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ABSTRACT 

Centrins are cytoskeletal proteins associated with the centrosomes or basal bodies in the eukaryotes. We previously 

reported the involvement of Centrin 1–3 proteins in cell division in the protozoan parasites Leishmania donovani and 

Trypanosoma brucei. Centrin4 and 5, unique to such parasites, had never been characterized in Leishmania parasite. In 

the current study, we addressed the function of centrin4 (LdCen4) in Leishmania. By dominant-negative study, the 

episomal expression of C-terminal truncated LdCen4 in the parasite reduced the parasite growth. LdCen4 double allele 

gene deletion by either homologous recombination or CRISPR-Cas9 was not successful in L. donovani. However, 

CRISPR-Cas9-based deletion of the homologous gene was possible in L. mexicana, which attenuated the parasite growth 

in vitro, but not ex vivo in the macrophages. LdCen4 also interacts with endogenous and overexpressed LdPOC protein, 

a homolog of centrin reacting human POC (protein of centriole) in a calcium sensitive manner. LdCen4 and LdPOC 

binding has also been confirmed through in silico analysis by protein structural docking and validated by co-

immunoprecipitation. By immunofluorescence studies, we found that both the proteins share a common localization at 

the basal bodies. Thus, for the first time, this article describes novel centrin4 and its binding protein in the protozoan 

parasites. 

Keywords: Centrin protein Protein of centriole Protein interaction Leishmania donovani Basal bodies 

Abbreviations: LdCen4: Leishmania donovani centrin 4, LdPOC: Leishmania donovani protein of centriole, LmxCen4: 

Leishmania mexicana centrin 4, hPOC: human protein of centriole, CRISPR: clustered regularly interspaced short 

palindromic repeats, GST: Glutathione S-transferase 

1. Introduction 

Highly conserved calcium-binding cytoskeletal 

proteins unique to eukaryotes, Centrins are localized 

in the microtubule-organizing center [1,2]. They play 

regulatory roles in the duplication or segregation of 

the centrosome or basal bodies in the eukaryotes 

[3,4]. By means of its Ca2+-binding property, centrin 

represents a unique quality of translocation regulation 

of signaling proteins in sensory cells, suggesting a 

possible link between molecular trafficking and 

signal transduction [5]. Centrin isotypes have been 

reported in many organisms, with three in humans 

and four in mice [3,6]. Among the divergent 

eukaryotes, 4 centrin isotypes are described (PfCen1–

4) in Plasmodium falciparum [7] and 5 in Leishmania 

spp. (LmCen1–5) and T. brucei (TbCen1–5) [8,9]. 

Centrin 1–3 in T. brucei and Leishmania are found to 

be similar to human centrin1–3 having EF-hands I 

and IV as two putative calcium-binding sites [1,8]. 

LmCen4 and TbCen4 (accession numbers: 

LmjF32.0660; XP_829446 respectively) have 

putative calcium-binding EF I/III hands, whereas 

LmCen5 and TbCen5 (accession numbers: 

LmjF36.6110; XP_823096 respectively) do not have 

any putative calcium-binding EF- hands [1,8]. Both 

centrin4 and centrin5 are unique to the 

Trypanosomatidae family. Amastigote-specific genes 

(ASGs), significantly involved in parasite 

pathogenesis, its physiology and essential for its 

survival inside the macrophages, need to be 

characterized prior to developing live attenuated 

vaccine cell lines by deletion of such genes [10]. In 

the past, double allelic deletion of centrin1 (LdCen1) 
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in Leishmania donovani [4] caused growth 

attenuation selectively in the intracellular amastigote 

stage of the parasite in vitro as well as in vivo in 

animals [4,11]. Knockout of centrin1 in L. donovani 

particularly affected cell cytokinesis in the 

amastigotes, generating multinucleated cells and 

eventually causing their cell death in vitro and in vivo 

[4,11]. Such parasite as a vaccine candidate also 

exhibited safety, immunogenicity and protection 

against wild-type parasite infection in rodents and 

canine models [11–14]. Characterization of protein 

towards a better understanding of parasite biology 

largely involves identifying its binding partners that 

could regulate its specific function. Similarly, centrin 

interaction with other proteins is known. The 

Saccharomyces cerevisiae centrin, Cdc31p, bind- ing 

partner Sfi1p possess conserved binding sites to 

centrin and are indispensable in spindle pole body 

duplication [15]. Another instance, is where the 

interaction of Centrin2 with the protein of Xeroderma 

pig- mentosum group C reportedly stimulates the 

nucleotide excision repair in Saccharomyces 

cerevisiae [16]. Overexpression of the interacting 

protein POC5 (LdBPK_362830.1) directs the 

assembly of linear, centrin- dependent structures that 

employ other centriolar proteins, viz. peri- centriolar 

material 1 (PCM-1) and NEDD1 [17]. The putative 

centrin, LdCen4, having the longest N-terminal 

extension among the centrins is unique to the parasite 

and has never been functionally characterized. Here, 

we have attempted to characterize LdCen4 and 

exemplify its role in the cell biology of the parasite 

by creating a null mutant via the CRISPR Cas9 

approach. Furthermore, a human homolog of a 

conserved novel centrin binding protein, hPOC5, 

similar to Sfi1p in L. donovani, called LdPOC, has 

been identified and characterized. The interaction of 

LdPOC with centrin4 has been assessed by in vitro as 

well as by in silico approaches. 

2. Materials and methods 

2.1. Leishmania strain and culture conditions 

Promastigotes and axenic amastigotes of L. donovani 1S (a 

cloned line from strain 1S, WHO designation: 

MHOM/SD/62/1S) and L. mexicana T7Cas9 strain [18] were 

cultured at 27 ◦C in M199 based medium as reported earlier 

[19,20]. 

2.2. Cloning, expression and purification of LdCen4 

protein in E. coli 

The genomic DNA of L. donovani was used to PCR amplify 

the ORF of the LdCEN4 gene fused with 6 His tag, using 

primers Cent4 6F CT Topo and Cent4 7R CT Topo 

(Supplementary Table 1). Further subcloning of LdCEN4, 

expressing in the bacterium Escherichia coli, purifying the 

protein and raising polyclonal antibodies in rabbits  

(produced and confirmed its specificity by GeNei,  

Bangalore, India) were as previously described by us  

[1,19]. 

2.3. Cloning and expression of full length and 

mutant forms of LdCen4 in Leishmania expression 

vector 

To express the full-length and mutant form of LdCen4 

in L. donovani, wild-type and truncated ORFs were 

PCR amplified containing hemagglutinin (HA) tag 

sequence at the C-terminal followed by SpeI 

restriction site (bold) with the primers as in the 

Supplementary Table 1. The PCR amplified products 

were initially cloned into a pGEMT-Easy T/A cloning 

vector, and the authenticity of the constructs was 

established by Sanger sequencing. The sequence 

confirmed insert was excised as a SpeI frag- ment and 

cloned at the same site of pKSNeo [21]. The 

orientation of the gene in the pKSNeo vector was 

confirmed by forward primer 13F pKSNeo 

(Supplementary Table 1) and a gene-specific reverse 

primer sequence as mentioned in (Supplementary 

Tables 1 & 2). Mid-log phase promastigotes were 

harvested and transfected with the above constructs as 

described earlier [22]. Parasites transfected with 

vector alone were used as control. 

2.4. Immunofluorescence analysis 

To know centrin protein localization, the 

promastigotes and axenic amastigotes of L. donovani 

were harvested from the mid-log culture, allowed to 

attach to the poly L-lysine coated coverslip, fixed in 4 

% PFA (paraformaldehyde) and processed for 

immunofluorescence analysis as described earlier 

[4,8]. The primary antibodies used were anti-LdCen4 

(1:500), anti-HA (1:500) (Sigma) antibody and the 

secondary anti- bodies used were Alexa Fluor® 633 

Goat anti-Mouse IgG (H + L) (1:500) and Alexa 

Fluor® 488 Goat anti-rabbit IgG (H + L) (1500) [8]. 

2.5. Cell cytoskeleton preparation 

Cell cytoskeleton was prepared with modification of a 

recent pro- tocol [23]. Briefly, the cells were 

harvested, washed with 1 ml PBS and then centrifuged 

at 800g for 5 min at 4 ◦C. The cell pellet was resus- 

pended in the 300 μl of cytoskeletal extraction buffer 

(100 mM Pipes pH 6.8, 1 mM MgCl2, 1%NP40) in ice 

for 7 min and centrifuged at 800g for 5 min at 4 ◦C. 

The supernatant contained all the cytoskeletal proteins 

that were subjected to Western blotting. 

2.6. CRISPR CAS9-based deletion of Centrin4 

gene in L. mexicana 
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Our initial experiments to delete centrin4 gene by either 

double homologous recombination [4] or CRISPR Cas9 

[18] based approaches in L. donovani did not yield a viable 

parasite (data not shown). Hence, based on reported gene 

deletions by CRISPR Cas9 procedure in L. mexicana 

parasite, we attempted to delete homologous centrin4 gene 

(LmxCen4) by the same procedure in L. mexicana. Primers 

for deleting the target gene LdCen4 were designed using 

LeishGEdit software [18] and mentioned in Supplementary 

Table 3. To delete the target gene, two sgRNAs were PCR 

amplified using primer combination LmxC4 

5′SgRNA/SgRNA reverse universal and LmxCen4 

3′SgRNA/SgRNA reverse universal, to use to cut at the sites 

immediately upstream (5′) and downstream (3′) of the target 

gene. Donor DNA with drug-selectable marker genes 

(neomycinR and puromycinR) flanking nucleotides specific 

to the target gene was PCR- amplified using pT-Neo and pT-

Puro plasmids [18] with primer LmxCen4 1 UFP (Upstream 

forward primer) and LmxCen4 2 DRP (Downstream reverse 

primer) (Supplementary Table 3) designed through 

LeishGEdit site. LmxT7Cas9 cells were grown in the 

exponential phase in a T25 cm2 flask containing M199 

medium along with Hygromycin for a minimum of one 

week until the day of transfection. For gene knockout, 1 × 

107 cells were taken and washed in the 3×Tb-BSF buffer 

[24]. Cells were resuspended in 1xTb-BSF buffer [25 μl 

CaCl2: 83 μl of 3× Tb-BSF: 92 μl H20] in a total volume of 

250 μl with 50 μl of PCR purified SgRNA and donor DNA 

mix, transferred into electroporation cuvette and transfected 

with one pulse with X-001 in Amaxa Nucleofector 2b [18]. 

Transfected cells were transferred into a pre-warmed 

medium and left to recover for one day before adding 

antibiotics and the clonal lines were obtained by serial 

dilution approach. Survival of drug-resistant transfectants 

became apparent in less than a week after transfection. The 

selected clonal lines were tested for the absence of the gene 

by PCR and by Western blot analysis as carried out earlier 

[4]. For the immunoblot analysis, the cells were lysed and 

subjected to SDS-PAGE, and the resolved proteins were 

transferred to the PVDF membrane and probed with an anti-

LdCen4 antibody. 

2.6.1. Cloning and expression of LdPOC 

hPOC5 is a known centrin binding protein in humans [25]. 

The sequence of hPOC5 of humans was retrieved from NCBI 

by searching with accession number NP_001092741.1 

(human). This sequence was subjected to BLAST analysis 

against the L. donovani genome to identify its homolog in 

Leishmania, which is a conserved hypothetical protein 

(LdPOC). Gene sequence was retrieved from NCBI for the 

LdPOC gene. For gene cloning, primers were designed with 

BamHI restriction site in forward primer and SalI restriction 

sites in reverse primer (Supplementary Table 4). The LdPOC 

gene (Accession number: XP_003865398.1) was PCR 

amplified and cloned in the pGEMT vector (Promega) using 

T4 DNA ligase. The positive clones screened by col- 

ony PCR and restriction digestion were further sub- 

cloned into the pGEX-6P2 vector (Novagen). Such  

vector transformed E. coli cultures were induced for 

the protein expression with IPTG and analyzed by  

SDS-PAGE as above in section 2.2. 

2.6.2. Development of LdPOC-HA overexpressing 

L. donovani parasite 

The LdPOC gene was amplified using specific primers 

with N-ter- minal SpeI restriction sites and HA tag 

nucleotide sequence in the reverse primer 

(Supplementary Table 4) from L. donovani DNA by 

PCR. The protein expression in the parasite through 

pKSNEO vector was done similarly as in the case of 

Centrin1-HA overexpression [1]. 

2.6.3. LdPOC and LdCen4 interaction by pull-down 

assay 

The recombinant Glutathione S-transferase (GST)-

LdPOC fused protein purified from E. coli was 

conjugated with Glutathione–sepharose beads 

followed by incubation of such beads with L. donovani 

parasite lysate for LdPOC to interact with endogenous 

LdCen4. The final beads were processed for SDS-

PAGE followed by Western blot analysis as per 

published protocol [26] using α-LdCen4 Ab or α-GST 

antibodies. Recombinant GST protein alone expressed 

in the bacterium was also used similarly as an assay 

control. For the pull-down assay involving the use of 

Ca2 , the rLdPOC conjugated GST beads were washed 

with Ca2+ free (10 mM ethylenediaminetetraacetic 

acid [EDTA] in wash buffer pH 7.4) or Ca2+ 

containing (10 mM EDTA, 35.6 mM CaCl2 in wash 

buffer pH 7.4) buffer. After washing, the beads were 

supplemented with purified rLdCen4 protein for 1 h on 

a rocking platform at 4 ◦C with a final protein 

concentration of 5 μg/ml. The rest of pull-down of 

proteins in the presence or absence of Ca2+ was as 

described earlier [26]. Binding interaction between the 

proteins was confirmed through Western Blot using 

αLdCen4 antibodies. 

2.7. In silico interaction between LdCen4 and 

LdPOC 

2.7.1. Template identification for POC protein of L. 

donovani 

Phyre2 tools performed protein structure prediction by 

fragment assembly to predict the 3D structure of POC 

protein of L. donovani. In the first step, the PSI-

BLAST alignment was performed to find the suitable 

templates for modelling POC protein, which returned 

865 UniRef se- quences like the query sequence. 

Based on the score (158), E-value (2e-37) and 

percentage similarity (94.7 %), the UniRef50 ID: 
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Q4Q1F1 sequence was shortlisted for model building. 

2.7.2. Model building and structural validation 

The UniRef50 ID: Q4Q1F1 sequence was compared 

with well- characterized protein structures available 

in the protein databank (PDB). The multiple PDB 

protein templates (100) were detected by HHpred  

1.51, and secondary structure prediction was performed by 

Psi- pred 2.5. The unannotated region of the modelled protein 

was predicted by Disopred 2.4. Twenty successful 3D models 

of POC protein were generated by Phyre2 tools after 100 

iterations. Phyre2 modelling is completed into seven steps-

energy calculations, Helix-Sheet-Loop refinement, model 

building, simulated annealing, loop modelling, Backbone 

Root Mean Square Deviation calculation (RMSD), and finally 

assembling and ranking of the final model according to 

minimum energy [27]. The RMSD between the target and 

template protein was calculated, and TM- score, a normalized 

score varying from 0 to 1, stands for overall similarity 

between the target and template proteins and evaluated. 

Highly similar models have a TM-score > 0.7, same fold >0.5 

and different folds <0.5. The Ramachandran plot (RP) 

analysis was per- formed for structure validation of modelled 

protein through the SWISS-MODEL structure assessment 

server [28]. 

2.7.3. Docking of LdCen4 protein with LdPOC 

protein of L. donovani 

Docking of Centrin4model.pdb (as a receptor) with POC 

model.pdb (as a ligand) was performed by ZDOCK version 

2.3.2 (http://zdock. umassmed.edu/) Fast Fourier Transform 

based protein docking Algo- rithm. The grid size for receptor 

protein was 20.488, 45.453, 11.842, and for ligand, the 

coordinates (X, Y, Z) for the grid were 45.669, 42.966, 19.779 

(all distances in Å). ZDOCK searches all potential binding 

modes in the translational and rotational space between the 

proteins and assesses each pose using an energy-based 

grading function. The scoring functions consist of Atomic 

Contact Energy (ACE) Statistical Potential, Shape 

Complementarity, and Electrostatics. The ZDOCK output 

lists the top 10 potential docked complexes sorted by rank, 3 

rotational angles and 3 translational parameters. 

2.7.4. Analysis of docked complex 

The amino acid residues directly implicated in the 

interaction of the LdCen4 model.pdb (as a receptor) 

with the LdPOC model.pdb (as a ligand) was analyzed 

using the DIMPLOT module of LigPlot version 1.4.5 

[29]. Different types of bonds viz., hydrogen bond, 

hydrophobic interaction and double/triple bonds 

between docked complexes were found by DIMPLOT 

and visualized in the PyMOL Molecular Graphics 

System, Version 2.0 (Schro¨dinger, LLC). The 

interaction of LdCen4 with LdPOC was also confirmed 

using Alfpha fold and Robetta as described separately 

in the ‘supplemental section’. 

2.8. Statistics 

The significant differences between the means of the 

groups were determined by a two-sample t-test 

assuming unequal variance using GraphPad Prism 

version 9. A p-value of 0.05 was considered highly 

significant. 

3. Results 

3.1. LdCen4 clusters together with LmxCen4 

The obtained protein sequence of LdCen4 through the 

sequencing of our cloned ORF showed an identity of 

94.6 % with Centrin4 of L. major and 92.34 % with 

that of L. mexicana. However, only 34.13 % sequence 

identity was observed with L. donovani calmodulin 

(LdCal; another calcium-binding protein), suggesting 

closeness of the protein to centrins. Comparing the 

sequence of LdCen4 with the homologs of other Try- 

panosomes and LdCal by ClustalW analysis, we 

identified two putative calcium-binding sites, i.e., EF-

hand I and EF-hand III (due to occurrence of 

negatively charged amino acids: aspartic acids and 

glutamic acids), although LdCal displayed all 4 EF-

hands (Fig. 1A). The online motif prediction software 

“myhits” [30] and the InterProScan Search Result 

(EMBL-European Bioinformatics Institute) [31] also 

predicted EF I and EF III (with maximum scores 13 

and 19 respectively for the EF hands) as highly 

calcium binding notiffs. Through evolutionary tree 

analysis, both LdCen4 and LmxCen4 were grouped, 

and these two were placed distantly with LdCen1 but 

far distantly with LdCal (Fig. 1 B). 

3.2. LdCen4 exhibits comparable protein 

expression at promastigote and amastigote stages 

Recombinant centrin4 protein of L. donovani 

(rLdCen4; rC4), containing a HA tag, with a molecular 

weight of ~24 kDa, was expressed and purified from 

E. coli (Fig. 2A). Polyclonal antibodies raised against 

this protein in rabbits were used in subsequent studies. 

To find out the expression comparison of LdCen4 

between promastigotes and axenic amastigotes, 

Western blot analysis was carried out, which indicated 

no significant difference in the levels of LdCen4 

protein between the two stages of the parasite both at 

the log and stationary stages in cultures (Fig. 2B). 

 . 
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Fig. 1. LdCen4 sequence analysis.  

A. Multiple alignment of Centrin4 protein 

sequences of L. mexicana, LmxCen4 

(LmxM.31.0660), L. donovani, LdCen4 

(LdBPK_320690.1), T. brucei, TbCen4 

(Tb927.11.13900) and Trypanosoma cruzi, 

TcCen4 (TcCLB.509161.40), L. donovani 

centrin1, LdCen1 [1] and L. donovani 

calmodulin, LdCal (LdBPK_090970.1). The 

accession numbers are from 

www.tritrydb.org. The alignment was 

generated utilizing Jalview program version 

2.11.2.4. The standard one-letter code is 

used to define amino acids. The boxes EF- 

hands: EF I (N-terminal) and EF IV (C- 

terminal) are the putative Ca2 + bind- ing 

domains. The colored patches indicate the 

respective stretch of amino acids' 

similarities among the sequences. B. 

Phylogenetic analysis of protein se- quences 

of Centrins mentioned above and L. 

donovani calmodulin by Neighbor-Joining 

distance analysis [32] using the online 

program ClustalW version 1.2.4 

 

 

 

 

3.3. Immunofluorescence analysis (IFA) revealed 

subcellular localization of LdCen4 in the parasite 

The immunofluorescence analysis of the promastigote cells of 

the parasite using anti- LdCen4 antibodies generated in 

rabbits revealed LdCen4 localization close to the kinetoplast 

at the basal body region and at the lobe-like structure(s), close 

to the basal body. This was confirmed in the same IFA by 

including known basal body reacting anti-YL1/2 antibodies 

[8] that co-localized LdCen4 only in the basal body region 

(Fig. 2C). The results suggest that LdCen4 protein may be 

closely associated with the regions of the basal body and lobe-

like structure(s). 

3.4. Episomal expression of C or N,C-terminals deleted 

LdCen4 display slowed-growth of the parasite 

The LdCen4 mutant constructs (LdCen4 protein deleted for 

N-ter- minal, NEX- [extended N] terminal, C-terminal or N & 

C-terminals) (Fig. 3A) were transfected in the parasite to 

study the function of the LdCen4 gene via observation of 

changes in phenotype due to possibly a dominant-negative 

effect. The expression of all mutant proteins in the parasite 

was confirmed by an anti-HA antibody (Fig. 3B). The dark 

bands in the lanes close to the bands of interest (not with the 

N-terminal truncated protein expressions) could be due to 

post-transcriptional modifications. Such additional signals 

were absent along with the endogenous proteins in the  

Western blot (Fig. 2B). These observations need 

additional  

studies to clarify. The growth of the recombinant pro- 

mastigote parasites that express episomally, the full-

length and the truncated form of LdCen4 mutants, were 

analyzed at 200 μg ml-1 of G418 (neomycin) (Fig. 3C). 

The parasite lines that expressed the full- length form 

of LdCen4 showed the same growth rate as the control, 

transfected with only the vector pKSNeo. The rest of 

the mutant protein- expressing parasites showed a 

comparatively slower growth rate than the controls. 

Especially, when we overexpress either C-terminal 

deleted, or NC-terminal deleted LdCen4 in 

Leishmania, we noticed a reduced growth rate of the 

parasite compared to control (Fig. 3D). This suggests 

that the C-terminal end of the LdCen4 gene might be 

crucial for the parasite's cell biology. 

3.5. LmxCen4KO axenic amastigotes exhibited 

compromised growth in vitro but not ex vivo 

3.5.1. CRISPR Cas9-based Centrin4 gene deletion 

in L. mexicana 

Upon knowing the importance of LdCen4 protein to L. 

donovani through the above growth study of the 

promastigotes episomally expressing the truncated 

proteins, we aimed to see the physiology of the 
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parasites deleted for LdCen4 initially by the double 

homologous recombination approach [4]. However, by 

the conventional gene deletion approach [4], we could 

achieve only deletion of single allele KO in the parasite 

using hygromycin resistant gene construct and were 

unable to delete the second allele with the other 

neomycin resistant gene construct in L. donovani. The 

single allele KO cells neither show any growth defect 

nor change in  

their other physiology, e.g., morphology under 

microscopy (data are not shown). Our other attempt 

to carry out the deletion of LdCen4 via CRISPR Cas9 

also failed (data not shown). However, while 

attempting to delete the homologous gene 

(LmxCen4) in L. mexicana, we could achieve a null 

mutant in this species. The results are as shown 

below. 

 

Fig. 2. Expression of recombinant LdCen4 protein in E. coli:  

A. Coomassie-stained SDS PAGE gels showing the purified recombinant proteins of LdCen4 in E. coli. M: Marker UI: 

uninduced; I: induced and E: the eluted pure recombinant LdCen4 (rC4). B. Expression level of LdCen4 in the parasite 

life forms: Expression of LdCen4 proteins in the promastigotes (P) and axenic amastigotes (A) using anti-LdCen4 Ab. 

Lower panel: Ponceau stained gel pic- ture of part of the blot analyzed, showing the amount of proteins loaded in gel. 

C. Immunolocalization of LdCen4 protein in the parasite: IFA with preimmune serum as control is seen in the upper 

panel. Immunolocalisation of LdCen4 in the promastigotes of L. donovani (group of parasites in the middle panel and a 

different single-cell enlarged in the lower panel) using anti-LdCen4 Ab (green) and known basal body localizing anti-

YL1/2 Ab (red). Anti-LdCen4 displays the localization of LdCen4 close to the kinetoplast (a region where basal bodies 

are located [1]). Note LdCen4 in addition to the basal body region also stains lobe(s) like structures close to the basal 

bodies. DAPI stains nuclei and kinetoplasts. N: nucleus; K: kinetoplast; B: basal body; L: lobe(s). The scale bar is 10 

μm in the upper and middle panels and 2 μm in the lower panel. 

3.5.2. Confirmation of LmxCen4 knockout by PCR and 

immunoblotting 

PCR amplification of DNA fragment specific for ‘Centrin4 

knockout’ showed amplification in the wild type (Fig. 4B, 

Lane 14) cell line with specific primers indicated in Fig. 4A 

& C. However, it was not amplified in the selected LmxCen4  

knockout cell line (Fig. 4B, Lane 13). All possible 

combinations were positive for gene knockout (Fig. 4B 

rest of lanes). The PCR confirmed the integration of the 

repair cassettes with neomycin and puromycin drug 

resistance genes at the right location as per the 

amplification of the right-sized fragments. 
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Fig. 3. Growth physiology of episomal expression of mutant centrin proteins in the parasite.  

A. Schematic diagram depicting the regions considered for deletion in the LdCen4 during vector construction for episomal 

expression of truncated proteins in the parasite. B: Western blot analysis using an anti-HA antibody to confirm the overexpressed 

proteins in the promastigotes after transfection with full- length or mutant constructs of LdCen4 as in ‘A’ above. The red star 

indicates the recombinant episomally expressing the protein in each case. A separate blot was run for ΔNEX and the two blots were 

stitched together. The molecular weight of red star bands in lanes: FL C4: 23.3 kDa; ΔC C4: 20.4 kDa; ΔN C C4: 15.1 kDa; ΔNC 

C4: 12.2 kDa; ΔNEX C4: 16.5 kDa. C: Growth of Promastigotes episomally expressing the mutant forms of LdCen4. D. Growth of 

axenic amastigotes episomally expressing the mutant forms of LdCen4. Whereas, EF1 is EF-hand 1 (calcium-binding region 1); 

EF4 is EF-hand IV (calcium-binding region 4); FL C4 is Full-length LdCen4 of 630 bp; ΔC C4 is C-terminal deleted LdCen4 of 

552 bp, ΔN C4 is N-terminal deleted LdCen4 of 408 bp, ΔNEX C4 is N-terminal extended LdCen4 of 447 bp, ΔNC C4 is N and C-

terminal deleted LdCen4 of 330 bp. The data at each point was mean ± SE of three independent values. The stars in ‘D’ signify that 

they are statistically significant by ‘Two-way ANOVA’ analysis with the control. 

LmxCen4KO cell line was reconfirmed for gene deletion by 

observing the absence of protein expression in these cells by 

immunoblotting anti- LdCen4 antibodies. The expression of 

LmxCen4 protein was clearly observed in the wild-type 

strain, which increased with the increasing number of cells 

used. However, the expression of LmxCen4 was not detected 

even at the higher number of KO cell lysates (Fig. 4D). 

Further reaffirmation of the knockout was carried out through 

a Western blot, observing the absence of LmxCen4 

expression in the cytoskeletal frac- tion (basal body) of the 

cell line (Fig. 4E). 

3.5.3. LmxCen4 deleted L. mexicana parasites display 

growth attenuation only in vitro and not ex vivo.  

To extrapolate the function of centrin4 in the null background, 

the physiology of the LmxCen4 deleted L. mexicana parasites 

was further studied. The growth of the knockout parasite as 

both promastigotes and axenic amastigotes was monitored in 

culture. The LmxCen4KO cell 

line showed significantly reduced growth in both the 

promastigote and amastigote cultures compared to the 

wild-type controls (Fig. 5A–B). The in vitro infectivity 

was evaluated with stationary phase LmxCen4KO and 

wild-type parasites. We found no statistically 

significant difference in % macrophage infection 

between the wild-type cells harboring Cas9 construct 

and LmxCen4KO at 48 hours and 72 hours post-

infection in THP-1 human macrophage cells (Fig. 5C 

& D). Although our in vitro growth study showed 

slower growth for the LmxCen4KO cells at the 

amastigote stage of the parasite, surprisingly, we 

observed the uniform infectivity of KO and control 

parasites in the macrophages, signifying differential 

physiology between its growth in vitro and in vivo. 

3.6. POC isoforms of L. donovani and L. mexicana 

cluster together 

POC isoforms of L. donovani and L. mexicana cluster 
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 together with 94% identity in the dendrogram, suggesting a 

common phylogenetic origin and a significant homology in 

the sequences (Fig. 6 A–B). The human POC (HsPOC) was 

highly divergent from the other genes, protruding distinctly in 

the cladogram from Leishmania and Trypanosoma sp. 

3.7. LdCen4 binds to LdPOC 

3.7.1. In silico binding interaction between LdCen4 and 

LdPOC: Accuracy and reliability of modelled LdPOC protein 

We carried out in silico analysis to confirm the interaction 

between LdCen4 and LdPOC. The rank one template (PDB 

ID: 4cgk chain A) was selected to model LdPOC protein 

based on heuristics to maximize con- fidence (97.7 %) and 

alignment coverage (94 %) (Supplementary Table 5). Another 

table indicates the PDB ID 4cgk chain A alignment coverage 

by each template, the prediction confidence, the number of 

matching aa to that template, and overall  

information of the PDB ID 4cgk-A (Supplementary 

Table 6). Of 339 amino acids, only 16 residues were 

modelled by ab initio, and 95 % of aa residues were 

modelled with >90 % confidence. The minimum 

energy of the developed model was 144.629 Kcal/mol 

(Supplementary Table 6). After the Superposition of 

the model of POC protein with template PDB ID 4cgk-

A, the RMSD between the target and template protein 

was found to be incredibly low value (0.000 Å) and 

TM- score exceptionally high (1.00) (Supplementary 

Table 7). The superimposition of the target-template 

protein was performed within a threshold size of 3.5 Å. 

The sequence alignment of model POC protein of L. 

donovani with the template crystal structure of the 

essential protein PcsB from Streptococcus pneumonia 

(PDB ID: 4cgk_A) shows that the LdPOC protein is 

majorly an alpha-loop-alpha protein having eight alpha 

secondary structure elements (α1-α8) and seven loops 

(green) (Fig. 7A).  

 

Fig. 4. Confirmation of LmxCen4 knockout cell line:  

A. Schematic representation of KO cassette with the information of PCR primers. B. PCR confirmation of LmxCen4KO cell line: 

Whereas WT: wild type; KO: knockout; C: no template control; C. List of primer combinations used in specific lanes. D: Western 

blot analysis of LmxCen4 protein in the knockout cell line. The different number of parasite density of wild type and knockout 

(LmxCen4KO) protein lysate subjected SDS-page WT: wild type, KO: knockout, M: protein marker. E. Western blot of parasite 

cytoskeletal protein lysate with anti-LdCen4 Ab. In D & E, the black star bands indicate LmxCen4 in the whole-cell lysate of wild 

type (Wt) L. mexicana, which are absent in the knockout cells (LmxCen4KO). In these the other dark bands close to LmxCen4 could 

be some non-specific binding seen in all, that need to be accessed further. 

The eight alpha-helix comprises ~65 % of POC protein, while 

two beta-sheets and seven loops comprise ~35 % of  

the modelled POC protein. The amino acid residues 

from 10 to 200 forming four alpha-helices (α1-α4) is  
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the core structure, which is modelled in almost the top 20 

models of POC protein by Phyre2 tools (Fig. 7A). The 

Ramachandran plot analysis of energetically most favored re- 

gions for amino acid residues of backbone Phi (Φ)/(Psi (Ψ) 

dihedral angles are observed by three colored contours 

regions-energetically most favored (dark green), energetically 

favored (olive green) and additionally allowed region (light 

grey) (Fig. 7B). The Ramachandran plot of backbone dihedral 

angles (Φ/Ψ pairs) showed that 90.80 % of amino acids 

(Supplementary Table 8) come within the first contours line 

(dark green) of the energetically most favored region (Fig. 

7B) of amino acid residues of modelled POC protein. The 

modelled LdPOC protein was superimposed and compared 

with the native X-ray crystallographic structure of template 

essential protein PcsB from Streptococcus pneumoniae (PDB 

ID: 4cgk_A) in the PyMOL Molecular Graphics System, 

Version 2.0 (Schrödinger, LLC). The struc- turally validated 

model of LdPOC protein (magenta) is superimposed with 

template PDB ID: 4cgk chain A (green) structure for 

identification of similarities and differences in native X-ray 

crystallographic and modelled structure of LdPOC protein 

(Fig. 7C). The ribbon diagrams clearly showed that the four 

alpha helices (α1-α4) are almost identical in modelled and 

template protein (Fig. 7C). There is a difference in some alpha 

helices and the number of loops in modelled and template 

LdPOC protein, which are shown by red arrows (Fig. 7C). 

The two 180◦ apart different orientations clearly show the 

structural differences in modelled (magenta) and template 

protein (green) (Fig. 7C). 

3.7.2. Analysis of a docked complex of modelled LdCen4 

and LdPOC proteins 

Docking of Centrin4 model.pdb (as a receptor) with POC 

model.pdb (as a ligand) was performed by ZDOCK version 

2.3.2 Fast Fourier Transform-based protein docking  

algorithm. The ZDOCK top ten docked complexes of 

LdCen4 with LdPOC protein were sorted by rank, 3 

rota- tional angles and 3 translational parameters, 

which are enlisted in Supplementary Table 7. Then 

each pose of the docked complexes was visualized in 

the PyMOL Molecular Graphics System (Version 2.0 

of Schro¨dinger, LLC). The rank first docked pose 

having three rotational angles, or Euler angles 2, 155, 

and 18 (in radians) for rotating the ligand and three 

translational parameters (XYZ grid position) 

1.884956, 1.934862 and 1.989776 (in Angstrom) for 

the ligand concerning its starting point was found 

best-fitted pose. The PyMOL Molecular Graphics 

System, confirmed that α1 –α4 alpha-helices of 

LdPOC protein (red color) interact with α1-α7 helices 

of Ldcen4 (green) amino acid residues (Fig. 7D). 

While the closeup view unveils that α1 (GLU15-

ARG42), α2 (ALA50-HIS80) and α3 (LEU87- 

ALA156) helices of LdPOC amino acid residues 

interacted with α1 (GLU49-PHE62), α2 (PRO71-

ALA81) and α3 (SER88-VAL98) helices of LdCen4 

amino acid residues. By very close examination of 

amino acid interaction analysis, it was found that 

GLU18, ASN28, SER32, ILE35, TYR38, LEU39, 

ARG42 of α1 helix and LEU135, ALA138, TYR139, 

TRP142, PHE145 of α3 helix amino acid residues of 

LdPOC protein (red) is interacting with LYS61, 

PHE62 of α1 helix, HIS73, VAL76, VAL77, ALA78, 

TYR80, ALA81 of α2 helix and SER88, ALA89, 

LEU91, GLN92, GLN93, LEU95, GLN96 of α3 helix 

amino acid residues of LdCen4 pro- tein (green). 

Some hydrophobic aa residues of loop regions of 

LdPOC viz., MET1, GLU7, ASP9, THR43, GLN45, 

VAL46) and LdCen4 viz., GLU104, GLY175, 

TYR176, HIS177, ARG205 proteins are also inter- 

acting. Meanwhile, these amino acid residues 

involved in the interaction of LdCen4 with LdPOC 

proteins were also analyzed using the DIMPLOT 

module of LigPlot version 1.4.5 [25] and are enlisted 

in Supplementary Table 8. 
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Fig. 5. (A–B): In vitro growth of LmxCen4KO. A. The effect of LmxCen4 disruption in vitro in the growth of promastigotes 

and axenic amastigotes compared to non-edited parasites (with T7Cas9 construct). The initial cell density taken in the culture was 

1x106cells/ml. The data represent the means of SD of three independent experiments. (C–D) Ex vivo infectivity of LmxCen4 null-

mutant parasites. THP1 macrophages were infected with either wild-type (with T7Cas9 construct) or LmxCen4 null mutant for 48 

and 72 h at a ratio of 10:1 (parasites/macrophage). C. Infected macrophages after 48 h of infection and Giemsa staining. Scale bar: 

10 mM. A: axenic amastigotes. D. Bar graph showing the percentage of macrophages infected. Percentages of infected macrophages 

were determined by counting a minimum of 300 macrophages under a microscope (×100). Values represent mean ± SD from three 

independent experiments. All data are statistically significant by ‘Two way of ANOVA’ analysis. 

The Surface Cartoon Model of Fig. 7E is also showing amino 

acids of α1 (GLU15-ARG42) and α3 (LEU87-ALA156) 

helices of POC protein (red) stringently interacting with 

amino acid residues of α1 (GLU49- PHE62), α2 (PRO71-

ALA81) and α3 (SER88-VAL98) helices of LdCen4 protein 

(spotted green). The two representations are shown from two 

different orientations at 180◦ apart (Fig. 7E). There are 22 

LdCen4 amino acid residues found interacting with 18 amino 

acid residues of LdPOC protein. The GLU74 (α1), ARG201 

(α7), ARG205 (loop) of LdCen4 protein formed hydrogen 

and hydrophobic bonds with TYR38 (α1), ARG42 (α1), 

GLU7 (loop) and ASP9 (loop) of POC protein. The other 19 

hydrophobic amino acid residues of LdCen4 protein formed 

hydrophobic bonds with 15 amino acids of LdPOC proteins 

(Supple- mentary Fig. 1). The interaction of LdCen4 with 

LdPOC was also confirmed using structural determination by 

AlfphaFold program as described separately in the 

‘supplemental section’ (Supplementary Figs. 3–6 and 

Supplementary Tables 9 and 10). 

3.7.3. Confirmation of binding of LdCen4 with 

LdPOC by protein-pulldown assay  

GST fused recombinant LdPOC protein expression 

was confirmed by Western blotting using an Anti-GST 

antibody (Sigma) (Fig. 8A). Further association of 

LdPOC with LdCen4 was shown by a pull-down 

assay. The bead LdPOC-GST associated proteins 

complex was subjected to SDS- PAGE and Western 

blotting using either anti-LdCen4 or anti-GST anti- 

bodies. LdCen4 protein band was observed at 25 kDa 

(panel 2), sug- gesting the LdCen4 association with 

LdPOC protein in the parasite (Fig. 8B). 

3.7.4. Centrin 4 binding to LdPOC is calcium 

sensitive 

The interaction between centrin4 and its binding part- 
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ner LdPOC was calcium sensitive, as observed by a thick 

band in the presence of calcium, using anti-LdCen4 

antibodies (Fig. 8C). However, the interaction intensity was 

almost doubled upon the addition of calcium (Fig. 8D). 

3.8. Episomal expression of LdPOC in L. donovani did 

not affect parasite growth in vitro 

To see the effect of overexpression of LdPOC in the 

physiology of L. donovani parasites and look for any 

dominant-negative effect in growth, LdPOC was episomally 

expressed in the parasite through pKSNeo plasmid [1] 

(Fig.9A). The neomycin-resistant clonal cell line (LdPOC- 

-OE) was monitored for its growth in vitro. The growth 

of the promastigotes in vitro displayed slightly enhanced 

growth compared to empty vector-transfected control 

parasites (Fig. 9B). Consequently, to see its effect on 

LdPOC-OE cells in the macrophage cell line J774, the 

parasites were infected ex-vivo in the macrophages and 

monitored the parasite number after 48 h time point. The 

host cells infected with LdPOC overexpressor or control 

parasite in 1:10 ratio showed a marginal increase in the 

number of LdPOC overexpressing 

parasites/macrophages compared to control (Fig. 

Supplementary Fig. 2). 

 

 

Fig. 6. LdPOC sequence analysis.  

A. Multiple alignment of POC protein 

sequences of HsPOC (NP_001092741.1), 

LdPOC (XP_003865398.1), LmxPOC 

(XP_003874621.1), TbPOC (Tb927. 

10.7600), TcPOC (TcCLB.510105.190). The 

alignment was generated utilizing Jalview pro- 

gram version 2.11.2.4. The standard one-letter 

code is used to define amino acids. The colored 

patches indicate the respective stretch of amino 

acids' similarities among the se- quences. B. 

Phylogenetic analysis of POC ho- mologs. The 

phylogenetic tree was generated from (nearly 

conserved) the protein sequences of closely 

related organisms and species by Neighbor-

Joining distance analysis [32]. 

 

 

3.9. LdCen4 and LdPOC are co-localized at the basal body 

of L. donovani 

After observing the LdCen4 protein found in the basal 

body region of Leishmania parasites, we aimed to see  
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the localization of LdPOC. LdPOC was found to be localized 

at the basal body region as per the co-IFA using anti-LdCen1 

Ab (known to localize at the basal body region; [1]) and anti-

HA Ab (to localize LdPOC-HA) in the LdPOC-OE cells (Fig. 

9D) with a separate control set having only the secondary 

antibodies (Fig. 9C). In addition to the basal body region, we 

have also observed that the anti- HA Ab is also stained at the  

cytosol region (Fig. 9D). Co-localization studies of 

LdPOC-HA with LdCen4 in LdPOC-OE Leishmania 

parasite revealed that LdPOC localized at the same 

region, where Centrin 4 localized at the basal body 

region (Fig. 9E). But LdPOC was not observed at the 

lobe structure, where LdCen4 also observed. 

 

Fig. 7. The modelled LdPOC and the docking study showing its interaction with LdCen4. A. Modelled LdPOC protein of 

L. donovani (spectrum colors) shows the eight alpha helices (α1-α8) and seven loops (green color). The encircled region (blue line) 

from amino acid 10 to 200 showing four alpha-helices forms the core structure, which is modelled by Phyre2 tools in almost the top 

20 models of LdPOC protein. B. Ramachandran plot showing observed backbone dihedral angles (Φ/Ψ pairs) of three colored 

contours lines of energetically most favored (dark green), favored (olive green) and additionally allowed (light grey) regions of 

amino acid residues of modelled LdPOC protein. C. Superimposition of LdPOC protein model (magenta) with template PDB ID: 

4cgk_A (green) structure showing the similarities and differences in X-ray crystallographic and modelled alpha-loop-alpha 

secondary structures of LdPOC protein. The four alpha-helices (α1-α4) are almost identical in modelled and template protein, while 

red arrows show the other structural differences. The two representations are shown from two different orientations at 180◦apart. D. 

The docking images showing the interaction between LdCen4 and LdPOC. The docked complex shows alpha-loop-alpha structures 

of LdCen4 (green) and LdPOC proteins (red) E. The closeup view of α1 (GLU15-ARG42), α2 (ALA50-HIS80) and α3 (LEU87-

ALA156) helices of LdPOC amino acid residues interacting with α1 (GLU49-PHE62), α2 (PRO71-ALA81) and α3 (SER88-

VAL98) helices of LdCen4 amino acid residues. 

4. Discussion 

The characterization of cell division proteins in Leishmania 

holds great significance in understanding their cell biology 

and identifying potential targets for therapeutic intervention  

and vaccine development, in addition to the regulation 

of centrin by its binding partners. LdCen4 clusters 

together with LmCen4, probably in the likelihood of 

possessing unique EF-hand III together with EF hand- 



Vats et al. 13 Leishmania Centrin 4 

I. Unlike other centrins of genus Trypanosomes and 

Leishmania (centrin 1–3), which have two calcium-binding 

EF domains (EF I and IV), centrin4 purportedly lacks this 

efficient calcium-binding EF-hand IV [8]. The presence of 

negatively charged amino acids: aspartic acid or glutamic acid 

in the EF-hand I and III consensus region only, provides two 

oxygens to coordinate Ca2+ binding further corroborates our 

supposition of these two as the Ca2+ binding domains in 

centrin4 [33,34]. There was a report showing >9 fold centrin4 

mRNA abundance in the axenic amastigotes compared to 

promastigotes measured by microarray reported in 

www.tritrypdb.org for L. infantum (VL causing parasite and 

genetically a close ally of L. donovani) (accession number 

LINF_320011900) [35]. However, we observed that the 

LdCen4 protein was found to express equally at both 

promastigote and axenic amastigote stages (with our 

laboratory- established culture procedures known to express 

‘A1’ amastigote stage-specific gene/proteins [4,19,36,37]) 

suggesting its equal importance to these stages of the parasite. 

This is similar to the expression of LdCen1 protein equally in 

both the stages in this parasite, despite its promastigote stage-

specific mRNA expression [1]. These studies clearly confirm 

the discrepancy between expression levels of mRNA and the 

proteins in the parasite suggesting the involvement of the  

post- transcriptional regulatory mechanism observed in 

Leishmania para- sites, which has also been described 

by others [38]. Centrins have earlier been reported to 

be localized in the basal-body region of 

Chlamydomonas [39], Leishmania [1], Paramecium 

[40] and T. brucei [8,41]. LdCen4, like LdCen1 of L. 

donovani and TbCen2 of T. brucei, was confirmed to 

be localized in the basal body of the parasite by 

immunofluorescence analysis [1,41]. We also found 

that LdCen4 in addition to the basal body also is 

observed at the lobe-like structures near the basal body 

resem- bling T. brucei Cen2's dual localization in the 

basal body and at the bilobed structure [41]. This 

signifies a potential additional role for LdCen4 in the 

parasite. It is also noted that the bilobed structure in 

TbCen2 is close to the golgi apparatus and the deletion 

of TbCen2 by RNAi also affected the biogenesis of 

golgi in addition to the basal bodies in T. brucei [41]. 

This was in contrast with the report for the LdCen4 

homolog in T. brucei, where it is localized throughout 

the cytosol, nu- cleus and enriched in the flagellum 

[42], indicating the possible centrin's organism specific 

roles. Although Centrin2 and 3 were not studied in L. 

donovani, we studied their homologs in T. brucei and 

found that they were involved in organelle segregation 

without studying at their cellular localization [8,9]. 

 

Fig. 8. Confirmation of purified 

rLdPOC-GST protein in E. coli 

Rosetta cells by Western blotting 

using an anti-GST antibody.  

A. Lane 1: Uninduced cell lysate; Lane 2: 

Induced cell lysate; Lane 3: Insoluble 

proteins of cells overexpressing LdPOC-

GST protein; Lane 4: Soluble proteins of 

cells overexpressing LdPOC-GST protein. 

B. Confirmation of LdPOC protein by 

pull- down assay. Panels 1 & 2 represent 

the LdPOC-GST protein after incubation 

with L. donovani lysate in the pull-down 

assay went through SDS-PAGE and 

Western blot. Whereas panels 3 & 4 were 

similarly processed as in panels 1 & 2 but 

with only GST protein as the assay 

control. Western blot with anti-LdCen4 

Ab only shows up pulled down of LdCen4 

in the process in panel 2 and not in panel 

4, explaining the re- action of LdPOC with 

LdCen4. Western  

blot with anti- GST Ab displays positivity in panels 1 and 3. C. Cal- cium requirement in the interaction between LdCen4 and 

LdPOC. GST-pull-down assays were performed with the indicated LdPOC- GST-fusion proteins or with GST alone. The 

proteins bound to the Glutathione beads were incubated with rLdCen4 in the presence or absence of Ca2+ ions. After washing, 

the bound pro- teins were separated by SDS–PAGE and stained with Coomassie blue (Upper panel). Another gel with the same 

loading pattern was used for Western blotting with anti-LdCen4 antibodies to detect the retained LdCen4 protein (lower panel). 

D. The calcium-dependent binding efficiency of LdCen4 with LdPOC is shown. The data were mean ± SE of three independent 

experiments. The data is statistically significant with ** p value = 0.0041. 

http://www.tritrypdb.org/
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The episomal overexpression of full-length or mutant forms 

of LdCen4 protein exhibited no significant effect on the 

parasite's growth pattern. In contrast, a reduced growth rate 

compared to vector- transfected controls in the parasite was 

observed with the expression of C-terminus truncated 

proteins, suggesting a dominant negative effect of the 

truncated proteins, implying a potential role of the C-terminal 

domain in parasite pathogenesis. Previously, the N-terminal 

of LdCen1 was essential for the growth of L. donovani in vitro 

[1]. The discrepancy in the functional location in the proteins 

between LdCen1 and LdCen4 needs to be investigated in the 

Leishmania parasite. Conversely, a significant retarded 

growth of L. mexicana was observed in centrin4 null mutants, 

generated by the CRISPR Cas9 approach, with about 2 fold 

decrease in the growth of promastigotes and about 5 fold 

decrease in amastigotes in vitro, implying its role in cell 

growth. Reduced growth in vitro was also observed with the 

TbCen1 and 2 knock-down T. brucei via RNAi approach [41]. 

Our developed L. donovani deleted for LdCen1 interestingly 

displayed attenuated growth in vitro, ex vivo and in vivo in 

the animals only in the amastigote stage of the parasite, 

suggesting the relevance LdCen1 protein in the axenic and 

intracellular amastigote stage of the parasite and protected the 

animals immunized with LdCenKO cells from virulent 

challenge [4,11,12]. However, surprisingly, no change in 

infectivity was observed in the replication of LmxCen4KO ex 

vivo in the host cells implying differential observation of 

replication of the parasite's growth in vitro and ex vivo. Hence 

such parasite's survival was not studied in the animals. 

Further, LdPOC, a homolog of hPOC in L. donovani, has been 

shown to co-localize with LdCen4 in the basal body of the 

parasite in addition in the cytosol. For the LdPOC 

localization, we relied on the localization of the 

overexpressing LdPOC-HA using anti-HA Ab. In our future 

studies anti-POC antibodies (under development) may be 

used to stain the endogenous LdPOC protein to know its  

actual placement in the cell. The role of LdPOC in the 

assembly of complete centrioles and cell prolifer- ation, 

like hPOC5, can be ascertained by increased cellular 

proliferation and increased virulence patterns in 

overexpressing parasites [25]. The presence of a 

tandem repeat of centrin-binding sequences and the 

short coiled-coil regions in LdPOC, like its homologs 

(hPOC), helps in binding with centrin. This is similar 

to the already reported interaction between hPOC5 and 

hCen2 and hCen3 [25]. This is the first report of a 

Leishmania centrin binding partner. The Molecular 

docking approach by ZDOCK further ascertained this 

binding pattern using the LdPOC model generated ab 

initio. The PyMOL Molecular Graphics System 

confirmed that α1–α4 alpha-helices of LdPOC protein 

interact with α1-α7 helices of LdCen4 amino acid resi- 

dues. Stringent interaction between the residues of α1 

to 3 of LdCen4 with that of α1 and 3 residues of LdPOC 

was observed. Also, GLU74 (α1), ARG201 (α7) and 

ARG205 (loop) of LdCen4 protein formed hydrogen 

and hydrophobic bonds with TYR38 (α1), ARG42 

(α1), GLU7 (loop) and ASP9 (loop) of LdPOC protein, 

confirming helix and loop interaction between them. In 

total, about 22 LdCen4 amino acid residues were found 

to be interacting with 18 amino acid residues of POC 

protein. Thus, another new calcium-binding protein, 

centrin4, has been characterized in Leishmania sp. 

describing its property and basal body localization, 

similar to its earlier reported counterpart centrin1. This 

report also brings to light the predicted structural 

details of LdCen4's novel calcium dependent 

interacting partner LdPOC, which also co- localises 

with LdCen4, although only at the basal body region 

and not at the lobe-like structure(s). The putative amino 

acids of both the pro- teins that are involved in the 

interaction have been predicted. This report could help 

open new avenues in research, exploring the role on the 

interaction between these macromolecules, potentially 

towards novel therapeutics against the tropical diseases 

due to protozoan parasites. 
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Fig. 9. Growth physiology of episomal 

LdPOC expression in L. donovani (A & B). A. 

Confirmation of expression of LdPOC-HA by 

Western blotting. Lane M: Protein ladder, Lane 1: 

whole cell lysate protein of L. donovani 

overexpressing LdPOC-HA; Lane 2: whole cell 

lysate of L. donovani with pKSNeo as transfected 

control. B. Growth curve analysis of LdPOC 

overexpression versus pKSNeo control L. 

donovani parasites. No significant growth 

difference was observed between LdKS and 

LdPOC-HA overexpressing parasites, both in the 

promastigote and amastigote stages. 

Colocalization of LdPOC with LdCen4 in L. 

donovani parasites (C–F) C. Control 

immunofluorescence without immune sera and 

with only the secondary antibodies. D. 

Localization of LdPOC-HA in the LdPOC 

overexpressing promastigotes using anti-HA 

antibodies and the known basal body associated 

anti-Centrin1 antibodies [1]. E. Colocalization 

LdCen4 (green) with anti-LdCen4 antibodies and 

LdPOC-HA (red) with anti-HA antibodies and the 

merged (blue, green and red) image in the 

promastigote (upper panel with 3 cells and lower 

panel with a different single enlarged cell). Yellow 

dots indicate that LdCen4 (Green) and LdPOC 

(Red) co-localize within the parasite at the basal 

body region. The other lobe region stained by anti-

LdCen4 antibodies that is not localized by LdPOC-

HA is also observed. N is the nucleus; K is the 

kinetoplast; B is the basal body; L is the lobe (s). 

The scale bar is 5 μm in panels C and E upper panel 

and 2 μm in panels D and E lower panel. 
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