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ABSTRACT  

BACKGROUND-Aurora kinases are key mitotic kinases executing multiple aspects of 

eukaryotic cell-division. The apicomplexan homologs being essential for survival, suggest that 

the Leishmania homolog, annotated LdAIRK, may be equally important. 

METHODS-Bioinformatics, stage-specific immunofluorescence microscopy, immunoblotting, 

RT-PCR, molecular docking, in-vitro kinase assay, anti-leishmanial activity assays, flow 

cytometry, fluorescence microscopy. 

RESULTS-LdAIRK expression is seen to vary as the cell-cycle progresses from G1 through S 

and finally G2M and cytokinesis. Kinetic studies demonstrate their enzymatic activity exhibiting 

a Km and Vmax of 6.12µM and 82.9pmoles.min
-1

mg
-1 

respectively against ATP using 

recombinant Leishmania donovani H3, its physiological substrate. Due to the failure of LdAIRK-

/+ knock-out parasites to survive, we adopted a chemical knock-down approach. Based on the 

conservation of key active site residues, three mammalian Aurora kinase inhibitors were 

investigated to evaluate their potential as inhibitors of LdAIRK activity. Interestingly, the cell-

cycle progressed unhindered, despite treatment with GSK-1070916 or Barasertib, inhibitors with 

greater potencies for the ATP-binding pocket compared to Hesperadin, which at nanomolar 

concentrations, severely compromised viability at IC50s 105.9 and 36.4nM for promastigotes 

and amastigotes, respectively. Cell-cycle and morphological studies implicated their role in both 

mitosis and cytokinesis. 

CONCLUSION-We identified an Aurora kinase homolog in L. donovani implicated in cell-cycle 

progression, whose inhibition led to aberrant changes in cell-cycle progression and reduced 

viability.  

GENERAL SIGNIFICANCE- Human homologs being actively pursued drug targets and the 

observations with LdAIRK in both promastigotes and amastigotes suggest their potential as 

therapeutic-targets. Importantly, our results encourage the exploration of other proteins identified 

herein as potential novel drug targets. 
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1. Introduction 

       During its life cycle, Leishmania alternates between the extracellular promastigote form and 

the intracellular amastigote form triggered by variations in pH, temperature and other 

biomolecules within the macrophage. A downstream signal transduction process thus induced 

brings about changes necessary for its survival in the new environment and pathogenicity. Since 

trypanosomatids transcribe most genes in large polycistronic units, signaling cascades here, 

possibly function by post-transcriptional regulation. Phosphoproteome analysis by LC-MS/MS 

and comparative bio-informatics reveals that the overall phosphorylation pattern in Leishmania 

and related trypanosomatids change substantially during this differentiation [1]. Some critical 

developmentally and differentially regulated genes have been identified in Leishmania donovani 

and Leishmania infantum by microarray technology [2,3]. Furthermore, many kinases with 

unknown functions, showing no apparent affinity to any known group, 63% being absent in 

Leishmania major, Trypanosoma brucei or Trypanosoma cruzi have been identified [4]. Kinase 

dysregulation is often the cause or end result of many diseases. As such numerous inhibitors 

have been developed against them [5]. Subsequently, the L. donovani kinome represents an 

appealing target for potential anti-leishmanials, their well-understood active sites facilitating the 

design of small molecules.  A few instances of favourable outcomes include the inhibition of 

cGMP-dependent protein kinase (PKG) against Eimeria and Toxoplasma; and purvalanol B, a 

purine-based CDK inhibitor with unexpected targets in numerous protozoan parasites [6]. 

     Several evolutionarily conserved serine/ threonine kinases have been implicated in eukaryotic 

cell-cycle regulation, some of which include the cyclin-dependent kinases, Polo-like kinases, 

Nima-related kinases and Aurora kinases [7]. However, these mitotic kinases demonstrate 

considerable variations in the organization and regulation of the cell-cycle, lending hope that 

specific inhibition may be achieved against the lower eukaryotes. Compared with other 

eukaryotes, few conserved mitotic proteins involved in the G2/M phase have been identified in 

T. brucei. These include cyclin homologs (CYC6 and CycB2), cdc2-related kinase (CRK3), 

Aurora kinase homologue (TbAUK1) and homologues of the anaphase promoting complex/ 

cyclosome (APC1 and CDC27) [7]. In fact, no homologues of conventional centromeric or 

kinetochore proteins involved in mitosis have yet been identified [8]. Given their demonstrated 

essential roles in numerous organisms, these enzymes represent potential drug targets for 

antiparasitic intervention [9-12]. 

      Among the most important and well studied mitotic serine/threonine kinases, are the Aurora 

kinases. They consist of one member in Saccharomyces cerevisiae (Ipl1), two in Caenorhabditis 

elegans (AIR-1, AIR-2), two in Drosophila melanogaster (Aurora-A, IAL) and three members in 

Homo sapiens (Aurora-A, Aurora-B, Aurora C and one pseudogene). Recently, three members in 

T. brucei (TbAUK1, 2, 3), three in Plasmodium falciparum (Pfark1, 2, 3) and one in L. major 

(Lmairk) have been identified [13-15]. In yeast (Saccharomyces cerevisiae and Saccharomyces 

pombe), mycetozoa (Dictyostelium discoideum), primitive deuterostome (starfish, ascidian and 
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urchin), etc. the only Aurora kinase shows the localization and function of both Aurora A and B 

of higher species [16]. 

     The crucial role played by Aurora kinases acquires significance due to their involvement with 

the interphase centrosomes, generation of mitotic spindles and chromosomal ploidy. Moreover, 

their up-regulation in several cancer types has led to the development of several Aurora kinase 

agonists [17].  Danusertib, a pan-Aurora kinase inhibitor, was the first to enter phase I and II 

trials [11,17]. Recent studies, have demonstrated its activity against T. brucei, L. major and P. 

falciparum too [11,18]. Aurora kinase inhibition being naturally selective towards cells depleted 

of certain mitotic checkpoint proteins and a dysfunctional p53 instead of healthy cells, promises 

fewer adverse effects [19].   

      Consistent with their localizations, Aurora A (the polar auroras) regulate spindle assembly, 

and Aurora B (the equatorial auroras) control chromosome segregation and cytokinesis initiation 

as part of the chromosomal passenger complex (CPC). The CPC is a complex of four proteins-

INCENP, Borealin/Dasra, Survivin and Aurora B kinase in mammals that are replaced by Sli15p, 

Bir1p, Nbl1p and IpL1 respectively in budding yeast [20,21]. Additionally, mammalian Aurora 

A and its homologue in Chlamydomonas are involved in cilia and flagellar disassembly too 

[22,23]. In P. falciparum, failed attempts to disrupt the pfark-1, pfark-2 or pfark-3 loci suggest 

the non-redundant and essential roles they play here [17]. In T. brucei, RNAi silencing of 

TbAUK1, -2 and -3 individually proved the essentiality of the multitasking TbAUK1 homolog 

over the other two which alone couples mitosis, kinetoplast replication and cytokinesis. 

Furthermore, the disappearance of mitotic spindles upon TbAUK1 deletion accompanied by its 

localization to the middle of the apparent spindle pole body during metaphase and late anaphase 

highlights its similarity to the Aurora B like kinases [24,25]. Dominant negative overexpression 

of a TbAUK1 mutant, in the bloodstream parasites, adversely affected the formation of mitotic 

spindles, chromosomal segregation as well as cytokinesis. In procyclics, cytokinesis proceeded 

even in the presence of a blocked mitosis, depending mainly on the basal body separation, unlike 

the bloodstream form where the completion of mitosis was prerequisite for cytokinetic initiation 

[24]. Interestingly, the typical cellular architecture was also lost, unlike the procyclic form that 

retained its normal spindle-like shape. However, genomic DNA synthesis and organeller 

replications persisted instead of just doubling (as observed in the similarly treated procyclics), 

thus producing giant polyploid cells with several kinetoplasts, basal bodies, nucleoli, and 

flagella. Moreover, TbAUK1 inhibition, in the bloodstream form adversely affects infection in 

mice, implying its role in virulence too.  

      In the present work, we use computational analysis to mine the genomic and proteomic 

databases of Leishmania and related protozoan parasites based on a primary literature survey of 

essential protozoan pathways. Open-access resources comprising databases for kinetoplastid 

parasites like TriTrypDB, geneDB and TDRtargets that facilitate drug target prioritization were 

used. Upon screening 60 candidate proteins, we proceeded with the initial characterization of the 
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most promising target revealed. This was a putative Aurora-like kinase, annotated Ldairk based 

on the nomenclature of Lmairk from L. major.  

      The characterizations in the parasitic protozoa like T. brucei were attained by RNAi-

mediated knockdown and subsequent functional studies. However, the lack of such machinery in 

L. donovani, much like P. falciparum, makes gene knock-outs the gold standard for functional 

genetic studies. It is pertinent here to say, that despite many attempts, the gene knockout 

parasites failed to survive, which although precluded further studies, it strengthened our 

hypothesis of the importance of LdAIRK in the parasites biology (Supplementary Figure 5). 

Hence, chemical knock down studies were adopted to evaluate their functional relevance. 

      In this study, we report the identification, characterization and functional ability of L 

.donovani AIRK to ascertain its viability in drug development. The L. donovani gene has been 

cloned, expressed and purified for in vitro studies and the expression patterns of the protein at 

both transcriptional and translational levels, examined at different phases of the promastigote 

cell-cycle. Unlike in T. brucei, LdAIRK remains extra nuclear throughout the cell-cycle. 

Temporal shifts in positioning from the cytoplasm to the nuclear periphery and ultimately to the 

spindle poles, as the cell progresses through early mitosis to post-mitosis, demonstrates its 

similarity to the multi-tasking S. cerevisiae homolog. Inhibition of Leishmania promastigotes by 

Hesperadin, a mammalian Aurora kinase B inhibitor, results in cells concentrating at the G2/M 

phase (representing 2N DNA content) and even beyond, implicating a possible role in 

cytokinesis and cell-cycle progression. The chromatin synthesis continues despite the 

segregation block on nuclear material and cytokinesis. Inhibitions with Barasertib or GSK-

1070916 that have greater potencies and target other kinases too were only slightly inhibitory to 

L. donovani growth and failed to exhibit such a pronounced effect, highlighting similarity to the 

mammalian Aurora kinase B homolog. Although showing high resemblance ~ 79% to the 

TbAUK1 homolog, the L. donovani promastigotes fail to retain their cellular and cytoskeletal 

integrity like the T. brucei procyclics upon Hesperadin mediated inhibition. These results 

highlight the diversity in protein homologs of even phylogenetically close organisms. Further 

investigations into the diverse functions of Leishmania AIRK and as a potential chemotherapeutic 

target are warranted. Notably, we provide a platform for further analysis of other potential drug 

targets identified in this study. The journey of discovery is clearly far from over for Aurora 

kinases. 
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2. Materials and methods 

2.1. Database and sequence analysis  

      TritrypDB version 3.2 (http://tritrypdb.org/tritrypdb/) and TDRtargets (http://tdrtargets.org/) 

was used to select novel druggable targets in kinetoplastid parasites. The nucleotide and amino 

acid sequences of selected proteins (from kinetoplastids such as L. major, L. infantum, L.  

donovani, L. braziliensis, T.  brucei and T.  cruzi) were retrieved from the GeneDB gene 

database and those from S. cerevisiae and S. pombe , C. elegans, D. melanogaster and mammals 

from the NCBI nucleotide and protein database. BLAST searches were performed via the NCBI 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) and genedB databases (http://www.genedb.org). The 

nucleotide and protein sequences from different kinetoplastids were searched using the L. 

donovani homolog as the query sequence. GenBank accession numbers of the LdAIRK 

nucleotide and protein sequences were (XM_003862106) and (XP_003862154), respectively. 

The accession identifiers of all selected proteins are mentioned in (Supplementary Table S1). 

The shortlisted candidate proteins from the above survey were subjected to further BLAST 

analysis using the human homologs as the query.  

2.2. Amino Acid Sequence Alignments and Molecular Phylogeny Analyses 

     Multiple sequence alignments of full-length LdAIRK sequence was computed using ClustalW 

version 2.1 and analyzed using Jalview version 2.0 [26]. Phylogenetic analysis of selected 

kinases was performed with the help of MEGA software version 6.0 [27] by using the neighbor- 

joining method based on the bottom-up clustering algorithm. Evolutionary distances were 

computed using the Poisson correction method and bootstrap analysis with 1000 replicates were 

carried out to obtain confidence level with the branches. 

2.3. Cloning, Expression, and Purification of C-terminal His-tagged LdAIRK 

      Total mRNA was isolated from the L. donovani AG83 strain and converted into cDNA. The 

LdAIRK ORFs subsequently amplified using Taq DNA polymerase as part of a FastStart High 

Fidelity PCR System (Roche). Primer sequences used were: Forward primer: 5’ATTCCATATG 

ATGACGACGGAGGTCGG-3’; and Reverse primer: 5’GCGGGATCCCTAATGATGATGA 

TGATGA TGGCTGCGCGGTCGCTTTCCCG-3’, designed to include the NdeI and BamH1 

restriction sites respectively, based on the gene corresponding to Acc.No. XM_003862106.1 as 

template. The 340-bp DNA product was subsequently ligated into expression vector pET11b 

(Novagen). E. coli BL21 competent cells (Rosetta strain) were transformed, and expression was 

induced by the addition of 1mM isopropyl 1-thio-β-galactopyranoside at 30 °C overnight. Cells 

were then lysed by sonication and addition of lysozyme (1 mg/ml). Recombinant proteins were 

purified using Ni
2+

-NTA columns (Qiagen), eluted with 500 mM imidazole, and stored in a Tris-

HCl buffer, (pH 8.0) diluted with glycerol 1:1 (v/v) at -80°C. Protein concentrations were 

determined by Lowry method [28] and purity checked by SDS-PAGE, followed by staining with 

silver nitrate [29]. 
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2.4. In-gel tryptic digestion, Mass Spectrometry and Database Searching 

     The band corresponding to LdAIRK was excised from the SDS-PAGE gel after colloidal 

Coomassie staining and sliced into small gel pieces and processed as per the kit instructions. 

Subsequently, both mass spectrometry (MS) and MS/MS spectra were obtained by MALDI-

TOF/TOF mass spectrometer (Applied Biosystems 4800 Proteomics Analyzer). All spectra were 

collected in the reflector mode. Database searching for confirmation of protein identity was 

carried out using GPS Explorer (Applied Biosystems) software with MASCOT (Matrix Science) 

search engine [30]. 

2.5. Antibody generation 

     Female BALB/c mice (6 weeks old) were immunized by subcutaneous immunization of 25 

µg of recombinant LdAIRK. Protein was applied with Complete Freund's adjuvant (1:1, v/v) in 

the first immunization, followed by two booster injections at days 21 and 42, using Incomplete 

Freund's adjuvants (1:1, v/v). Ten days after the last immunization serum was collected for 

testing antibody titer and reactivity [31].  

2.6. Circular Dichroism Experiments 

     Far-UV (260nm-200nm) CD-spectra were obtained using a Jasco-815 spectropolarimeter 

(Applied Photophysics) calibrated with ammonium (+)-10 camphorsulfonate. All measurements 

were collected in quartz cells of 0.1 cm path length with a scan-speed of 50 nm/min, bandwidth 

1nm and temperature of 20°C in 0.02 M PBS pH 7.0 except for the pH optima studies 

(Supplementary Table S2).  The effect of ATP and Hesperadin was observed in the concentration 

range 0–200 µM. The spectral shifts in apo or complex with ATP or Hesperadin or upon pH 

variations were performed using standard protocol [32]. The K2D3 software (http:// www.ogic. 

ca/projects/k2d3/) was used to analyse the spectra [33]and plotted after smoothing using the 

Savitzky Golay algorithm (OriginPro8).  

2.7. Homology modeling  

     The templates used for homology modeling were found by searching for structures with 

maximum identity, using blastp which uses the amino acid sequence as input and generates an 

alignment profile. Four structures from PDB were generated as potential templates - all 

mammalian AURKA or B structures (PDB IDs- 4AF3_A, 3D14_A, 3DAJ_A, 2WTW_A). The 

human structure- 4AF3_A was used as the template for homology modeling which was carried 

out using Modeller 9.12 [34] under default parameters with the pair-wise sequence alignment file 

of the target (LdAIRK) and template as inputs. Five models ranked on the basis of their minimum 

internal energy were produced as modeller outputs. The model with minimum internal energy 

and root mean square deviation from the template was used for further validation. The model 

was validated using Procheck and visualized using UCSF Chimera [35]. 
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2.8. Preparation of ligands, protein, prediction of active site and docking 

      Schrodinger 2015 molecular modeling software was used to explore the ligand-enzyme 

interaction. Glide
®
 integrated with Maestro 10.1 v101012 (Schrödinger LLC, 2015) was used for 

docking. Ligand molecules were built using Maestro 10.1 v101012 build panel. Ligands were 

prepared by Ligprep 3.3 v33012 application using OPLS–2005 force field for the energy 

minimization of the ligand. Homology modelled structure of LdAIRK was prepared by the 

protein preparation wizard bundled with the Maestro Schrödinger package and includes the 

addition of hydrogens, assigning partial charges, assigning protonation states and energy 

optimization with the OPLS–2005 force field. A maximum root mean square deviation (RMSD) 

of 0.30 Å from the original structure was allowed for the constrained minimization steps. The 

energy minimized protein was used for the prediction of the possible active site. The primary 

binding site on the enzyme was unknown since the modelled enzyme was devoid of associated 

co–crystallized ligand. Therefore, the possible potential binding cavities within the receptor was 

predicted by using the Sitemap
®
 3.4 v34012 module in Maestro Schrödinger

®
 10.1 v101012. The 

sitemap centroid with the highest site score of 1.071 was utilised for the generation of grid 

(Supplementary Table 1 and Supplementary Figure S1and S2). Receptor grid was generated 

within the contour of the predicted active site [36]. The energy minimized ligands were docked 

into prepared grids with XYZ coordinates (18.24, -24.28 and -0.19) using Glide XP (Extra 

precision) mode of Glide 6.6 v66012 [37].  

2.9. Parasite and Cell Culture 

     L. donovani amastigotes of AG83 strain (MHOM/IN/83/AG83) were maintained by serial 

passage in Syrian golden hamsters as described earlier [38]. Promastigote forms of the parasite 

were cultured at an average density of 2×106 cells/ml in medium M199 (Himedia) supplemented 

with 10% fetal calf serum and antibiotics at 26
o
C [39].  

2.10. Creation of Null Mutant 

     In order to genetically remove the XM_003862106.1 (LdAIRK) open reading frame (ORF) 

sequences surrounding the LdAIRK  ORF were amplified using the following primers containing 

SfiI sites (underlined) compatible with a previously described method to rapidly generate knock-

out constructs [40-41]: 5’TS-forward (A) gaGGCCACCTAGGCCGTGCGCGCGTATGTGC 

TTGTG, 5’TS-reverse (B) gaGGCCACGCAGGCCTATCTCTACGGTTTGTGACGT, 3’TS-

forward  (C) gaGGCCTCTGTGGCCCGAGACATGCCACAGGGAGGG, 3’TS-reverse (D) 

gaGGCCTGACT GGCCTCGACCTTACCGACTAC CAGCA. Linear targeting constructs were 

excised by restriction digestion using Pac1 and gel purified before transfection using a 

GenePulser XCell (Bio-Rad) system as described previously [41]. Transfected parasites were 

allowed to recover for 48 hours before addition of 20 μg/ml hygromycin for selection. 
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2.11. Confocal Microscopy 

     Five days infected macrophages on poly-lysine coated slides (Genetix) or log phase 

promastigotes, washed and airdried on 10mm coverslips were methanol fixed for 20 min 

followed by blocking with 5% goat serum in PBS for 30 min prior to probing with antibodies. 

Mouse anti-LdAIRK antibody (Lab raised) was used to probe LdAIRK overnight at 4°C, washed 

thrice in PBS 0.01%Triton-X and incubated for 1 h at room temperature with goat anti-mouse 

secondary antibody conjugated to FITC (Genei, Bangalore, India). All washes were performed at 

room temperature. After immunostaining, the coverslips were mounted on a glass slide using 

mounting media with DAPI (Molecular Probes). Images were captured by Andor spinning-disk 

live-cell confocal/ TIRF microscope (Andor Technology, Belfast, United Kingdom).  

2.12. Flow cytometry-based sorting 

     Exponentially growing L. donovani promastigotes were gently washed and resuspended (at a 

concentration of 5x10
6
 cells/ml) in 1xPBS supplemented with 5% FCS and 5 µg/ml Hoechst 

33342 (Molecular Probes). After incubation for 1 h at 26°C in the dark, the stained cells were 

sorted on the FACS Aria sorter (BD) based on the DNA content and collected in three tubes 

placed on ice, pelleted and stored at -80°C until further processing. [42-43].  

2.13. mRNA Quantification 

     Total RNA was extracted using TRIzol reagent (Invitrogen), purified on RNeasy Mini Kit 

column (Qiagen) and quantified using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher 

Scientific). DNase digestion was carried out during RNA extraction using RNase-free DNase Set 

(Qiagen). RT-PCR was performed for the LdGAPDH (housekeeping) and LdAIRK (target) 

genes in a LightCycler 480 (Roche) using 100 ng of RNA. Relative quantification was 

performed using the Pfaffl method [44].  

2.14. Western Blot Analysis 

      L. donovani promastigotes were lysed in lysis buffer containing 20 mM Tris-HCl, pH 8.0, 

0.14 M NaCl, 10% glycerol, 1% NP40 and 1 mM PMSF (protease inhibitor), and incubated on 

ice for 30 min and centrifuged at 15K rpm for 10 min at 4°C. The supernatant was collected and 

protein concentration estimated by Lowry assay. About 60 µg of protein/lane was resolved on a 

12% SDS-PAGE and transferred to nitrocellulose membrane (Millipore). The membranes were 

blocked with 2% BSA overnight at 4°C, and incubated with either (1:5000 dilution) rabbit-anti-

Actin antibody (Santa Cruz Biotechnology) or (1:10000 dilution) mouse-anti-LdAIRK antibody. 

After washing thrice with 0.05% Tween in 20 mM Tris-buffered saline pH 7.5 (washing buffer), 

the membranes were incubated with goat-anti-rabbit IgG-HRP antibody (Santa Cruz 

Biotechnology) or goat-anti-mouse IgG-HRP antibody (Santa Cruz Biotechnology). After further 

washes, binding was detected by incubating with ECL substrate (Pierce) and documented using 

Chemidoc (Bio-Rad). The densiometric analysis was performed using ImageJ (NIH, USA).  
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2.15. Enzyme Assays and Determination of IC50 

    Kinase activity was measured at 37 °C by the addition of 50 ng of LdAIRK  to 50μl of 20 mM 

HEPES, pH 7.4, 150 mM KCl, 5 mM MgCl2, 5 mM NaF, 1 mM DTT and 5 µg of myelin basic 

protein (MBP) (Invitrogen) or recombinant  histone H3 from L. donovani, LdH3 (obtained from 

Dr. A. Dube, CDRI, Lucknow) as substrate [45]. Upon addition of 8 µM ATP (4 µCi of [-
32

P]-

ATP), the reaction was incubated for 10 min at room temperature, other than the time course 

experiment. Reactions were stopped with 5x Laemmli buffer, and proteins separated on a 10% 

SDS-PAGE gel. Post-run, gels were stained with Coomassie blue, dried on a Gel Slab Dryer 

(Bio-Rad), and analyzed using a PhosphorImager (Molecular Dynamics). Quantification of 

phosphorylation was performed using ImageJ (NIH, USA). For IC50 determination, the 

inhibitory effect of Hesperadin, Barasertib or GSK-1070916 (SelleckChem) were determined by 

the pre-incubation of LdAIRK with the respective drug (within the concentration range of 0-

100ug/ml)  for 30 min before adding the substrate, ATP. Activity (% control) of a certain sample 

was calculated using the following formula: 

Activity (as % of plus enzyme sample) = Band intensity (experimental sample – no enzyme control) /  

                                                                   Band intensity (plus enzyme control– no enzyme control) x 100                                       

     The non-radioactive assay was performed for the time course experiments to determine the 

Michaelis- Menten constants. These were carried out in a 96-well format using the Universal 

Kinase Assay Kit (R&D). All reactions were performed as per the kit instructions [46]. The 

formation of malachite green/molybdate complex was recorded (Abs 600 nm) over 10 min at 1 

min intervals at 37 °C, in which the concentration of ATP was varied between 0 and 200 μM. 

Reported kinetic parameters derive from nonlinear regression fits of the data using GraphPad 

Prism 5 (GraphPad Software).  

2.16. Isolation and Infection of Mouse Peritoneal Macrophages 

     The peritoneal cavities of mice were flushed with 5 ml of ice-cold RPMI 1640 medium 

(Himedia) supplemented with 50 µM β-mercaptoethanol and 10% FCS (pH 7.4). After 

centrifugation and washing, 10
6
 cells were plated on sterile glass coverslips in 24-well tissue 

culture plates and incubated overnight at 37°C with 5% CO2. Nonadherent cells were removed 

by washing three times with prewarmed PBS. Stationary phase promastigotes were used to infect 

these cells at a ratio of 10:1, for 3 h, washed and the infection allowed to proceed for 5 days. 

2.17. Antiproliferative Assays 

     Growth inhibition of L. donovani amastigotes was monitored as described below. Mouse 

peritoneal macrophages were plated and infected as explained above, incubated overnight in a 5 

% (v/v) CO2 incubator maintained at37°C, washed twice with RPMI to remove non-internalised 

parasites and incubated with fresh media containing different concentrations of the drugs. 

Following incubation for another 72 hours, the cells were washed and fixed in methanol 
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followed by Giemsa staining. The amastigotes in differentially treated macrophages were 

counted and the IC50 values determined. For study in promastigotes, logarithmically (5-6 x 10
6 

cells/ml) growing cells were diluted to 2 x 10
6
 cells/ml and incubated with various 

concentrations of each drug at 26°C for 24/28/72 hours before the addition of the Alamar Blue 

(0.01%) (Invitrogen). After another 16 h of incubation, the absorbance of the reduced resazurin 

was measured (570 nm and 600 nm) [47]. Cells grown in the presence of 0.2% DMSO were 

treated as control (100%), and percent viability was plotted as a function of concentration. All 

assays were performed in 96-well cell-culture plates, and IC50 values estimated using GraphPad 

Prism. Treatment with amphotericin B (1mg/ml) for 72h was taken as the positive control (100% 

killing or positive control). % Viability was calculated using the following formula with the 

value of Blank wells subtracted from all readings: 

% ViabilityPromastigote= [OD(570-600)Treated/OD(570-600)Untreated] x100 

% ViabilityAmastigote= [No. of parasite per 100 macrophagesTreated/ No. of parasite per 100 macrophagesUntreated] x100 

2.18. Accession number 

 XM_003862106.1  

2.19. Statistical Analysis 

     Results are presented as means ± S.E.M. Statistical differences between two groups were 

determined with Student’s t-test, and differences between multiple groups were determined using 

One-way ANOVA followed by Tukey’s multiple-comparison test. P values of 0.05 were 

considered significant. All analyses were performed using GraphPad Prism software. 

 

3. Results 

3.1. Identification, sequence analysis, cloning and purification of LdAIRK. 

     Our understanding of key pathways in human visceral leishmaniasis (VL) remains limited. 

Based on the methods described under ‘Experimental Procedures’ we identified various 

components of cell signaling, gene regulation, cell division, protein export and transport that play 

central roles in some core parasite processes. The sequences of sixty such proteins were retrieved 

from the geneDB database for the BPK L. donovani strain followed by BLAST analysis of the 

genome databases of L. major, L. braziliensis, L. infantum, T. brucei and T. cruzi which yielded 

12 members as top scorers based on their sequence conservation (Supplementary Table S1). To 

further investigate their presence and distance from the host proteome, these were used as the 

query and subjected to BLAST analysis, against the human protein database from NCBI.  This 

allowed the identification of four candidates least homologous to their human counterparts 
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(Table 1). Amongst these, a putative protein kinase (Acc. No- LdBPK_ 280 550.1) was selected 

for further characterization. Upon sequence analysis it was found to be an Aurora-like kinase 

which has been described in various organisms, playing pivotal roles in the control of cell 

division. L. donovani encodes a 3 membered family of Aurora kinases – (Acc. No- >LdBPK_ 

280550.1.1..pep, >LdBPK_291420.1.1..pep,  >LdBPK_262460.1.1..pep) , with a single copy of 

each. Together with sequences of homologs from other organisms, the sequence corresponding 

to Acc. No-LdBPK_280550.1 was subjected to multiple sequence alignment (Figure 1A). Inter-

species comparison revealed sequence identity between 79-100 % which reduced to only 44% 

when compared to human Aurora kinases. Most of the differences lied in the N and C-terminal 

domains, e.g., the missing KEN box region in the Leishmania homolog. Of interest, some blocks 

of sequences were highly conserved in all the sequences compared (Figure 1B). These were 

annotated as per the nomenclature used for human Aurora kinase domains [48], namely the (i) 

Nucleotide binding domain (GGNYGDVY) and (LEPC); (ii) T-loop domain (DFGWSVHDP 

LNRRKTSCGTP EYFPPE) and the (iii) D-box domain (LLIREGSK RLALHRVLSHPF). Using 

the structure of human Aurora kinase A (PDB ID-4AF3_A) as the template (top-most hit in a 

BLAST search), a homology model of LdAIRK was created (Supplementary Figure S1A).  The 

residues in the conserved domains of the protein are highlighted with an identical colour scheme 

as used in the schematic diagram to aid comparison. Furthermore, a phylogenetic analysis with 

all Aurora kinases characterized till date as well as putative ones was generated (Supplementary 

Figure S1B). This phylogram revealed the T.brucei homolog (Acc.no.XP_828896.1) to be the 

closest characterized homolog [13]. Located on chromosome 28, Ldairk was found most similar 

to the D. melanogaster Aurora kinase (Aurora-A), with 61% identity over 794 bp. On the protein 

level, it reduced to 46% over 261 amino-acids of D. melanogaster Aurora-A, 39% identical over 

264 amino-acids to Ipl1p of S. cerevisiae (Ipl1) and 42% identical over 275 amino-acids of H. 

sapiens (Aurora-B) among the higher eukaryotes. This similarity was significantly improved 

upon comparison with T. brucei, being 80% identical over 299 residues and 98% over 300 

residues in the case of L. major. Surprisingly, the P. falciparum homologs exhibited the least 

homology.  

     Notably, the closest human homolog- Aurora B was also quite distantly located.  Hence, as a 

part of the ongoing HOPE project, the gene corresponding to Acc.no. LdBPK_280550.1 was 

cloned with a C-terminal His-tag into the bacterial expression vector pET11b (Supplementary 

Figure S1C). It was subsequently purified using a Ni2-NTA column (Qiagen) at a concentration 

of approximately 5 mg/ml to be used for biochemical, biophysical and functional analyses. To 

confirm the identity of the cloned protein we carried out MALDI-TOF MS and MS/MS analysis 

of the band corresponding to purified LdAIRK, silver stained to assess its purity on an analytical 

SDS-PAGE gel (Supplementary Figure S1D, S1E and S1F). It was subjected to in-gel trypsin 

digestion, and the resulting peptides were searched against the NCBI protein database. The 

MASCOT search algorithm indicated the best match having a score of 427 and sequence 

coverage of 56% to a putative protein kinase from L. infantum and subsequently with Lmairk, a 

member of the Aurora/Ipl1p family of protein kinases from L. major. It predicted a molecular 
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weight of 34.9 kDa and a PI of 8.21. Mouse polyclonal antibodies were raised against rLdAIRK 

purified from E. coli to confirm the size and localization of the endogenous protein by western 

blotting and immunofluorescence assays, respectively. The total lysate of Leishmania parasite 

was analyzed by SDS- PAGE followed by immunoblotting with antibodies specific for LdAIRK 

(Supplementary Figure S1G). The calculated molecular mass of 35.4 kDa was in concert with the 

predicted molecular mass of 34.9 kDa with the slight difference arising due to the presence of a 

poly-histidine tag. This also confirmed the purity and specificity of the antibodies.  

3.2. Cell-cycle regulated expression and localization of LdAIRK 

      Aurora kinases in complex with other proteins are known mediators of chromosome 

segregation and perform their functions at restricted subcellular locales. We investigated the 

spatio-temporal subcellular localization of endogenous LdAIRK using antibodies raised in mice. 

As a first step, we confirmed that both the promastigote and physiologically significant 

amastigote stages of the parasite express LdAIRK. Mice peritoneal macrophages infected and 

stained after 5 days when parasite infection reached its peak before macrophage disintegration 

and amastigote release, demonstrated rings of LdAIRK expression surrounding the parasite 

nucleus in all the amastigotes (Figure 2A). However, some non-specific interaction, probably 

with the macrophage nuclear Aurora kinases was also observed. Further investigations were 

carried out in the promastigote stage of the parasite, to assess the dynamics of their localization 

and predicted role based on its position, as the cell-cycle progresses. Actively growing parasite 

cultures were co-stained for LdAIRK and the nuclear and kinetoplast DNA, which are good 

markers of the cell division cycle [49]. Representative cells from each phase were observed and 

characterized. As shown in (Figure 2B), LdAIRK undergoes dramatic redistribution during cell 

division. During the G0/G1 phase, the endogenous LdAIRK shows limited expression and are 

localized to the cytoplasm in a nucleus excluded pattern, also predicted by the TMHMM 

(version2.0) server due to the absence of any transmembrane domains (Figure 2B, upper panel).  

As the cell enters S phase, a dramatic increase in LdAIRK expression is noted. These are 

concentrated at the nuclear periphery, mostly at the centrosomal region (Figure 2B, middle 

panel). LdAIRK remains at the centrosomes as the cell enters G2/M. Moreover, their expression 

is now considerably heightened and more focussed at the two poles (Figure 2B, bottom panel). 

To validate the immunofluorescence experiments, we performed RT-PCR and western blot 

analysis of pure cell population from each cyclical phase. Logarithmically growing parasites 

were stained with the vital DNA dye Hoechst and sorted based on their DNA content into G1, S 

and G2M phase. The dot–plots of the sorting experiments are provided in the (Supplementary 

Figure S2). The purity of the sorted cells was confirmed by post-sort FACS analysis as well as 

fluorescence analysis (Supplementary Figure S2C and S2D). The G1 sorted cells showed a single 

distinct nucleus and kinetoplast DNA. At S phase, the increased fluorescence intensity of the 

nuclear matter and the central bulge was noted. Lastly, the G2/M phase population clearly 

depicted dividing cells with double the nuclear and kinetoplast DNA content.  
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     Using these phase-separated cells, total RNA was isolated and analyzed by RT-PCR and the 

differences were clearly reflected by the Ct values. With GAPDH as the house keeping control, 

LdAIRK expression depicted an increase by 1.7-folds in the S phase and 2-folds in the G2M 

phases of the cell-cycle compared to the G1 phase (Figure 3A). The details of this experiment are 

summarized in (Supplementary Table S3). To analyse regulation of LdAIRK expression at the 

translational level, total parasite lysate of the sorted cells was subjected to SDS-PAGE followed 

by western blotting. Using actin expression as the loading control, the protein levels depicted a 

pattern similar to that seen by immunofluorescence and RT-PCR studies. The S phase cells 

showed expression that was almost 1.64-fold greater as compared to G1 stage cells which 

increased by 1.86-folds at the G2/M phase (Figure 3B). Taken together, LdAIRK was found to 

exhibit a cytosolic localization with re-localization around the nuclear periphery and poles, from 

S phase until cytokinesis. 

3.3. LdAIRK has ATPase activity and is sensitive to inhibition by Hesperadin but not Barasertib 

or GSK-1070916. 

     In order to evaluate the proper folding of recombinantly expressed LdAIRK, CD experiments 

were performed. Alpha-helical content of 27.78%; beta sheets- 24.38%  and random coils- 

47.84%  was calculated (Supplementary Figure S4A), in agreement with those predicted by the 

PHD server (Supplementary Table S4). Additionally, because L. donovani experiences a 

digenetic life cycle and hence different pH environments, we evaluated the stability of the 

enzyme under different pH conditions (Supplementary Figure S4B). The studies showed that 

rLdAIRK exhibits maximum stability in the pH 7-8 range, with a rapid loss in spectral intensity 

even upon single unit pH shifts on either side. In order to functionally characterize the enzyme, 

its phosphotransferase activity and substrate specificity were studied in an in vitro kinase assay. 

In addition to trans-phosphorylation of MBP (generic substrate) and LdH3 (physiological 

substrate), auto-phosphorylation of the kinase and a truncated form was also observed (Figure 

4A). Furthermore, by measuring initial reaction velocities at saturating LdH3 concentrations, we 

found that LdAIRK exhibited typical hyperbolic Michaelis-Menten saturation kinetics (Figure 

4B). We determined a Km of 6.12 uM, Vmax of 82.9 pmoles.min
-1

mg
-1

 and Kcat of 2.905 s
-1

 

towards ATP. However, upon addition of different dNTPs (dATP/GTP/TTP/CTP) as competing 

phosphate group donors, only ATP seemed to inhibit substrate phosphorylation (Figure 4C). 

Hence, ATP alone can act as the phosphate donor for these kinases.  

     Subsequently, three existing and structurally distinct mammalian Aurora kinase inhibitors 

were probed for their ability to dock into the active site of LdAIRK (Supplementary Figure S4C 

and Supplementary Table S5) and further explore the nature of the enzyme. Although all three 

are reversible ATP-competitive inhibitors (Figure 5A, upper panel), they differ considerably in 

both affinity and target preference. Hesperadin is mainly an Aurora B inhibitor having an 

IC50 of 250 nM in vitro. However, it reduces the activity of some other kinases too. On the other 

hand, Barasertib is highly selective with an IC50 of 0.37 nM for Aurora B but inhibits Aurora A 

too, although with lesser affinity. The third inhibitor GSK-1070916 inhibits both Aurora B and 
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C with IC50 of 3.5 nM and 6.5 nM, respectively (Selleck Chemicals). The idea was to 

characterize the kinase more finely based on its inhibition behavior and get leads for the 

development of more refined structures built on the success of some existing inhibitors. The G-

scores obtained were -7.79 for Hesperadin, -7.28 for Barasertib and -7.61 for GSK-1070916 

respectively (Table 2). LigPlot analysis showed that the residues Asn 41, Phe 173, Gly 174, Phe 

173, Asn 121 and Lys 60 take part in the H-bond formation with the test ligands. Hesperadin can 

form two H-bond’s with Asn 41 and Phe 173 as focused in yellow colour in (Figure 5A, lower 

panel).  Whereas, Berasertib can form 3 H-bond’s with Phe 173, Asn 121 and Lys 60; GSK-

1070916 can form only 1 H-Bond with Gly 174. Although the G-scores for Hesperadin and 

GSK-1070916 were only slightly different (0.19), the bond strength (to which the number and 

length of H-bonds both contribute) predicted Hesperadin to have the best binding affinity with 

LdAIRK (Table 2). 

     Hence, we examined the extent of drug-mediated inhibition of LdAIRK by monitoring the 

transfer of P
32

 from P
32

-ATP to LdH3 substrate by incubating equal concentrations of LdAIRK 

with increasing concentrations (10-100 ug/ml) of the respective drug. The residual kinase 

activity was plotted against log10 (Drug concentration). LdAIRK was found to be insensitive to 

Barasertib or GSK-1070916 mediated inhibition even at 200μM concentration (Fig. 5C, middle 

and last panel). However, upon incubation with Hesperadin, a hyperbolic inhibition curve 

indicated competitive binding with an IC50 of 44.20±1.58 nM (Figure 5B). Despite LdAIRK 

being modeled on the crystal structure of human Aurora B as the template, the inhibitors with 

lower IC50 for human Aurora kinases – Barasertib and GSK-1070916 were ineffective against 

LdAIRK, whereas, Hesperadin with a 10-fold higher IC50 showed considerably greater inhibition 

of LdAIRK. This interaction was further seen in the spectral shifts of LdAIRK in the presence or 

absence of these ligands as observed by CD spectroscopy. Hesperadin being an ATP-competitive 

inhibitor, equal concentrations of purified LdAIRK were incubated with varying concentrations 

of ATP or Hesperadin and the spectra recorded in the far U.V. range. The ATP-bound and free 

forms exhibited marked differences in the CD spectra (Supplementary Figure S4D). Hence, 

Hesperadin binding should also produce such a shift as it binds the same domain of the protein as 

ATP. However, although evident, the shifts were not identical in both cases (Supplementary 

Figure S4E). Hence, their mode of binding and, therefore, the conformations adopted are 

probably different. 

3.4. LdAIRK activity is essential for both promastigote and amastigote forms of L. donovani. 

     The results from in vitro experiments demonstrated the effectiveness of Hesperadin over 

Barasersib and GSK-1070916 against LdAIRK activity. To determine the physiological relevance 

of this inhibition, the amastigote and promastigote stages of the parasites were incubated with 

various concentrations of the drugs under study and the effects evaluated. Infected peritoneal 

macrophages having approximately 4-6 parasites/macrophage were treated with varied drug 

concentrations for 72 hours before assessing the parasite load.  A 50% reduction in parasite load 

was seen at ~36.4±2.12 nM (Figure 6A). Moreover, we observed complete parasite clearance 
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above 480 nM although accompanied by macrophage disintegration. Also, the CC50 (50% 

cytotoxic concentration towards host cells) was found to be in the micromolar range, almost 30-

folds higher than the IC50 observed for amastigotes, thus ruling out any effect of macrophage 

cytotoxicity on the parasite load (Supplementary Figure S6,7).  For the studies on promastigotes, 

each of the inhibitors was added to logarithmically growing cultures and the cell numbers 

quantified over time. Also, the reducing environment, characteristic of healthy cells, was 

evaluated by Alamar blue reduction assay (Figure 6B). Upon inhibition with Hesperadin, parasite 

growth was severely compromised. At 24 hours, an IC50 of 692.3± 29.3 nM was observed, 

which reduced to an IC50 of 632±42.6 nM after 48 hours of treatment. By this time, almost all 

the cells appeared swollen having more than twice the size compared to untreated cells. At 72 

hours, most of the cells had attained a ginger-like shape with many roundish protrusions with the 

IC50 decreased 6-fold. Moreover, most cells demonstrated a rudimentary or total flagellar loss. 

Eventually, all parasites died at this concentration, and necrotic debris was observed. These 

morphological changes occurring over time have been presented in Figure 8A. In contrast, 

parasites growing in the presence of Barasersib or GSK-1070916, grew robustly even after 72 

hours of drug treatment without any apparent morphological change. 

     To determine whether the growth defect in the presence of Hesperadin occurred as a result of 

interrupted cell division, and in case these kinases are involved in cytokinesis like their 

homologs in other organisms [50-52]  cell-cycle progression was monitored by flow cytometry at 

24, 48 and 72 hours post drug treatment (Figure 7A). As hypothesized, the growth defects 

observed were accompanied by an increase in total DNA content. Cells with 2C DNA content, 

which represents the G0/G1 population, rapidly decreased from 61.12% at 0 hours to only 10% 

at 72 hours post treatment. Cells with 4C DNA content (representative of the G2M phase) 

gradually rose and formed >48.6% of the population after 24h of incubation with drug, 

demonstrating a G2/M block. Simultaneously, cells with >4C DNA content, which includes both 

the 6C and 8C populations, increased from 3% at 0 hours to 38.5% after 72hours. In addition, the 

sub-G0 fraction increased from 1.7% at 0 hours to 17.2% after 72 hours, indicating nuclear 

fragmentation, probably due to cell death. The time-dependent changes in cell populations of 

different nuclear content are depicted in (Figure 7B). Interestingly, the unusual changes in ploidy 

and apoptotic DNA content were not observed until 48 hours of incubation. 

     Fluorescence microscopy of fixed and DAPI stained cells provided a qualitative analysis of 

these observations. An abundance of nuclear matter, both genomic and kinetoplast, was clearly 

visible (Figure 8A). A gradual increase in 2N2K and 2N1K cells with a collateral decrease in 

1N1K and 1N2K cells was observed from 24 hours through 72 hours of treatment. Following 

incubation with Hesperadin, 2N2K cells, which formed only 4% of the population in untreated 

cells, soared to over 33% of the population at 48 hours. At 72 hours, this rose to 57.8% of the 

total population. Further study revealed that nearly 81% of these 2N2K cells had not yet 

completed mitosis, with only around 18% showing 2 distinct nuclei. Moreover, a subset of cells 
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with undivided nuclear matter but the intensity of >4N the DNA content was observed in giant 

spheroid cells devoid of any flagella. These changes are graphically depicted in (Figure 8B).      

    These data strongly suggest that LdAIRK may play a crucial role in mitosis and cytokinesis 

and perturbations in their regulation shift the balance towards increased ploidy and ultimately 

growth arrest and death.  

4. Discussion 

       Since their discovery in the 20
th

 century [53-54], Aurora kinases have emerged as a critical 

mediator of the cell division cycle in H. sapiens, Xenopus, Drosophila, and C. elegans. In recent 

years, their regulatory roles have been established in lower eukaryotes like yeast, parasitic 

protozoa like Plasmodium and Trypanosomes as well as plants [15, 52,55]. Most organisms have 

more than one type of these kinases. Together, they play diverse roles in mitosis and meiosis, 

including centrosome maturation and separation, spindle assembly,  chromosome biorientation, 

condensation, cohesion and segregation followed by cytokinesis [53, 56-61].  Aurora kinases 

mediate their effects by phosphorylating their targets, histone H3, cytoplasmic polyadenylation 

element binding protein CPEB,  tumor suppressor protein p53, PP1 protein phosphatase 1 

isoforms,  INCENP, CENP-A, mitotic centromere associated kinesin MCAK and vimentin 

(http://kinasource.co.uk/Database/substrates.html). The pivotal role played by them as evident by 

the substrate diversity, has been exploited by implicating them as therapeutic targets in various 

infectious as well as non-infectious diseases [19].  

     In this study, an Aurora kinase homolog from L. donovani was identified and named LdAIRK 

based on its 98% amino acid sequence identity with LmAIRK from L. major [14]. Here, we have 

for the first time carried out a systematic bioinformatic, biochemical, biophysical and functional 

characterization of a full-length rLdAIRK as well as examined its importance in intracellular 

amastigotes and an in vitro growing culture of L. donovani strain AG83 promastigotes. Their 

primary structure demonstrates significant homology to other characterized Aurora kinases with 

significant sequence conservation in the three domains. Moreover, among the three isoforms 

identified in the L. donovani genome, only LdAIRK was found to have all the identifying 

domains characteristic of Aurora kinases with 80% identity to the closest characterized homolog, 

TbAUK1 from T. brucei. However, the sequences corresponding to >LdBPK_291420.1.1..pep 

and  >LdBPK_262460.1.1..pep showed only 53% and 29% identity to the putative homologs 

from T. brucei. Interestingly, the P. falciparum homologs which proved essential in gene knock-

out experiments were significantly different from their L. donovani counterparts. Following 

cloning and purification, MALDI-TOF MS/MS analysis confirmed the identity of the protein 

which was then used to raise polyclonal antibodies in mice and checked for their specificity by 

immunoblots of parasite lysate. 

     Subsequently, the spatio-temporal expression pattern of native LdAIRK was studied by 

immunofluorescence microscopy. The staining of infected macrophages revealed their cytosolic 
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expression in the amastigotes, localized outside the DAPI stained nucleus and kinetoplast. 

Further studies were carried out in the promastigote stages, wherein the cell-cycle stages were 

designated by the position, qualitative and quantitative analysis of their nuclei and kinetoplast 

and also by the overall cellular morphology. The expression of LdAIRK was seen to increase 

significantly as the cells progressed from G1 to S phase and was retained until mitosis. The 

diffuse distribution of LdAIRK in the cytoplasm of G1 phase cells was vastly over-expressed and 

much concentrated at the nuclear periphery near the centrosomal poles in the S phase, in line 

with their possible role as polar auroras involved in generating the central spindle for 

chromosomal attachment and subsequent segregation into daughter nuclei. Here, the nuclear 

DNA stained brighter compared to the G1 cells demonstrating the synthetic phase of the cell-

cycle. Moreover, the kinetoplasts seemed elongated as seen just before their segregation.  This 

was followed by a S to G2M transition phase wherein the majority of the cells depicted 1N2K 

phenotype. Herein, the endogenous protein was found concentrated predominantly at the poles of 

the single enlarged nucleus. In the G2M phase, the restriction in localization got even more 

prominent with LdAIRK now more focussed at the two nuclear poles of the newly divided 

daughter cells. These distribution patterns are comparable to the localization patterns of an 

Aurora A kinase, which mediates spindle pole formation and chromosomal segregation [62]. 

Nevertheless, the active protein kinase pool could not be differentiated from the inactive forms in 

the absence of phosphospecific antibodies. Western blot and RT-PCR studies using pure 

populations of each cell-cycle phase (as sorted by FACS) moreover, supported these 

immunofluorescence observations. The immunoblots normalized to actin as house keeping 

control, reported a 1.64 and 1.86-fold increase in the S and G2M phases respectively as 

compared to the G1 phase cells. At the RNA level too, greater than 1.7 and 2.0-fold increase was 

observed (compared to G1 phase cells) in the S and G2M phases using GAPDH as housekeeping 

control. Thus, all these observations indicate a heightened expression of LdAIRK at the DNA 

replication and division stages of the cell-cycle, pointing towards a possible role of LdAIRK in 

these processes. 

      Next, the presence of secondary structural elements in rLdAIRK was confirmed by CD 

spectroscopy. Kinetic analysis under saturating LdH3 concentrations (the physiological substrate 

of both Aurora A and B), exhibited a catalytically active kinase. Under our experimental 

conditions, we observed a Km of 6.12 µM which was 2.5 and 4-times more than that observed 

for wild-type Aurora A and B, respectively. However, the catalytic efficiency, Kcat, at 2.905 s
-1

 

was 10.8- and 1.5-times less than that observed for wild type Aurora A and B [63]. The lower 

catalytic efficiency observed in the in vitro kinase assays using pure LdAIRK implies a lower rate 

of substrate cycling. Despite conservation in the overall T-loop sequence, from prokaryotes to 

eukaryotes, as demonstrated by the multiple sequence alignment, their abilities to bind and 

hydrolyze ATP differed. Possibly, parameters other than only the primary sequence (such as 

scaffolding proteins, post-translational modifications and sub-optimum experimental conditions) 

affect the enzymatic activity, not unlike the chaperone regulation of mammalian Aurora kinases 

[64]. 
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     For long, protein kinases have been proposed as potential drug targets in the treatment of 

diseases caused by trypanosomes and Leishmania [65]. As LdAIRK function is dependent on its 

ATPase activity, we tested the effects of three human Aurora kinase inhibitors upon its activity, 

currently in various phases of clinical trial. We used Hesperadin (a first generation inhibitor), 

GSK- 1070916 (which has successfully completed phase I of the clinical trial) and Barasertib 

(which is in stage I of phase II clinical trial) to explore their ability to inhibit LdAIRK activity. 

Firstly, we investigated the docking site of these compounds on the 3D crystallographic structure 

of LdAIRK adopted by homology modeling. The active site (Sitemap_site1) was predicted by 

Sitemap
®
 3.4 v34012 on the basis of best site score value (1.071). In the docking procedure, the 

target protein was considered to be unbending, while the ligand was considered flexible. The 

ligands- Hesperadin, GSK-1070916 and Barasertib were docked into the appropriate binding 

pocket of LdAIRK using  Glide
®
 integrated with Maestro 10.1 v101012 (Schrödinger LLC, 

2015). The calculated binding energies increased in the order Hesperadin> GSK-1070916 

>Barasertib. In addition to hydrophobic interactions, several H-bonds between the ligand and 

amino acid residues present in the active site of target enzyme also provide the driving force of 

binding with target pocket to inhibit its activity. According to the binding energy, docking pose 

and binding affinity in the hydrophobic pocket, LdAIRK was found to be more sensitive to 

Hesperadin in comparison to other two test compounds (GSK-1070916 and Barasertib). LdAIRK 

activity involves the residues: Phe 173, Asn 121 and Lys 60 and structural analysis reveals that 

amino- acid substitutions in the active site alters the catalytic activity of this enzyme. However, 

this remains to be verified experimentally. Most inhibitors target the conserved ATP binding site 

in the DFG (Phen-Asn-Lys) conformation or the allosteric site exposed through the classic DFG-

flip. However, some inhibitors target an unusual nonDFG-out conformation called DFG-out (up) 

conformation (formed through ligand-induced conformational changes) thereby switching the 

nature of the active site from polar to hydrophobic. This conformation is formed when the DFG-

loop is ushered to a location parallel to the αC-helix unlike the regular DFG-out wherein it swaps 

out of the active site. From the distance of the two atoms between ligand and target protein 

amino acids that form hydrogen bonds, we may conclude that Hesperadin could be designed as a 

stronger ligand towards LdAIRK.  It forms H-bonds of shorter length in contrast to the other two 

compounds. Additionally, from the shape of the binding pocket, Hesperadin may fit much better 

into it.  

     Following in-silico docking analysis, in vitro kinase assays using the physiological substrate 

LdH3 were performed. GSK-1070916 and Barasertib failed to have any effect on the 

phosphorylation of LdH3 by LdAIRK within the range tested. On the other hand, Hesperadin was 

severely inhibitory towards LdH3 phosphorylation. However, only at an IC50 of 44.20 nM did it 

manage to deplete significantly the activity of LdAIRK. Nevertheless, this was comparable to 

that achieved by the T. brucei homologue TbAUK1, which was 40 nM [45]. This may be 

explained by the highly similar sequence of the docking site of Hesperadin on these proteins 

(96% identity). It has been reported that for kinases sharing >60% identity over their catalytic 

domain, there is a high possibility of inhibition by the same molecules, thus suggesting a larger 
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probability of having common inhibitors selective for such kinases [66]. The three inhibitors 

tested differ in their mode and specificity of binding,  Barasertib having an IC50 that is 650-folds 

greater followed by GSK-1070916 (between 38 to 70-folds greater) compared to Hesperadin [67- 

69]. Moreover, the differing affinity of LdAIRK and mammalian Aurora B (over 5.6 –folds) 

towards Hesperadin yields preliminary confirmation that selective inhibition of these kinases is 

possible.  Additionally, their inhibition by Hesperadin, suggests that LdAIRKs are probably 

Aurora B homologues. The findings of the kinase assay justify the dry lab results of Hesperadin 

as a more potent inhibitor of LdAIRK.   

      Taken together these results indicate that LdAIRK is a promising target for therapeutic 

intervention. However, it was important to ascertain if Aurora kinase activity is essential for the 

parasites growth and propagation. Therefore, the effect of these inhibitors at various stages of the 

parasite’s life cycle was measured using standard assays for parasite fitness. The in vitro growth 

effects of these inhibitors were validated by dose and time dependent studies on amastigotes as 

well as promastigotes. Just like the kinase inhibition studies, here too, GSK-1070916 and 

Barasertib failed to have any effect on the growth or morphology of the parasites. Since these 

inhibitors are specific for Aurora kinases, we may argue that either these inhibitors do not bind 

the L. donovani Aurora kinases, or if they do, then LdAIRK does not have an essential role to 

play in the parasites growth. Since the kinase assays with purified LdAIRK were also not affected 

by these inhibitors, the first hypothesis holds true. Furthermore, incubation of the promastigotes 

with Hesperadin led to drastically reduced survivability and altered morphology. This interaction 

was further validated by the shifts in CD spectra of LdAIRK pre-incubated with Hesperadin 

compared to lone protein. Moreover, this interaction was positively proved in the kinase assays 

too, thus nullifying the second hypothesis.  However, Hesperadin has multiple targets. Thus, the 

effects of their inhibition cannot be attributed solely to LdAIRK inhibition. The importance of 

some of the other targets inhibited by Hesperadin, therefore cannot be ruled out. Furthermore, 

the intracellular amastigote forms of the parasite were also inhibited by incubation with 

Hesperadin at an IC50 of 36nM, demonstrating comparable inhibition profile to Hela calls in 

culture as well as T. brucei bloodstream forms [45]. Immunofluorescence and FACS analysis of 

DAPI and PI stained parasites (Hesperadin-treated) highlighted the pivotal role played by 

LdAIRK (or other minor targets of Hesperadin) in the parasites life cycle. Upon treatment with 

increasing doses or incubation times with Hesperadin, a simultaneous increase in the parasites 

arrested at the G2M phase was observed with the G1 and S phase population greatly reduced. 

Moreover, after 48 hours of treatment, a new population started appearing at a greater 

fluorescence intensity, corresponding to >4C nucleic acid content. Probably, the cells entered a 

prolonged resting phase due to the stressful environment before resuming nuclear material 

synthesis. Hence, compared to untreated cells that undergo doubling in approximately 7-8 hours, 

it was delayed more than 5-fold in the treated cells. Interestingly, the nuclear DNA synthesis was 

not followed by their segregation in all the cells as observed microscopically. Although some 

cells showed a 2N2K phenotype with clearly segregated nuclei, most cells showed the same 

fluorescence intensity in FACS analysis but without any distinct segregation upon 
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immunofluorescence visualization. The difference in these phenotypes remains unexplained. 

Possibly, the cells showing clear nuclear segregation were in the G2M phase when the inhibitor 

was given which got arrested at that stage and were unable to proceed further, probably due to a 

role of LdAIRK (or any other protein target) in cytokinesis. The other cells, with an undivided 

nuclear matter, however, suggest a blocked nuclear segregation but unaffected nuclear division 

upto 48 hours. The absence of any population beyond 8C, however, indicated that further nuclear 

synthesis was blocked after a second round of replication. Hence, LdAIRK may play a role in 

chromosomal segregation as well. Notably the IC50 (Growth) value of 632 nM up to 48 hours, 

exhibited against L. donovani promastigotes were comparable with that for T. brucei cells 

(550nM). Further incubation up to 72 hours, reduced the IC50 by 6-folds, making it more 

effective.  Our results suggest that L. donovani is sensitive to Hesperadin-mediated inhibition of 

LdAIRK and is a close homologue of TbAUK1 [45]. Hence, a common inhibition programme 

may be successful for the eradication of these diseases. 

    Although there are many studies implicating inhibitors of Aurora kinases for the treatment of 

cancer, this is the first study demonstrating their importance towards the treatment of VL. Such 

an approach acquires significance, by not only saving enormous funds which are frugally 

provided for neglected tropical diseases, but also saving time by utilizing the existing knowledge 

base of chemotherapeutic targets and inhibitors. However, details regarding their structure-

activity relationship with parasite proteins have only recently been reported [18] and much needs 

to be done towards the development of more specific inhibitors. As Hesperadin was shown to 

interfere with the development of Leishmania, Trypanosoma as well as Plasmodium [18], it may 

be possible to have a common therapy effective in treating malaria as well as trypanosomiasis 

and leishmaniasis in the near future. To summarize, we identified LdAIRK an Aurora B 

homologue in L. donovani whose expression and distribution is cyclically regulated. LdAIRK 

was found to possess a potentially essential role for both amastigote and promastigote survival 

demonstrating involvement in cell-cycle progression, specifically, chromosomal segregation and 

cytokinesis and appears to have a ligand specificity comparable with that of TbAUK1 and 

Aurora B. We found Hesperadin, an inhibitor with multiple targets though majorly Aurora B, to 

be detrimental to parasite survival. The discriminative nature in which LdAIRK selectively binds 

to Hesperadin and not Barasertib or GSK-1070916, which are highly specific inhibitors of 

mammalian Aurora A/B and/or C, highlights significant differences in the kinase active site that 

could potentially be exploited in the development of new anti-parasite inhibitors. On a positive 

note, our study gave two insights. Firstly, it gave us a lead molecule in the form of Hesperadin, 

which can be further optimized hence saving much time and resources. However, its mechanistic 

aspects remain to be elucidated. Secondly, it was clear that the more specific inhibitors of 

mammalian kinases being ineffective against LdAIRK, had no docking site. Hence, the active site 

in LdAIRK is sufficiently different from their mammalian homologues to avoid the problem of 

un-intended ligand-protein interaction, thereby substantially increasing its druggability [70]. In 

addition, LdAIRK was found to share properties of both A (in terms of localization), and B (with 

respect to their inhibition profile and manifestations) type Aurora kinases, demonstrating 
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similarity to Ark1 from S. pombe. In conclusion, our studies were based on the combined result 

of bioinformatic and wet lab analyses that led to the identification of more than one putative drug 

target, each of which warrant further biochemical and functional investigations. This study 

demonstrates that the Leishmania Aurora kinases are potentially elementary enzymes in insect 

stage L. donovani, providing chemical validation for these enzymes as putative novel drug 

targets. Although their therapeutic potential in an experimental model of VL has not been 

evaluated, it is advantageous that by targeting multiple intracellular enzymes, any compensation 

by functional orthologues would be blocked. 
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Table  1. Candidate proteins shortlisted based on maximum conservation among kinetoplastids subjected to BLAST analysis using the human 

homologs as query. Probable targets with least sequence similarity to the human homologs are listed. Highlights indicate the most divergent 

sequences based on blast outcome. 

Sl.No. Selected Proteins from Table 1. Acc. No. e-value 
Human 

% Identity Human Acc. No. Targetibility 
(Good/poor) 

Organism in which studied with 
Ref. 
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1.  Leishmania donovani alpha tubulin 
(LDBPK_130330) mRNA, complete cds 

>gi|398012101|ref|X
M_003859197.1 

0.0 82% NP_116093.1 poor P. falciparum [71,72] 
T. brucei [73] 

2.  Leishmania donovani ATPase beta 
subunit, putative (LDBPK_251210) mRNA, 
complete cds 

>gi|398016525|ref|X
M_003861403.1 

0.0 67% NP_001677.2 poor T. brucei  [74]                         
L. donovani [75,76]  
P. falciparum [77] 

3.  Leishmania donovani casein kinase, 
putative (LDBPK_351030) mRNA, 
complete cds 

>gi|398023052|ref|X
M_003864640.1 

2e-156 69% 
 

NP_001885.1 poor T. brucei [78] 

4.  Leishmania donovani protein kinase, 
putative (LdBPK_280550.1) mRNA, 
complete cds 

>gi|398017934|ref|X
M_003862106.1 
 

1e-76 44% NP_003591.2 
 
 

good T. brucei [52,45] 
 P. falciparum [15] 

5.  Leishmania donovani serine/threonine 
protein phosphatase, putative 
(LDBPK_251360) mRNA, complete cds 

>gi|398016555|ref|X
M_003861418.1 

5e-160 
 

72% NP_001009552.1 poor T. brucei [79] 
P. falciparum [80-82] 

6.  Leishmania donovani glutaredoxin, 
putative(LdBPK_201020.1) mRNA, 
complete cds 

>gi|398014506|ref|X
M_003860396.1 
 

7e-09 34% NP_001166984.1 good T. brucei [83-85] 

7.  Leishmania donovani fructose-1,6-
bisphosphate aldolase (LDBPK_361320) 
mRNA, complete cds 

>gi|398024173|ref|X
M_003865200.1 

9e-104 47% 
 

NP_005156.1 good Trypanosoma sp. [86] 
P. falciparum [87-88] 

8.  Leishmania donovani 
adenosylhomocysteinase 
(LDBPK_364100.1) gene, complete cds 

>gi|284794942|gb|G
U353334.1 

0.0 72% NP_000678.1 poor T . cruzi [89]            
Others [90-93] 

9.  Leishmania donovani cell division related 
protein kinase 2 (LDBPK_360600) mRNA, 
complete cds 

>gi|398024029|ref|X
M_003865128.1 

2e-126 60% NP_001249.1 poor  

10.  Leishmania donovani DNA polymerase 
delta catalytic subunit, putative 
(LDBPK_331790) mRNA, complete cds 

>gi|398021684|ref|X
M_003863957.1 

0.0 54% NP_002682.2 average P. falciparum [94] 

11.  Leishmania donovani isolate 
MHOM/00/Khartoum LSB-52-1 pyruvate 
kinase gene, complete cds 

>gi|154269431|gb|E
U024521.1 

1e-164 
 

49% 
 

NP_002645.3 good T. brucei [95-96]                   
L. mexicana [97] 

12.  Leishmania donovani dihydrolipoamide 
dehydrogenase, putative 
(LDBPK_323510) mRNA, complete cds 

>gi|398021197|ref|X
M_003863714.1 

2e-156 
 

53% NP_000099.2 average T. brucei [98]                    
T. cruzi [99] 
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Table 2. G-Score and hydrogen-bonded amino acid residues. 

Ligands  G-Score  H-bond with amino acid residue  

Hesperadin  -7.79  Asn 41, Phe 173  

Barasertib  -7.28  Phe 173, Asn 121, Lys 60  

GSK-1070916  -7.61  Gly 174  
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Figure 1.  Sequence comparison and domain organization of putative LdAIRK. 

(A) Multiple sequence alignment of amino acid sequences performed using ClustalW and 

visualized using Jalview 2.8 comparing Aurora kinase homologs  from H. sapiens, T. brucei, T. 

cruzi, L. donovani, L. major, L. mexicana and L. braziliensis.  Conserved residues are shown by 

the purple background with the colour intensity increasing as conservation increases. The 

numbers at the left and right indicate amino acid positions. (B) Sequence based map depicting 

the typical domains and their conserved regions of all aligned Aurora kinases. The ATP binding 

site, activation loop and destruction box regions are boxed and highlighted in green, pink and 

yellow respectively.  

Figure 2. Cell-cycle-regulated sub-cellular localization of LdAIRK.  

(A) Bright field (BF) image of 5 days infected mouse peritoneal macrophage immunostained 

with FITC tagged antibody against LdAIRK (left) and DAPI nuclear stain (middle) with their 

merged images (right).A diffuse ring of cytosolic localization outside each amastigote nuclear 

region is observed. (B) Representative promastigotes of each cell-cycle phase, with their bright 

field images (extreme left) immunostained with the antibody against LdAIRK (left) and DAPI 

nuclear stain (middle) with their merged images (right). Cells were analyzed by confocal 

microscopy and the images are representative of three independent preparations. The inserted 

box represents 2.5× zoom of the merged image. N, nucleus; K, kinetoplast. Scale bar, 10µm. 

Figure 3. Cell-cycle-regulated expression of LdAIRK.  

(A) Total cellular RNA from cells of each phase, subjected to RT-PCR using primers for a 300 

bp region of LdAIRK. The mRNA levels were normalized to a 300 bp LdGAPDH amplicon used 

as the housekeeping control. G1 cells were used as the reference control. Asterisks above bars 

indicate significant difference compared with reference control (*p< 0.05, **p< 0.01). The 

results are representative of three independent experiments. (B) Whole-cell lysate of each phase 

subjected to immunoblot analysis and probed with anti-LdAIRK antibody. The LdAIRK levels 

were normalised to LdActin levels. G1 cells were used as the reference control. Asterisks above 

bars in the lower panel,( plot of band intensity as created by densitometric analysis using ImageJ 

software) indicate significant difference compared with reference control. (*p< 0.05,**p< 0.01). 

The results are representative of three independent experiments. 

Figure 4.  In vitro kinetic analysis of LdAIRK.  

(A) A radioactive in vitro kinase assay with LdH3 as substrate depicts the presence of kinase 

activity in recombinant (His)6-LdAIRK. The band at 35kDa and 26kDa shows auto-

phosphorylation activity in addition to LdH3 phosphorylation seen at 20kDa position. The 

reactions were resolved on SDS-PAGE followed by Coomassie Blue staining (Coomassie) and 

autoradiography of the same gel (Autoradiogram). (B) Michaelis–Menten and Lineweaver-Burk 

plot (inlet) to determine the KM and VMAX for ATP at saturating LdH3 conditions. The data at 
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ATP concentrations (0-200µM) and time points (0-120 seconds) were analyzed by non-linear 

regression using Prism5 (GraphPad Software Inc.). Data given are representative of three 

experiments. (C) Nucleotide preference of LdAIRK as determined by nucleotide completion 

assay (1mM each of unlabelled ATP/GTP/CTP/TTP). Only unlabeled ATP prevented 

phosphorylation of LdH3.  

Figure 5. Ligand docking and in vitro dose-response evaluation of kinase activity.  

(A) Molecular structures of different ligands (Hesperadin, GSK-1070916, Barasertib) and their 

GLIDE docking images with LdAIRK depicting their interaction with active-site residues. The H-

bond lengths are depicted in yellow. (B) Dose–response upon inhibition of LdAIRK by 

Hesperadin, GSK-1070916 and Barasertib. The upper panel shows an autoradiograph of 
32

P 

incorporated into LdH3 with corresponding  Coomassie stained gels to check for equal loading 

of substrate LdH3. Densitometric analysis of the bands was performed using ImageJ software 

(NIH), and the percentage activity was plotted against Log10[Ligand concentration] to calculate 

the IC50 (lower panel). Data given are representative of three independent experiments. 

Figure 6. Effect of LdAIRK inhibition on parasite viability.  

(A) A plot of % survivability of amastigotes upon treatment with different drug concentrations 

for 72 hours, enumerated by analysis of Giemsa stained coverslips. Bars represent means ± SEM 

of three independent experiments (n=200 each time). (B) Dose-response curve of promastigote 

growth obtained upon incubation of log-phase promastigotes with different concentrations of 

inhibitors for different time points (24 h, 48 h or 72h). The data points were generated based on 

Alamar blue reduction assay and IC50 values determined. Data given are representative of three 

independent experiments performed in duplicate. 

Figure 7. Effect of LdAIRK inhibition on cell-cycle progression.  

(A) Time samples of IC50 dose treated promastigotes were collected, stained with propidium 

iodide and analyzed by FACS for DNA content. Time points (0h, 24h, 48h, 72h) and ploidy of 

peaks (2C, 4C, 6C, 8C) are indicated. The histograms are a representative image of three 

independent experiments (B) The percentage of cells in subG0, G1, S, G2/M phases or beyond as 

determined by the FACSDiva software are plotted graphically. The percentages represent the 

means of all the three independent experiments.  

Figure 8. Effect of LdAIRK inhibition on parasite morphology and nuclear phenotype.  

(A) Merged DAPI stained and brightfield images of parasites after treatment for varying time-

points (0h, 24h, 48h, 72h).The images are representative of three independent slide preparations.  

(B) Graphical representation depicting the nucleus and kinetoplast configurations of Hesperadin-

treated and untreated parasites. The percentages are representative of 200 cells per time point. N, 

nucleus; K, kinetoplast. Scale bar, 10µm.  
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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HIGHLIGHTS: 

1.  An L. donovani Aurora kinase with properties of both aurora A and B is researched 

2. Mammalian aurora inhibitors tested for anti-parasitic activity- Target Repurposing 

3. A common lead against malaria, trypanosomiasis and leishmaniasis established 

4. A role for LdAIRK in cell-cycle progression implicated – mitosis and cytokinesis. 

5. LdAIRK proposed as a therapeutic target against VL. 


