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Zeta-toxin is a cognate toxin of epsilon antitoxin of prokaryotic Type II

toxin-antitoxin system (TA) and play an important role in cell death. An ortho-

logue of bacterial-zeta-toxin (BzT) was identified in Leishmania donovani with

similar structural and functional features. Leishmania zeta-toxin (named

Ld_f1) harboring similar UNAG and ATP-binding pockets showed UNAG

kinase and ATP-binding activity. An active Ld_f1 was found to express in

infective extracellular promastigotes stage of L. donovani and episomal overex-

pression of an active Ld_f1domain-triggered cell death. This study demon-

strates the presence of prokaryotic-like-zeta-toxin in eukaryotic parasite

Leishmania and its association with cell death. Conceivably, phosphorylated

UNAG or analogues, the biochemical mimics of zeta-toxin function mediating

cell death can act as a novel anti-leishmanial chemotherapeutics.

Keywords: anti-leishmanial; autophosphorylation; cell death; L. donovani;

UNAG kinase activity; zeta toxin

Leishmania is a trypanosomatid parasitic protozoan

responsible for one of the most neglected tropical

human disease, leishmaniasis. Leishmania parasites are

dimorphic and hence adapt and develop in an insect

vector and a vertebrate host to complete their life

cycle. It has two forms, one is promastigote that

resides extracellularly in the sand-fly alimentary tract,

and the other is amastigote that exists intracellularly in

the parasitophorous vacuole of human macrophages,

dendritic cells, and fibroblasts [1]. Leishmaniasis is

caused by nearly 20 Leishmania spp. that are transmit-

ted to humans by more than 30 different species of

infected female phlebotomine sand flies [2]. The com-

plexity of the disease is mainly attributed to species

diversity of vectors and parasites involved in the

pathogenesis. Visceral leishmaniasis (VL), caused by

Leishmania donovani and Leishmania infantum, is the

most severe form, which is characterized by irregular

bouts of fever, weight loss, anemia and enlargement of

the spleen and liver, along with death in chronic cases.

The global epidemic graph of VL reported emergence

of an estimated 50 000 to 90 000 new cases each year

as depicted by WHO, 2015 [http://www.who.int/news-

room/fact-sheets/detail/leishmaniasis]. Although VL is

not rated high in global burden of diseases, yet it is

becoming a cause of concern due to high-fatality, HIV

co-infection and absence of vaccine [3,4]. In addition,

frontline drugs available against VL exhibit limitations

like limited efficacy, toxicity, difficult dosing regimens,

and emerging resistance [5].
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Availability of the sequenced L. donovani genome [6]

is a silver lining for the identification of new targets

and development of novel chemotherapeutics. Over the

last decade, several approaches have been used at

genomic, transcriptomic, and proteomic levels to rec-

ognize new targets from pathways that are crucial to

the pathogen but prominently distinct or absent in

human. As Leishmania is a primitive eukaryote, it is

known to exhibit some prokaryotic characteristics as

well, such as polycistronic transcription [7]. Similarly,

it may have some survival adaptation patterns of

prokaryotes, which can provide new insights into a

milestone approach for target identification. The Zeta

toxin of Type-II Toxin-Antitoxin (TA) system of

prokaryotes is one such protein that is putatively

found in most of the kinetoplastids based on available

genome sequences (http://tritrypdb.org/tritrypdb/).

TA system loci of prokaryotes are bicistronic oper-

ons that encodes for stable proteinaceous toxin and

unstable neutralizing protein or small RNA as anti-

toxin. Existence of these systems was earlier reported

as episomal genetic elements meant to enhance plasmid

stability by postsegregational killing, but later their

presence was also detected on chromosomes for preser-

vation of transposable elements [8,9]. Additional func-

tions assigned to TA module include prevalence of

persister cells, stress response, protection from phage,

regulation of biofilm formation, and virulence. Toxin

and antitoxin usually forms complex and thus, anti-

toxin neutralizes the toxic activity of toxin. Under cer-

tain adverse circumstances, TA balance disrupts and

labile antitoxin is degraded allowing the free toxin to

inhibit several cellular processes such as translation,

replication, ATP synthesis, cytoskeleton polymeriza-

tion, and peptidoglycan synthesis [9–11].

Depending on the nature and the mode of inhibition

by antitoxin, TA systems are classified into six differ-

ent types. Type I and Type III features sRNA as anti-

toxin whereas Type II, IV, V, and VI are characterized

by protein as antitoxin [12,13].

Both toxin and antitoxin of Type II TA system

exists as protein and binding with antitoxin results in

structural changes in toxin, thus blocking the catalytic

sites for its action [14]. Rel B and zeta toxin are the

most widely spread Type II toxins in prokaryotes [15].

Binding of antitoxin epsilon to zeta toxin neutralizes

its toxicity. Structurally, the zeta toxin folds like a

phosphotransferase with Walker-A motif in the center,

responsible for ATP binding [16,17]. Notably, in case

of bacterial peptidoglycan synthesis, MurA enzyme

catalyzes the transfer of the enolpyruvyl moiety of

phosphoenolpyruvate to the 30-hydroxyl group of Uri-

dine diphosphate N-acetyl glucosamine (UNAG),

finally yielding enolpyruvyl-UNAG via formation of

tetrahedral intermediate [18,19]. However, in the

presence of zeta toxin, UNAG gets phosphorylated to

UNAG-3P via ATP hydrolysis, which then binds

to MurA and blocks its catalytic activity. This leads to

the blockage of peptidoglycan synthesis pathway,

resulting in autolysis of cells [20]. Remarkably, based

on environmental condition and dose of zeta toxin,

cells may either undergo postsegregational killing or

cell stasis [21,22]. Intriguingly, zeta toxin from N. gon-

orrhoeae phosphorylates the multiple UDP-activated

sugar substrates, making them unavailable for binding

to MurA, MurB, MurC, leading to abrogated cell wall

synthesis [23].

Although, zeta toxin has a remarkable role in

prokaryotic pathogenicity, its occurrence in eukaryotic

parasites is unexplored till date. Putative appearance

of zeta toxin homologues in all the kinetoplastides

prompted us to examine the relevance of this protein

in trypanosomatids. We describe here the existence of

zeta toxin like protein in L. donovani (Ld_f1) and its

characterization in promastigotes and heterologous

prokaryotic system Escherichia coli. We could show

that recombinant zeta toxin domain from L. donovani

(Ld_f1domain), similar to prokaryotic zeta toxin has

UNAG kinase activity and its expression shows toxic

effect in E. coli as a repercussion of damaged cell wall.

It also shares similar UNAG-binding pocket residues,

as earlier shown in canonical zeta toxins. However, in

contrast to the known zeta toxins, Ld_f1domain showed

autophosphorylation that is the characteristic of

eukaryotic kinases. Further, we had overexpressed

GFP tagged Ld_f1domain in L. donovani promastigotes

and observed similar phenotype as in E. coli heterolo-

gous expression system. To highlight, homologue of

zeta toxin has not yet been reported in eukaryotes,

thus Ld_f1 is the first described parasitic zeta toxin

having UNAG kinase activity and unique autophos-

phorylation activity.

Materials and methods

Bacterial strains, plasmids and reagents

The E. coli strains used in this work are DH5a, BL21

(kDE3), and BL21-CodonPlus harboring pET-22b(+) plas-

mid fused with Ld_f1domain insert. The strains were grown

in liquid or solid Luria-Bertani (LB) medium with

100 µg�mL�1 of ampicillin at 37 °C, if not mentioned

otherwise. PCR reagents, DNA-modifying enzymes, and

kits for molecular biology experiments were obtained from

Thermo Fisher Scientific (Haryana, India). All enzymes

were used as recommended by the supplier. The
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oligonucleotide primers used in this study were obtained

from Sigma-Aldrich (New Delhi, India). Primer Sequence

used for amplifying Ld_f1 by semi-quantitative PCR is as

follows: Forward primer (TGTCGTGAATGCCGAT-

GAGT) and Reverse primer (CGACAACCTGCTGCA-

CAAAC).

In vitro culture of Leishmania donovani

The L. donovani promastigote were adapted at 26 °C in

M199 medium, pH 7.5 supplemented with 10% heat inacti-

vated FBS and the culture density was maintained at

2 9 106/mL. Promastigotes. Whole cell lysate of Promastig-

ote was prepared by freeze–thaw cycles as described previ-

ously [24].

In silico search for Zeta toxin like protein in

Leishmania donovani

The kinetoplastid database TriTrypDB (www.tritrypdb.org)

was explored extensively for the presence of any homologue

of prokaryotic zeta toxin in L. donovani. Sequence align-

ments and identity calculations were performed in Clus-

talW. Phylogenetic tree analysis of homologues of zeta-like

proteins from kinetoplastids as well as prokaryotes was

performed using publicly available Molecular Evolutionary

Genetics Analysis (MEGA7) tool and the evolutionary his-

tory was inferred using the Neighbor Joining method. The

bootstrap consensus tree inferred from 800 replicates and the

evolutionary distances were computed using the Poisson cor-

rection method. 1GVN was taken as template for Homology

modeling of Ld_f1domain by Modeller software. Binding affin-

ity of substrate UNAG and ATP to Ld_f1domain was deter-

mined as described previously [25]. Briefly, Autodock vina

and Autodocktools were used to prepare the protein and

ligand structures for facilitating molecular docking.

Cloning, expression, purification and generation

of anti-sera against Ld_f1domain

the primers used for cloning of Ld_f1domain were designed

based on the L. donovani genome sequence. Ld_f1domain

was cloned in pET-22b(+) (6x-His tag at C-terminus) vec-

tor. Overexpression of Ld_f1domain in E. coli BL21 (kDE3)

was induced by addition of 1 mM IPTG at an OD600 of 0.6

and further incubated at 37 °C for 6 h. Cells were har-

vested by centrifugation, resuspended in Buffer A (10 mM

Tris, pH 8) and lysed by sonication. Cell debris was cleared

by centrifugation and the obtained pellet was solubilized in

8 M urea. The solubilized protein was collected by centrifu-

gation and the supernatant was loaded on 1 mL Nickel

Affinity resin (Qiagen) equilibrated with Buffer A. After

washing with 30 mL of Buffer A, bound proteins were

eluted with Buffer B (Buffer A supplemented with 8 M

Urea and 250 mM Imidazole). Denatured protein thus

obtained was refolded by slow pulsatile dilution in Buffer

C (10% sucrose in Buffer A). Subsequent to overnight dial-

ysis against 1 l of Buffer C, the protein was concentrated

by using 3 kDa centricon (Merck Millipore, Mumbai,

India).

A group of five Balb/c mice was immunized intraperi-

toneally. Before injecting the antigen, a preimmune serum

was collected. For immunization, 25 lg purified protein

emulsified with complete Freund’s adjuvant; CFA (Sigma-

Aldrich) was immunized on day 0 followed by two boosts

emulsified with incomplete Freund’s adjuvant on days 21

and 42. After the 42nd day, mice bleed was collected and

serum was harvested. Animal experiments were conducted

at Central Laboratory Animal Resources (CLAR), Jawa-

harlal Nehru University (JNU), New Delhi, India. Care

and handling of experimental animals was in accordance

with the Institutional Animal Ethics Committee (IAEC) of

JNU.

In vitro kinase assay

The in vitro kinase activity of Ld_f1domain was investigated

as previously described [20] with slight modification.

Briefly, 2 lM of rZeta was set for reaction in reaction buf-

fer (25 mM HEPES-NaOH, pH 7.5; 100 mM NaCl and

5 mM MgCl2) with 2 mM UNAG in presence of 1 lM ATP.

The reaction was incubated at 25 °C for 1 h. After incuba-

tion, kinase activity was measured by utilizing ADP-GloTM

Kinase assay (Cat. no. V6930). This assay system involves

ATP regeneration-based luciferase reaction system resulting

from nascent ADP phosphorylation. The luminescence sig-

nal generated is proportional to the amount of ADP

released in the kinase reaction and represents the kinase

activity.

Interaction of rZeta with ATP by surface plasma

resonance

To investigate the interaction of Ld_f1domain with ATP,

Ld_f1domain protein was immobilized on a gold chip and

association constant for interaction was calculated using

the instrument Autolab ESPRIT. Before immobilization of

enzyme Ld_f1domain, the gold chip was activated by inject-

ing the 50 µL of 1 : 1 mixture of EDC (400 mM) and NHS

(100 mM) over the chip surface followed by immediate

injection of 100 lL enzyme (0.5 mg�mL�1 in 10 mM

HEPES and 150 mM NaCl) in channel 2 of the instrument.

Gold chips immobilized with the enzyme were blocked in

order to avoid nonspecific binding of antigen over the

immobilized surface during sensing process. For negative

control, the enzyme was immobilized in channel 1 and

10 mM HEPES (pH-7.4) was injected (without substrate).

Affinity measurement and detection limit were studied for

varying concentrations of ATP, prepared in 10 mM HEPES

and injected in channel 2 only. Association and dissociation
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were performed for 300s and 150s, respectively. Subse-

quently, 50 mM NaOH was used to achieve regeneration of

the sensor surface after each interaction and Ld_f1domain

was recovered in order to bring the signal back to the base-

line level so as to start a new cycle.

Evaluation of growth rate and toxicity in

Escherichia coli

Toxicity of Ld_f1domain in E. coli BL21 (kDE3) was deter-

mined by monitoring the growth rate of E. coli BL21-

CodonPlus overexpressing Ld_f1domain in the presence and

absence of 1 mM IPTG. Overnight grown bacterial culture

was subcultured to an OD600 of 0.07 and Overexpression of

Ld_f1domain was induced at 37 °C, 25 °C, and 18 °C. Cell
proliferation was monitored by measuring absorbance at

600 nm after every 2 h for 12 h.

To study toxic activity of Ld_f1domain, a culture of E. coli

BL21-CodonPlus with plasmid expressing pET22b(Ld_f1domain)

was grown to OD600 = 0.07 at 37 °C. Protein expression

was induced with IPTG along with addition of 2 mM

UNAG to induced and uninduced cultures, after which the

incubation temperature was reduced to 18 °C. For CFU

experiment on solid media, the culture was diluted to 10�1,

10�3, 10�5 and 10�6, and 5 lL of different dilutions were

spread on LB agar and plate was incubated at 37 °C.

Fluorescence microscopy

Staining of live/dead cells was performed using Hoechst

and Propidium Iodide (PI). Hoechst is a nuclei staining dye

that allows staining of viable cells, whereas, PI cannot cross

the membrane of live cells making it useful to differentiate

‘membrane-compromised’ dead cells. A quantity of 500 lL
of cell suspension was harvested by centrifugation, washed

to remove residual media and stained with Hoechst, which

stains all viable cells blue, and PI, which stains membrane-

compromised cells red, according to the manufacturer’s

instructions (Thermo Fisher Scientific Cat. no. P3566).

Hoechst positive cells were visualized with a 350 nm excita-

tion filter and a 461 nm long pass emission filter, while pro-

pidium iodide-positive dead cells were visualized using a

545 nm band pass excitation filter and a 590 nm long pass

emission filter.

Immunoblotting

Total protein extract was prepared from promastigotes at sta-

tionary growth phase of L. donovani. Cell lysate was obtained

by direct lysis in the sample buffer (0.12 M Tris-HCl, pH 6.8;

4% SDS; 20% glycerol, and 10% 2-mercaptoethanol). After

electrophoresis of lysate on SDS/PAGE (8%), proteins were

transferred onto the PVDF membrane. Membrane-bound

proteins were probed with anti-Ld_f1domain mouse sera

diluted to 1 : 800 followed by probing with HRP conjugated

rabbit anti-mouse IgG antibody, diluted to 1 : 10 000.

Immunofluorescence assay

For the intracellular localization of Ld_f, promastigotes

were immobilized on poly-L-lysine-coated coverslips. The

cells were fixed and permeabilized followed by incubation

with the anti-Ld_f1domain mouse sera (1 : 500) for 1 h at

RT. Subsequently, the cells were washed and then incu-

bated for 45 min with the Alexa 488-conjugated Goat anti-

mice (H+L) IgG antibody (Thermo Fisher Scientific). The

nuclear and kinetoplastid DNA were stained with DAPI

(Thermo Fisher Scientific). Immunofluorescence staining of

parasites was visualized under fluorescence microscope

(Nikon, Towa Optics (I) Pvt Ltd., New Delhi, India).

Results and discussion

Genome Analysis of Leishmania donovani

revealed a novel Zeta toxin like protein (Ld_f1)

Zeta toxins, categorized under Type-II toxin-antitoxin

system are yet to be fully explored in eukaryotes.

Toward this, we extensively explored L. donovani gen-

ome database and came across three variants of Zeta

toxin like protein, based on signature domain (zeta),

such as zeta like protein 1, zeta like protein 2, and zeta

like protein 3.

The prokaryotic zeta toxins are comprised of

Walker-A motif containing P-loop (GXXXXGKT/S)

for binding to ATP and Walker-B motif followed by a

short consensus sequence GTXR that form a UNAG

binding cleft [26]. Zeta toxin like protein 1

Fig. 1. Genome Analysis of L. donovani revealed a novel Zeta toxin like protein (Ld_f1). (A) Gene structure of Zeta toxin like protein 1 in L.

donovani. (B) Sequence Alignment of Ld_f1domain from kinetoplastids and zeta toxin from prokaryotes. Conserved Walker-A motif, required

for ATP binding is marked as green block. Motif that forms contact with UNAG is marked as orange block. (C) Ld_f1domain (black) was

superimposed with zeta toxin of S. pyogenes (gray, PDB ID- 1GVN). Walker-A motif for ATP binding in Ld_f1domain (green) and 1GVN (red)

superimpose well. UNAG-binding region of Ld_f1domain (orange) is also overlapping with 1GVN UNAG motif (red). (D) Phylogenetic

relationship of Ld_f1domain with other zeta toxin like protein1 of kinetoplastids and zeta toxin of prokaryotes mentioned in multiple sequence

alignment. Bootstrap values with 800 replicates with the neighbor joining method using MEGA 7.0. denotes kinetoplastids while

denotes prokaryotes. (E) Ld_f1domain predicted model bound to ATP and UNAG at their respective clefts. Probable residues important for

ATP and UNAG binding are shown in inset as stick model. Red region represents Walker-A motif.
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(LdBPK_341740.1) is a 1014 amino acid protein

(~111.5 kDa) that contains zeta domain (118 aa) and

P-loop containing nucleoside triphosphate hydrolase

domain, similar to the bacterial homologue. Unlike

prokaryotes, Ld_f1 does not appear to constitute a

classical epsilon/zeta TA system. Instead, the Ld_f1
protein sequence consists of a 743 aa long N-terminus,

118 aa long zeta domain in the center and a short 153

aa C-terminus. A schematic representation of the

Ld_f1 protein is depicted in Fig. 1A. In addition,

putative homologues of Ld_f1 are present in all kine-

toplastids with some variations in their sequences. An

alignment of the predicted protein sequences of these

putative zeta toxin genes in kinetoplastid show that

similar to prokaryotic zeta toxin, Ld_f1domain has both

Walker-A and Walker-B motif but in GTXR consen-

sus motif, R is replaced by M and is conserved

throughout the kinetoplastid (Fig. 1B).

To understand the evolutionary relationships

between prokaryotic zeta toxins and putative ortho-

logues in other kinetoplastids, we constructed a phylo-

genetic tree via the Neighbor Joining method. The

protein sequences of the individual kinetoplastid and

prokaryotic zeta toxin were downloaded from NCBI

protein database. Notably, Ld_f1 was found to show

a significant proximity to its kinetoplastid family,

while the prokaryotic zeta toxin form a distinct sepa-

rate cluster with high confidence scores as mentioned

on the branch nodes (Fig. 1D). To highlight, prokary-

otic zeta toxin has been found to cluster with other

prokaryotic toxins while Ld_f1 was forming discrete

clusters with other kinetoplastids, suggesting they

share evolutionary relationships (Fig. 1D). Further,

the tertiary structure of Ld_f1domain was predicted by

homology modeling and superimposed with crystal

structure of S. pyogenes zeta toxin (1GVN.pdb). The

superimposed structures showed that the ATP-binding

pocket and UNAG cleft are formed by Walker-A and

GTXM motif, respectively, resembling prokaryotic

zeta toxin (Fig. 1C). Despite the fact that GTXR is

replaced by GTXM in kinetoplastids, it could still

form the UNAG-binding pocket in predicted structure

of Ld_f1domain. This was also validated in silico via

possible interaction of Ld_f1domain with ATP and

UNAG. ATP was found to interact with Walker-A

motif of Ld_f1domain through four hydrogen bonds

that are formed by the residues Lys30, Asn54, Asp56,

and Asp96. The binding affinity between ATP and

Ld_f1domain was -6.4 kcal�mol�1. Similarly, the binding

energy of UNAG to Ld_f1domain catalytic pocket was

-6.9 kcal�mol�1 and the predicted residues that form

hydrogen bond with UNAG were Asp56 and Thr98

(Fig. 1E). The residues of Ld_f1domain involved in

hydrogen bond formation are found to be similar with

the residues reported for prokaryotic zeta toxin.

Ld_f1 possess kinase activity similar to its

prokaryotic counterpart

Previous studies states that any protein with a canoni-

cal zeta domain possesses UNAG kinase activity [20].

Since predicted structure Ld_f1domain has all the con-

served motifs stated in prokaryotic zeta toxin, we

hypothesized that the predicted Ld_f1 protein should

also demonstrate the UNAG kinase activity. As a

proof of concept, we first overexpressed the 6X-His (at

N-terminus) tagged Ld_f1domain in E. coli and purified

it with Ni-NTA resin. The purified recombinant

Ld_f1domain (rZeta) was detected at ~16 kDa

(Fig. 2A). The purified rZeta was used further to eval-

uate the in vitro UNAG kinase activity. This was

achieved by using an ADP-GloTM Kinase assay, which

involves ATP regeneration-based luciferase reaction

system resulting from nascent ADP phosphorylation.

The luminescence signal generated is proportional to

the amount of ADP released in the kinase reaction

and represents the kinase activity. Different concentra-

tions of rZeta were incubated with its substrates

UNAG & ATP, and the optimum kinase activity was

observed at 10 lM of rZeta. However, in the absence

of UNAG, the rZeta still demonstrated kinase activity

(Fig. 2B), strongly indicating autophosphorylation of

rZeta. This was further confirmed by Pro-Q Diamond

staining which readily detected a band of ~16 kDa

corresponding to the molecular weight of rZeta

(Fig. 2C). This finding suggested that Ld_f1 is the

noncanonical kind of zeta toxin demonstrating

autophosphorylation property, a characteristic feature

of eukaryotic kinases. Most of the eukaryotic protein

kinases are regulated or activated by phosphorylation

at kinase activation loop. The autophosphorylation

activity of Ld_f1 may lead to changes in its structural

conformation that exposes the substrate-binding

domain, thus activating the otherwise inactive Ld_f1.
Another possibility is that an unrecognized antitoxin

might inhibit the autophosphorylation of Ld_f1 and

regulates its activity.

The optimum temperatures for the growth of pro-

mastigotes and amastigotes are 25 °C and 37 °C,
respectively. Therefore, the kinase activity of rZeta

was tested at both temperatures and the result showed

no significant difference in kinase activity at these two

temperatures (Fig. 2B).

Previous studies on various bacteria implied that

zeta toxins are kinases that phosphorylate the target

by binding ATP to canonical Walker-A motif followed
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by its hydrolysis [27,28]. Therefore, to evaluate ATP-

mediated phosphorylation by rZeta, we examined the

interaction of ATP with rZeta by Surface Plasmon

Resonance. Firstly, 6.5 ng of rZeta was immobilized

on gold chip and then assessed for its association with

ATP. A prominent association curve was observed at

and beyond 1.5 mM ATP concentrations (Fig. 2D).

Based on these findings, we conclude that the zeta

domain of Ld_f1 not only phosphorylates its substrate

UNAG but also exhibits autophosphorylation prop-

erty by hydrolyzing ATP. In case of Leishmania,

UNAG has been used as a precursor in diverse path-

ways such as, N-linked and O-linked glycans and path-

ways involving surface expressed GPI anchors [29] but

modification of UNAG by phosphorylation has not

been reported yet. Therefore, the phosphorylation of

UNAG by Ld_f1 in Leishmania can be predicted to

have many effects. Firstly, Ld_f1 might play a role in

modulating UNAG-based pathway that leads to

blockage of surface exposed Glycosylphosphotidylinos-

itol (GPI) biosynthesis. Wanderley et al. research

states that metacyclic infection to host is enhanced by

co-operation between apoptotic and viable metacyclics

[30], and thus the role of Ld_f1 can be envisaged for

generation of these apoptotic promastigotes by block-

ing the synthesis of the surface exposed GPIs. The sec-

ond hypothesis might be that when the parasites

switch from vector to host or vice versa, it encounters

stressed condition that leads to death of certain para-

sites that might be regulated by the expression of

Ld_f1. This death might provide the nutrients to the

persister parasites, which is in good accordance to the

phenomenon reported in bacteria where activation of

zeta under stress condition is linked to persistence for-

mation, allowing the bacteria to survive under nutrient

deficient conditions [31].

Ld_f1 is an active protein in Leishmania

donovani and might function in growth

regulation

Following biochemical characterization of Ld_f1, we

aimed to confirm the expression of this putative gene

at transcriptomic and proteomic level in L. donovani

promastigote. To achieve the same, cDNA was pre-

pared from L. donovani promastigotes and analyzed by

RT-PCR. The result clearly showed a band of 175 bp,

representing the expression of Ld_f1 at transcription

level. Amplification was not detected in control having

no reverse transcription, thus nullifying DNA contami-

nation present in RNA preparation (Fig. 3A). To fur-

ther confirm Ld_f1 expression at protein level,

promastigote parasites were harvested and total pro-

tein was extracted using freeze-thaw cycle. The

Fig. 2. Ld_f1domain hydrolyzes ATP for

autophosphorylation and UNAG

phosphorylation. (A) His tagged

Ld_f1domain was purified by Ni-NTA resin

and subjected to Coomassie Briliant Blue

staining. (B) Different concentrations of

purified Ld_f1domain were subject to

in vitro kinase assay in the presence and

absence of substrate UNAG. Kinase

activity of Ld_f1domain was measured at

temperatures suitable for promastigote

(26 °C) and amastigote (37 °C) as well. (C)

Purified Ld_f1domain was incubated with

ATP and then subjected to Pro-Q Diamond

staining to detect autophosphorylation

(Lane1: Purified Ld_f1domain + ATP; Lane2:

phosphorylated caesin as positive control).

(D) SPR analysis of ATP interaction to

immobilized Ld_f1domain. Sensorgram of

the binding of ATP to Ld_f1domain captured

on chip at 25 °C.
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extracted protein was subjected to immunoblotting

using anti- anti-Ld_f1domain sera. A band of ~110 kDa

corresponding to the expected size of the native para-

site protein was detected. Uninduced Ld_f1domain

E. coli lysate was taken as negative control and the

recombinant Ld_f1domain protein as positive control

(Fig. 3B). The expression of active Ld_f1 protein was

also evaluated by immunofluorescence. When the fixed

promastigotes were probed with anti-Ld_f1domain sera,

staining was observed in vacuole like structure

(Fig. 3C). No fluorescence staining was observed with

preimmune antibodies confirming the specificity of

anti- Ld_f1 antibodies (Fig. 3C). As recombinant

Ld_f1domain was seen to have kinase activity, we specu-

lated that L. donovani promastigote lysate should also

show kinase activity in the presence of UNAG. To test

Fig. 3. Ld_f1 is expressed in L. donovani

and exhibits kinase activity. (A) Reverse

transcriptase PCR analysis of Ld_f1

expression from total RNA of L. donovani.

The mRNA molecules from stationary

phase promastigotes were extracted and

analyzed by RT-PCR. Primer used for

amplification from cDNA was designed

from Ld_f1domain region (Lane 1: Without

reverse transcriptase as a negative

control; Lane 2: No template control; Lane

3: Amplification of Ld_f1 at 64 °C; Lane 4:

Amplification of Ld_f1 at 68 °C). (B) For

immunoblotting, anti-Ld_f1domain sera

raised in mice was used to detect Ld_f1

protein in promastigote lysate (Lane 1: L.

donovani lysate; Lane 2: uninduced E. coli

lysate expressing Ld_f1domain; Lane 3:

recombinant Ld_f1domain protein). (C)

Immunofluorescence images represented

expression of Ld_f1 in fixed promastigotes

when probed with anti-Ld_f1domain sera

raised in mice. Secondary antibody was

conjugated with Alexa 488. No staining

was detected with preimmune sera. Scale

bar represents 10 lm. (D) In vitro kinase

assay was performed using L. donovani

lysate as the enzyme source and UNAG

(2 mM) as substrate. Heat inactivated

lysate was used as negative control.
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this possibility, we incubated L. donovani lysate (na-

tive/heat inactivated enzyme source) with UNAG (sub-

strate) and ATP at 26 °C and proceeded for in-vitro

kinase assay. Heat inactivated lysate had negligible

kinase activity as the proteins of the lysate are in inac-

tive or denatured form. The native lysate demonstrated

Fig. 4. Ld_f1 is toxicity to L. donovani is due to membrane permeability. (A) Gene structure of GFP tagged constructs for overexpression in

promastigotes. Inset shows GFP fused protein localization in promastigotes. Scale bar represents 10 lm. (B) GFP tagged Ld_f1domain

overexpressing promastigotes were stained with lysotracker to validate co-localization of protein in acidic organelle-linked with autophagy.

Scale bar represents 2 lm. (C) Growth kinetics of promastigotes overexpressing GFP vector and Ld_f1domain was measured till Day6. Both

the cultures were grown in two parallel vessels with initial count of 5*105 cells�mL�1 on Day0. Cells were counted every day till Day6. (D)

The influx of membrane impermeable dye Propidium Iodide in promastigotes overexpressing GFP vector and Ld_f1domain was measured on

Day6 by confocal microscopy (i) and FACS (ii). Scale bar represents 10 lm.
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a high kinase activity when supplied with 2 mM

UNAG (Fig. 3D).

Furthermore, to decipher subcellular localization

and function of Ld_f1 protein, we adopted a protein

overexpression approach in promastigotes where we

overexpressed GFP tagged Ld_f1domain and GFP vec-

tor in L. donovani promastigotes. The localization of

Ld_f1domain was observed as GFP fluorescence in vac-

uole like structure, whereas GFP fluorescence for vector

control was dispersed throughout the cytosol (Fig. 4A).

Additionally, the co-localization of Ld_f1 was studied

by staining with lysotracker, a dye that stains acidic

organelles. Co-staining of GFP fluorescence of Ld_f1
with lysotracker validates that Ld_f1 is located in vac-

uole like structure associated with programmed cell

death (Fig. 4B). This was consistent with the

immunofluorescence observation for Ld_f1 staining.

Prokaryotic zeta toxins are known to mediate reversi-

ble protective dormancy and permeation to propidium

iodide (PI) [32]. Therefore, to evaluate whether the

Ld_f1 protein is correlated with programmed cell death

due to toxicity in L. donovani, we examined the growth

kinetics of promastigotes overexpressing Ld_f1domain

and vector. During the early log phase, the growth pat-

tern for promastigotes overexpressing Ld_f1domain and

vector did not show any significant difference but a

decrease in growth during exponential phase was

noticed in Ld_f1domain overexpressing promastigotes

(Fig. 4C). Next, we investigated if Ld_f1domain -medi-

ated growth reduction is attributed to cell death caused

by a defect in the cell wall as was previously reported

for bacterial zeta toxin. To achieve this, we stained the

Ld_f1domain overexpressing promastigotes with PI and

analyzed through FACS. We found that PI influx in

promastigotes overexpressing Ld_f1domain was enhanced

when compared to vector control and hence is indica-

tive of loss of phosphoglycan membrane integrity. Con-

focal imaging of PIpos promastigotes further confirmed

the influx of PI in promastigotes. Notably, the shape of

PIpos promastigotes was disrupted as compared to PIneg

promastigotes that exhibited classical highly elongated

morphology (Fig. 4D). Overall, the phenotypic observa-

tion in promastigotes overexpressing Ld_f1domain indi-

cated the predominant existence of zeta toxin like

proteins, which is coherent with the prokaryotic zeta

toxin.

Heterologous expression of Ld_f1domain in

Escherichia coli results in cell toxicity due to

Ld_f1domain kinase activity

E. coli is a proven and well-established model system

for characterization of the functional activity of vari-

ous zeta toxins [20]. Therefore, for phenotypic charac-

terization of eukaryotic Ld_f1, we used E. coli as a

heterologous model system. A study conducted by

Rocker and Meinhart [8] showed that zeta toxin of

E. coli is more active below ambient temperature

(<30 °C) in order to regulate bacterial survival outside

the host [8]. In concordance with this finding, we tried

to observe the effect of overexpression of Ld_f1 on

the growth of E. coli at different temperatures. At

37 °C, less cytotoxicity of Ld_f1domain with 1.2-fold

bacterial growth restriction was observed in the

induced sample, as compared to uninduced sample. In

contrast, at 25 °C 2.5-fold growth restriction was

obtained. Further decreasing the growth temperature

to 18 °C resulted in dormant state or cell growth

arrest in Ld_f1domain overexpressing E. coli cells with a

9-fold difference in cell growth kinetics (Fig. 5A). This

cell proliferation arrest reverted back when toxin-in-

duced cells were incubated back to 37 °C and partly

regained its normal morphology. It is likely that toxin

Ld_f1domain might halt cell proliferation as an outcome

of protective response as earlier explained by Lioy

et al. [21], Mutschler et al. [33]. We also noted that

with increasing time of expression of Ld_f1domain at

18 °C, E. coli cells displayed more membrane perme-

ability, evident by influx of the membrane-imperme-

able dye propidium iodide (Fig. 5B). Eventually, this

phenotype of E. coli is due to the compromised cell

wall, which strongly aligns with results from previous

Fig. 5. Ld_f1domain toxicity in heterologous E. coli system is specific to its kinase activity and similar to its prokaryotic counterpart. (A)

Growth kinetics of E. coli cells expressing Ld_f1domain was monitored at different temperatures by measuring the optical density (O.D.) of

cultures. Growth kinetics was measured with respect to time. Cells were induced at 0.07 O.D. with 1 mM IPTG and incubated at respective

temperature. (B) Phase contrast and fluorescence microscopy (live-dead staining) images of E. coli cells overexpressing Ld_f1domain post-8 h

and 12 h of induction at 18 °C. Blue fluorescence of cells indicate live cells with intact cell membrane. Influx of propidium iodide (red

fluorescence) is due to membrane permeability. Scale bar represents 10 lm. (C) Effect on growth of E. coli cells overexpressing Ld_f1domain

was measured in the presence of exogenously supplied UNAG in uninduced and toxin-induced samples at 18 °C. UNAG was added at the

time of induction. Colony forming unit assay was performed to determine cell growth. The experiment was performed thrice. Bacterial CFU

graph is 4 h postinduction at 10�6 dilution. *Note: For CFU assay, different dilutions were prepared at desired time point and then 5 lL was

plated from each dilution.
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phenotypic analysis of prokaryotic zeta toxin [21,20].

Thus, our data illustrates that Ld_f1domain toxicity is

temperature-dependent with pronounced activity at

lower temperatures, which further induces cell dor-

mancy.

Uridine diphosphate N-acetyl glucosamine is an

essential metabolite involved in bacterial cell wall syn-

thesis pathway and, it is noteworthy that phosphoryla-

tion of UNAG by zeta toxin results in impaired cell

wall synthesis [20]. We speculated that if the toxicity

of E. coli cells overexpressing Ld_f1domain is due to

unavailability of UNAG that leads to inhibition of

peptidoglycan synthesis pathway, then providing

excess of UNAG must rescue the total cell population

undergoing dormancy or lysis. Toward this, we supplied

2 mM of UNAG in culture at the time of toxin-induc-

tion and the result suggested a remarkable increase in

the number of colonies measured through the colony

forming unit (CFU) assay (Fig. 5C). The increase in the

number of colonies when exogenous UNAG was sup-

plied in culture induced with Ld_f1domain was statisti-

cally significant over the Ld_f1domain induced culture

that was not supplied with UNAG. These cumulative

results demonstrates that the growth reduction in

Ld_f1domain overproducing cells is due to the kinase

activity of the zeta domain and has a direct or indirect

effect on the cell wall, as excess substrate reverses the

cell wall damage by allowing the cells to divide.

The results obtained by overproducing Ld_f1domain

in E. coli is in good agreement with our observation

obtained by overexpressing Ld_f1domain in promastig-

otes and a previous report that showed a toxic effect

of bacterial zeta toxin when overexpressed in a eukary-

ote (S. cervisiae) [34]. Taken together, this study sug-

gests that the modification of UNAG by zeta toxin

damages a shared pathway that is present both in

prokaryotes and eukaryotes. However, for a more

thorough understanding and specific function of this

gene, the generation of Ld_f1 knock out will provide

a deeper insight into its mechanism. Overall, we report

for the first time, a zeta toxin like protein in a eukary-

otic parasite, L. donovani, which has UNAG kinase

activity similar to conventional zeta toxins along with

the unique autophosphorylation activity.
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