast to 0.141 nm 

for WT (Figure 30C). The decrease in fluctuations is also apparent in the catalytic pocket residues 

(Figure 30D). Moreover, the mutants demonstrated a larger area representing the lower free energy 

than WT protein at 328 K, (Figure 30 E-G) indicating that E157A and R164A could remain folded 
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even at a higher temperature as compared to the native LdHisRS.  

 

Figure 30: Comparative MDS studies of LdHisRS and its mutants. (A) RMSD, (B) Rg, and (C) RMSF 

graphs of LdHisRS and its mutants; (D) RMSF comparison for active site residues in LdHisRS and its 

mutants after mutations; FEL diagrams of (E) WT, (F) E157A, and (G) R164A. 
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5.2. Discussion 

As delineated for another truncated protein i.e., human apolipoprotein E4 [100], ΔIns-LdArgRS 

showed an increased tolerance toward chemical denaturation unlike LdArgRS. At different pH 

buffers, both full-length and deletion-mutant contained different secondary structural content. For 

instance, LdArgRS possessed comparatively fewer a-helices at extreme pH conditions compared 

to physiological pH as previously documented for leishmanial SerRS [51], AspRS [34], and GluRS 

[79]. The conversion of most of the a-helices to b-sheets for ΔIns-LdArgRS in the presence of L-

Arg was intriguing as such a phenomenon is associated with the aggregation of proteins [101–

104]. Moreover, as per the previous reports, the transition of a-helices to b-sheets has been 

previously linked to a significant increase in protein stability and energy dissipation capacity [105, 

106]. It has also been demonstrated that higher b-sheet content stiffens the protein and is thus more 

resistant to shearing than the proteins predominantly containing a-helices [102]. Low and very 

high concentrations of L-Arg promote and prevent aggregation of proteins, respectively [107], and 

ΔIns-LdArgRS lacking the highly basic trypanosomatid-specific insertion might be undergoing 

aggregation at an L-Arg concentration needed for enzyme activity, while LdArgRS can tolerate 

such a situation. In this regard, it has been stated that trypanosomatids have to pull through a 

condition of L-Arg starvation since their infection activates the host defense mechanism causing 

the arginine milieu within macrophages to deplete [108]. Conversely, earlier studies suggest that 

ArgRS activation by tRNA needs a high L-Arg concentration for stabilization of the anticodon 

arm and formation of a proper ATP binding site [62, 109]. The modeled LdArgRS structure 

consisted of deviations from other ArgRSs apart from the trypanosomatid-specific insertion. The 

interaction between Ade20 of D-loop from tRNAArg and the N-terminal of ArgRS is necessary for 

tRNAArg binding in T. thermophilus [99] and E. coli [110], but not in S. cerevisiae [111]. In our 

study, the D-loop was present away from the protein surface, suggesting that this loop may not 

help in tRNA binding in L. donovani, like S. cerevisiae. The Rossmann fold consisting of ligand 

binding sites was split into two antiparallel b-strands on either side of the insertion forming a 

shorter b-sheet. The KMSKS motif is replaced by KKIKT, and unlike Pyrococcus horikoshii 

ArgRS [112], the first lysine residue of this motif, Lys491, interacted with the adenine of ATP, 

suggesting its role in ATP-PPi exchange reaction. Interactions formed between the protein and 

inhibitor was mostly hydrophobic owing to the non-polar nature of Comp-7j and Lys491 of the 

KKIKT motif also interacted hydrophobically near the first benzene ring of Comp-7j. The 

differential inhibition between human and leishmanial proteins is mostly because of Thr450 of 
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LdArgRS, which is replaced by Val408 in HsArgRS. The lone pair of oxygen in the threonine side 

chain forms a strong electrostatic bond with the polarized bromine [113], and the same was also 

observed here. Notably, these halogen-oxygen interactions are comparable with H-bonds on 

account of several common properties [113]. Previously, the addition of bromine to quinazoline 

inhibitors has been also shown to inhibit ProRS efficiently [114]. Moreover, the interaction 

between the threonine and halogen groups of quinoline carbaldehydes has been proven as crucial 

for enhanced inhibition of LdMetAP1 [83]. Analyses from MDS studies of LdArgRS-ligand 

complexes imply that binding of tRNAArg to the trypanosomatid-specific insertion stabilizes the 

protein dynamics better than any other ligand. Comp-7j, however, conferred better compactness 

and stability than ATP or L-Arg. 

The secondary structural features of LdHisRS were in line with earlier findings on other HisRSs, 

and TcHisRS has also been shown to exhibit an increase in thermal stability following ligand 

binding [45]. When GdHCl was present, LdHisRS was prone to early denaturation, which has been 

shown to disrupt proteins at lower doses [115]. Also, greater thermal stability was demonstrated 

for LdHisRS when the key residues were substituted with alanine as reported earlier [116-118]. 

Furthermore, a decrease in ellipticity is seen in the proteins that depict slower unfolding [119]. In 

this regard, we observed enhanced stability for LdHisRS mutants in the MDS studies. The NTD 

(N-terminal domain) remained unstructured because of the lack of a template whereas other 

eukaryotes possess a two-helix bundle in NTD [120, 121] without which it becomes inactive [122]. 

Comp-7m was bound to LdHisRS with hydrophobic interactions and delineated more specificity 

for the leishmanial enzyme than ATP which was further confirmed by MM/PBSA analysis [97]. 

Enriched specificity of inhibitors is caused by any small differences between human and 

pathogenic aaRSs which shed light on the importance of ATP-analogs and their usage as inhibitors 

[123, 124].   

 

 

 

 

 

 

 

 



82 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6. Summary 
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In summary, we report an ArgRS from L. donovani that performs the ATP-PPi exchange reaction 

in the absence of tRNAArg. The trypanosomatid-specific insertion helps in the binding of tRNA 

and is also responsible for modulating the structural as well as catalytic properties. We speculate 

that the presence of insertion renders an evolutionary advantage to trypanosomatids by helping 

them survive in lower arginine conditions and promoting aminoacylation in two ways: 1) the 

highly basic composition enhances the solubility of the protein, thus preventing aggregation and 

2) its flexible nature helps in the easy capture of tRNA. However, the correct positioning and 

structure of the anticodon domain should be further confirmed through experimental studies. Most 

of the unique domains added to aaRSs are a result of horizontal gene transfer; hence, a detailed 

study with evolutionary aspect is required. Furthermore, differences in the residues of the human 

and leishmanial enzymes form the basis of selective inhibition by benzothiazolo-coumarin 

derivatives while further optimization might lead us to molecules that can function at a nanomolar 

scale. The deviation of LdArgRS from the ArgRSs of other organisms can be thoroughly exploited 

for the derivation of newer and more potent antileishmanials. Similarly, the current study examined 

the biophysical and biochemical characteristics of a leishmanial histidyl-tRNA synthetase 

(LdHisRS), which was found to differ sequence-wise and structurally than HsHisRS. As HisRSs 

are essential for other trypanosomatids' survival in the past, this enzyme could potentially be 

necessary for Leishmania donovani's growth as well. HisRSs have also been elucidated earlier to 

harbor dimeric nature along with more α-helices. Furthermore, compared to monovalent ions, 

divalent ions are pivotal for LdHisRS and our mutational study highlighted the critical function of 

Leishmania-specific ATP-binding residues. The lead molecule showed a competitive mechanism 

of inhibition, which is also validated by docking studies. Furthermore, improved potency and 

specificity can be achieved by further refining the inhibitors discussed here. Therefore, a 

comprehensive assessment of LdHisRS structure and its inhibition by ATP-analogs as described 

here would be helpful in the emergence of effective inhibitors for leishmaniasis. 
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Aminoacylation by tRNA synthetase is a crucial part of protein synthesis

and is widely recognized as a therapeutic target for drug development.

Unlike the arginyl-tRNA synthetases (ArgRSs) reported previously, here,

we report an ArgRS of Leishmania donovani (LdArgRS) that can follow

the canonical two-step aminoacylation process. Since a previously unchar-

acterized insertion region is present within its catalytic domain, we imple-

mented the splicing by overlap extension PCR (SOE–PCR) method to

create a deletion mutant (DIns-LdArgRS) devoid of this region to investi-

gate its function. Notably, the purified LdArgRS and DIns-LdArgRS

exhibited different oligomeric states along with variations in their enzy-

matic activity. The full-length protein showed better catalytic efficiency

than DIns-LdArgRS, and the insertion region was identified as the tRNA

binding domain. In addition, a benzothiazolo-coumarin derivative (Comp-

7j) possessing high pharmacokinetic properties was recognized as a compet-

itive and more specific inhibitor of LdArgRS than its human counterpart.

Removal of the insertion region altered the mode of inhibition for DIns--
LdArgRS and caused a reduction in the inhibitor’s binding affinity. Both

purified proteins depicted variances in the secondary structural content

upon ligand binding and thus, thermostability. Apart from the

trypanosomatid-specific insertion and Rossmann fold motif, LdArgRS

revealed typical structural characteristics of ArgRSs, and Comp-7j was

found to bind within the ATP binding pocket. Furthermore, the placement

of tRNAArg near the insertion region enhanced the stability and compact-

ness of LdArgRS compared to other ligands. This study thus reports a

unique ArgRS with respect to catalytic as well as structural properties,

which can be considered a plausible drug target for the derivation of novel

anti-leishmanial agents.
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ABSTRACT: The ensemble of aminoacyl tRNA synthetases is
regarded as a key component of the protein translation machinery.
With the progressive increase in structure-based studies on tRNA
synthetase-ligand complexes, the detailed picture of these enzymes
is becoming clear. Having known their critical role in deciphering
the genetic code in a living system, they have always been chosen
as one of the important targets for development of antimicrobial
drugs. Later on, the role of aminoacyl tRNA synthetases (aaRSs)
on the survivability of trypanosomatids has also been validated. It
became evident through several gene knockout studies that
targeting even one of these enzymes affected parasitic growth
drastically. Such successful studies have inspired researchers to
search for inhibitors that could specifically target trypanosomal aaRSs, and their never-ending efforts have provided fruitful results.
Taking all such studies into consideration, these macromolecules of prime importance deserve further investigation for the
development of drugs that cure spectrum of infections caused by trypanosomatids. In this review, we have compiled advancements of
over a decade that have taken place in the pursuit of devising drugs by using trypanosomatid aaRSs as a major target of interest.
Several of these inhibitors work on an exemplary low concentration range without posing any threat to the mammalian cells which is
a very critical aspect of the drug discovery process. Advancements have been made in terms of using structural biology as an
important tool to analyze the architecture of the trypanosomatids aaRSs and concoction of inhibitors with augmented specificities
toward their targets. Some of the inhibitors that have been tested on other parasites successfully but their efficacy has so far not been
validated against these trypanosomatids have also been appended.

1. INTRODUCTION
The order Trypanosomatida comprises singly flagellated
intracellular parasites that are classified under the phylum
Euglenozona and class Kinetoplastea. The corkscrew-like
motion present in some of its members forms the basis of its
nomenclature (trypano: borer, soma: body), and they can
either have a monoxenous or dixenous lifecycle. In the
monoxenous mode, only one host is needed to complete their
lifecycle, while in the dixenous mode, two hosts are involved.
Although most of the trypanosomatids are known to follow
monoxenous lifestyle by infecting insects, e.g., Leptomonas sp.,
the dixenous forms have also been reported. For instance,
Phytomonas sp. get transmitted from phytophagous insects to
plants,1 and Leishmania sp. spread by hematophagous insects
such as sand flies to vertebrates.2 When it comes to humans,
there are three majorly known diseases caused by trypanoso-
matids, viz. leishmaniasis, known to be caused by Leishmania
sp., African trypanosomiasis, caused by Trypanosoma brucei
gambiense and Trypanosoma brucei rhodesiense, and American
trypanosomiasis which is caused by Trypanosoma cruzi. Each of
these parasites is transmitted by distinct insect vectors. The
female sandflies of the genus Lutzomyia and Phlebotomus of
subfamily Phlebotominae are primary hosts of Leishmania sp.,

the tsetse flies are carriers of Trypanosoma brucei, and
Trypanosoma cruzi is transmitted by triatomine bugs. Thus,
these parasites can attack healthy hosts in diverse ways. In
leishmaniasis, the infective stage (promastigotes) of Leishmania
sp. is injected into the secondary hosts by sandflies which are
phagocytosed by macrophages and other mononuclear
phagocytic cells. Later on, these promastigotes transform into
amastigotes and spread infection to other mononuclear cells.
On the other hand, metacyclic trypomastigotes causing African
trypanosomiasis are injected into skin tissue of its mammalian
host by tsetse flies. The parasites at first enter the lymphatic
system and then pass into the bloodstream where they get
converted to bloodstream trypomastigotes which can be
further carried to other sites of the body. Then upon breaching
the blood brain barrier, they enter the central nervous system.3
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Role of structural biology methods in drug 
discovery
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1  Introduction
Drug discovery involves the identification of novel candidates as probable medication against a specific disease and valida-
tion of their potency before proceeding for clinical trials. From being discovered serendipitously to designing inhibitors 
strategically against their corresponding targets, the discovery of drugs has traversed a long way. Designing drugs by 
understanding the architecture of their respective targets has become possible due to the application of various structural 
biology methods. Since it is the branch of science that deals with the three-dimensional (3D) structure acquired by macro-
molecules in a particular environment, the change of conformations in different conditions can provide information about 
their tentative functions, which is subsequently used in the lead optimization process. Some of the early structure-based 
drugs were successfully developed in the late 1970s, following which there has been no turning back, and our expertise to 
implement structural biology methods in drug discovery and development has improved significantly. For instance, hemo-
globin structure-mediated synthesis of ligands was executed to tackle sickle cell anemia.1 As of November 2020, there are 
20,000 prescription drugs approved by the Food and Drug Administration (FDA) and available in the market. Some of them 
are categorized under the caption of “New Molecular Entities or NMEs” that usually contain active moieties previously 
not approved by the FDA, although they might be closely related to those already approved. In the journey of identification 
of such novel moieties, this field of science has been playing a pivotal role for decades and has become the backbone of 
drug discovery. A report exclusively presents a list of more than 40 drugs designed based on structure-guided methods and 
have entered the clinical trials.2 In the current era of science and technology, sophisticated methods, such as highly special-
ized cryogenic electron microscopy (cryo-EM), high-throughput crystallization screens and robots, powerful synchrotron 
beamlines, supercomputers, etc., have accelerated the process of protein structure determination by many folds that resulted 
in scaling up of the new drugs. The use of computer-aided screening of lead compounds and molecular dynamics (MD) 
simulations have further substantially reduced the time for the development of target-specific drugs that can be investigated 
through in vitro and in vivo analyses. The macromolecular structures determined by researchers are deposited in the Protein 
Data Bank (PDB), a repository of atomic coordinates and such other relevant information. Currently, the PDB harbors 
structures of more than 49,000 human proteins that have been successfully studied to understand their corresponding roles 
in the etiology of diseases.3 Time and again, these macromolecular structures have been retrieved to evaluate target drug-
gability, compute affinities of the target-directed inhibitors, augment their specificities, etc. Although the entire process of 
finding plausible lead compounds till their acceptance in clinical trials is very lengthy and cumbersome, the involvement 
of structural biology has paved the way to generate effective, potent, and selective drugs, making itself an integral part of 
this industry (Fig. 1). This chapter discusses the exemplary roles played by structural biology in the drug discovery process.

2  Structural biology aided selection of drug targets
A drug target could be any protein molecule that is either associated with a pathophysiological disorder or is indispensable 
for a pathogen’s survival, such as a receptor, ion channel, enzyme, or a protein fold with an important role in a biological 
cascade. It could be a protein with either reported physiological and pathological roles or unknown functions. The selec-
tion of a drug target is usually preceded by identifying functional domains within the protein of interest using tools that 
employ multiple sequence alignments and Hidden Markov Models (HMM). Once the functional domains of the protein are 
defined using such tools, it is necessary to figure out the percentage identity or degree of conservation to that of its human 
counterpart. As reported previously, a serious failure of drugs in delivering the required efficacy during the clinical trials 
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A B S T R A C T   

Non-diphtherial Corynebacterium species or diphtheroids were previously considered as the mere contaminants of 
clinical samples. Of late, they have been reckoned as the formidable infection causing agents of various diseases. 
While the scientific database is filled with articles that document whole genome analysis of individual isolates, a 
comprehensive comparative genomic analysis of diphtheroids alongside Corynebacterium diphtheriae is expected 
to enable us in understanding their genomic as well as evolutionary divergence. Here, we have analysed the 
whole genome sequences of forty strains that were selected from a range of eleven Corynebacterium species 
(pathogenic and non-pathogenic). A statistical analysis of the pan and core genomes revealed that even though 
the core genome is saturated, the pan genome is yet open rendering scope for newer gene families to be accu
mulated in the course of evolution that might further change the pathogenic behavior of these species. Every 
strain had bacteriophage components integrated in its genome and some of them were intact and consisted of 
toxins. The presence of diversified genomic islands was observed across the dataset and most of them consisted of 
genes for virulence and multidrug resistance. Moreover, the phylogenetic analysis showed that a diphtheroid is 
the last common ancestor of all the Corynebacterium species. The current study is a compilation of genomic 
features of pathogenic as well as non-pathogenic Corynebacterium species which provides insights into their 
virulence potential in the times to come.   

1. Introduction 

The genus Corynebacterium represents a group of Gram positive, 
aerobic as well as anaerobic, non-acid fast pleomorphic bacteria. So far, 
130 whole genome sequences of genus Corynebacterium have been sub
mitted to the NCBI database. Corynebacterium species are ubiquitous in 
nature, inhabiting from the layers of soil to the skin of mammals. Diph
theroids are distinct from C. diphtheriae in terms of both pathogenicity as 
well as their capacity to get stained uniformly (Chandran et al., 2016) and 
are the usual residents of human nasopharyngeal microbiota. In the 
former times, presence of diphtheroids was considered as contamination 
of clinical samples. Of late, their role has been traced to the aetiology of 
several infectious diseases in both immunocompetent and immunocom
promised hosts. Total 31 species have been associated with pathogenicity 
in numerous animals and birds like C. pseudotuberculosis (caseous 
lymphadenitis in sheep and goats), C. amycolatum (mastitis in cattle), 
C. auriscanis (otitis in dog) etc., whereas species associated with human 
pathogenicity are Arcanobacterium haemolyticum or Corynebacterium 
haemolyticum, C. jeikeium, C. diphtheriae, C. ulcerans etc. Under specific 

conditions, these coryneform bacteria can cause infections that majorly 
outbreak in the hospitals and thus are called as nosocomial pathogens 
(Bernard, 2012). In a survey, it was discovered that of the 762 isolates, 
18% were found to cause true infection while 82% were mere contami
nants. Most of the clinically significant diphtheroids were isolated from 
wounds, blood, urine as well as cerebrospinal fluid samples and 
ophthalmologic cultures (Leal Jr. et al., 2016). Hospital wastes such as 
catheter tips, sputum, tracheotomy secretions are a good site to isolate 
C. pseudotuberculosis, C. renale, C. ulcerans, C. striatum. C. minutissimum 
and C. haemolyticum. The development of infection could be seen within 
48 h if the conditions are favored clinically. The fact that many but not all 
of the diphtheroids possess multidrug resistant genes is a major cause of 
concern among researchers and needs to be addressed immediately. 
Diphtheroid isolates have demonstrated a high degree of resistance to
wards antibiotics such as ampicillin, ciprofloxacin, gentamicin, erythro
mycin, penicillin and tetracycline. Although they were highly sensitive to 
a few antibiotics such as vancomycin, linezolids and chloramphenicol, 
administration of vancomycin was not suitable due to its reported asso
ciation with nephrotoxicity in the patients. It is also noteworthy that the 
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A B S T R A C T   

Aminoacyl-tRNA synthetases (aaRSs), essential components of the protein synthesizing machinery, have been 
often chosen for devising therapeutics against parasitic diseases. Due to their relevance in drug development, the 
current study was designed to explore functional and structural aspects of Leishmania donovani glutamyl-tRNA 
synthetase (LdGluRS). Hence, LdGluRS was cloned into an expression vector and purified to homogeneity 
using chromatographic techniques. Purified protein showed maximum enzymatic activity at physiological pH, 
with more binding capacity towards its cofactor (Adenosine triphosphate, 0.06 ± 0.01 mM) than the cognate 
substrate (L-glutamate, 9.5 ± 0.5 mM). Remarkably, salicylate inhibited LdGluRS competitively with respect to 
L-glutamate and exhibited druglikeness with negligible effect on human macrophages. The protein possessed 
more α-helices (43 %) than β-sheets (12 %), whereas reductions in thermal stability and cofactor-binding affinity, 
along with variation in mode of inhibition after mutation signified the role of histidine (H60) as a catalytic 
residue. LdGluRS could also generate a pro-inflammatory milieu in human macrophages by upregulating cyto
kines. The docking study demonstrated the placement of salicylate into LdGluRS substrate-binding site, and the 
complex was found to be stable during molecular dynamics (MD) simulation. Altogether, our study highlights the 
understanding of molecular inhibition and structural features of glutamyl-tRNA synthetase from kinetoplastid 
parasites.   

1. Introduction 

Leishmaniasis, caused by parasites belonging to the genus Leish
mania, is a neglected tropical disease that infects millions of people 
worldwide [1]. Of the several forms, visceral leishmaniasis or kala azar 
is highly fatal as it affects visceral organs of the body and is also char
acterized by a wide range of clinical symptoms that include prolonged 
fever, hypergammaglobulinemia, hepatosplenomegaly, and pancyto
penia [2]. Due to the absence of proper vaccines, chemotherapy is the 
only treatment available for this disease. However, drugs such as 
pentavalent antimonials, amphotericin B, and miltefosine besides being 
expensive pose side effects such as toxicity and the need for long-term 
administration [3]. Also, an increase in the development of resistance 

by the parasite to available therapeutics necessitates the identification of 
newer drug targets for treating leishmaniasis. 

Aminoacyl-tRNA synthetases are responsible for the ligation of 
amino acids to their cognate tRNAs that can further take part in protein 
synthesis. Apart from their role in protein synthesis, aaRSs are also 
associated with non-canonical functions such as signal transduction, 
RNA splicing, transcription, angiogenesis, apoptosis etc. [4], and are also 
known for their roles in immune regulation and diseases [5,6]. The 
twenty aaRSs have been categorized into two classes considering 
structural dissimilarities in their catalytic cores [7]. The class-I enzymes 
have a characteristic Rossmann fold, HIGH (His-Ile-Gly-His) and KMSKS 
(Lys-Met-Ser-Lys-Ser) motifs at their catalytic pocket for ligand binding, 
whereas the class-II enzymes have antiparallel β-sheets that are 

Abbreviations: aaRS, aminoacyl-tRNA synthetase; GluRS, glutamyl-tRNA synthetase; CD, circular dichroism; ORF, open reading frame; ATP, adenosine triphos
phate; L-Glu, L-glutamate; tRNA, transfer ribonucleic acid; DTT, dithiothreitol; PPase, inorganic pyrophosphatase; Pi, inorganic phosphate; PPi, inorganic pyro
phosphate; KI, potassium iodide; MTT, 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide; PDB, protein data bank. 
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