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A B S T R A C T

In Leishmania spp. ATP utilizing enzymes serves as a key role in preserving integrity of host cells for survival of
parasite. Earlier reports suggested that Adenylate kinase (AK) a phosphotransferase enzyme released by
Leishmania donovani secretome, involved in modulating levels of NTPs. In the present study, we cloned, ex-
pressed and characterized recombinant putative AK. Based on a sequence and phylogeny analysis, we identified
the prominent features of the seven AK isoforms of Leishmania donovani and assigned our putative AK as LdAK2a.
The Km value of LdAK2a for ATP and AMP substrate were 204 μM and 184 μM, respectively and Vmax was
calculated as 1.6 μmolmin−1 mg−1 protein. Ap5A, a known inhibitor of AK inhibited LdAK2a with estimated Ki

values of 280 nM and 230 nM for ATP and AMP respectively. CD spectral studies were carried out to estimate its
structural stability. Recombinant LdAK2a was found to prevent ATP mediated cell cytolysis of Raw 264.7
macrophages in vitro, which was determined by LDH assay and MMP assay. This is the first report which
validates that Leishmanial AK2a can prevent ATP mediated cytolysis of macrophage cells and thereby probably
play a role in preserving integrity of host cells for survival of parasite.

1. Introduction

AK (E.C.2.7.4.3) is a ubiquitous, phosphotransferase enzyme, which
catalyzes the reversible transfer of ɤ- phosphoryl group from ATP to
AMP and converts it into two molecules of ADP. It acts as a metabolic
monitor, which regulates cellular homeostasis of adenine nucleotides
and thereby plays a key role in energy metabolism and nucleic acid
synthesis. Apart from this, it is proposed that AK acts as a virulence
factor in a number of pathogenic bacteria, where it contributes to the
modulation of ATP levels during macrophage death [1–3]. In humans,
isoforms of AK exists in cytosol, mitochondrial matrix and mitochon-
drial intermembrane space [4]. In case of kinetoplastids (Leishmania,
trypanosomes and other pathogenic parasites) AK is known to maintain
ATP levels in mitochondria like kinetoplast organelle and in glycosomes
i.e. energy producing microbodies [5]. In such flagella containing
parasites it supports agility and energetics of the parasite.

Earlier studies have revealed that AK is one of the enzymes that are

released by many pathogenic microorganisms to modulate levels of
NTPs and some of these released enzymes can utilize eATP as its sub-
strate [6–10]. eATP is known to accumulate at the site of inflammation
and induce death of immune cells. Extracellular pathogenic bacteria
such as Pseudomonas aeruginosa [1,7,9], Mycobacterium tuberculosis
[11], Vibrio cholera [2] have evolved strategies to escape the phagocytic
activity by releasing enzymes that increases eATP level which will re-
sult in apoptosis of these phagocytes. However, in intracellular para-
sites like Leishmania, where pathogenicity of the parasite also depends
on their ability to prolong their survival in their host macrophage cells,
they might be resorting to a reverse strategy for which they release
eATP utilizing enzymes so that it becomes unavailable for cytolysis of
the host cells. A proteomics study of Leishmania secretome confirms the
presence of ATP utilizing enzymes [12,13]. Studying the role of such
proteins in survival and death of their host cells is important for de-
velopment of therapeutic strategies of leishmaniasis. In Leishmania
amazonensis, it was shown that nucleoside diphosphate kinase, a
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housekeeping gene was released at the time of infection, which helped
to prevent ATP-mediated cytolysis of their host cells. AK is reported as a
one of the secreted protein of Leishmania donovani [12,13]. In Leish-
mania, whether AK, like NDK, also serves in the survival of the parasite
in host macrophages by preventing ATP-mediated cell lysis has not yet
been investigated.

Most organisms have many isoforms of adenylate kinase and try-
panosomatids has a larger AK network. In T. brucei and T. cruzi, seven
variants of AK were reported targeted to different subcellular struc-
tures, such as flagellum, glycosomes, mitochondrion and cytosol
[14–16]. In Leishmania donovani, the causative agent of visceral leish-
maniasis, which is the most fatal form of leishmaniasis, genome ana-
lysis shows the presence of seven AK isoforms. Of these, only one of
them- AK2 has been characterized till date [17]. This study reports the
functional and molecular characterization of a putative AK (LdAK2a)
from L. donovani. We successfully cloned, expressed and purified AK
gene of Leishmania donovani. Detailed kinetic analysis of the enzyme
with its substrates ATP and AMP, and the known inhibitor Ap5A was
carried out. Further biophysical characterization of LdAK2a was carried
out using CD spectroscopy and homology modeling to understand the
protein structure. Based on a sequence and phylogeny analysis, we tried
to identify the prominent features of the seven AK isoforms of Leish-
mania. We also demonstrated that recombinant LdAK2a protein pre-
vents eATP mediated cell cytolysis of RAW 264.7 macrophages. Based
on these results we propose that Leishmania AK must be one of the se-
creted proteins at the site of inflammation that can prevent ATP-
mediated cytolysis of their host cells by decreasing eATP, which is ex-
pected to accumulate at the site of infection.

2. Experimental procedures

2.1. In silico sequence and structure analysis

The amino acid sequences of AK from Leishmania donovani,
Trypanosoma brucei and Homo sapiens were retrieved from Swiss-
UniProt gene database [18]. The multiple sequence alignment of re-
trieved sequences was performed using Clustal Omega. The phyloge-
netic analysis was performed using MEGA 7.0 [19]. The maximum
likelihood method with statistical boot strapping (100 tests) was used
for phylogenetic tree analysis. Sequence analysis and identification of
nuclear localization sequence (NLS), nuclear exportation signal, was
carried out using online programs like NetNES (prediction server of
DTU Bioinformatics), MitoProt, and PSORT (Protein localization sites in
cells).

Three-dimensional homology model of LdAK2a was built using I-
tasser server with closest human homolog protein template [20]. The X-
ray crystal structure of Human AK 2 (PDB code: 2C9Y) was used to
generate homology model, which was then subjected to model refine-
ment which was done using Moderefiner program. The energy mini-
mization of generated model was carried out using Charmming-gui
server [21]. Stereochemical analysis of LdAK2a homology model was
performed using PROCHECK [22]. The overall quality factor analysis of
homology model was done by Verify 3D and ERRAT analysis. Chimera
program was used for visualization of homology model [23]. The pro-
gram ALIGN was used to superpose LdAK2a model with Human AK
(PDB ID: 2C9Y) and analyze the RMSD of corresponding C-alpha posi-
tions of both structures [24].

2.2. Cloning, expression and purification of LdAK2a protein

L. donovani (Ag83 strain) genomic DNA was used as a template for
PCR based amplification of 657 bp long putative AK gene (UniProt ID:
E9BQG6). The sense primer 5′-GTA GGA TCC ATG AAG ATT GTG CTC
ATG GGC-3′ introduced with BamHΙ restriction site and antisense
primer 5′-GTA CTC GAG CTA CTT GAG ACC CGT TGC AAT-3′ in-
troduced with XhoΙ restriction site were used for PCR amplification.

The restriction digested PCR amplified product was cloned into pET30a
expression vector (Novagen). The successful clone construct pET 30a-
LdAK2a was checked using sequencing. Since the cloned gene did not
give soluble protein expression, in order to sub clone this LdAK2a gene
into pET 28a expression vector (Novagen), the pET 30a-LdAK2a clone
was digested with BamHΙ and XhoΙ and the purified digested gene
product was ligated into BamHΙ and XhoΙ restriction digested pET 28a
plasmid. The successful cloned construct was confirmed through se-
quencing.

The pET28a-LdAK plasmid was transformed in Rosetta DE3 E.coli
cells (Invitrogen). The transformed E.coli cells was grown in Luria broth
medium supplemented with 34 μg/ml chloramphenical and 50 μg/ml
kanamycin at 37 °C shaking at 220 r.p.m. At an OD600= 1, induction
was given to cells with 0.5mM IPTG (Sigma Aldrich) after which the
cells were grown for 12 h at 16 °C and harvested by centrifugation at
5000g. The pellet was further resuspended in lysis buffer (50mM tris,
200mM NaCl, 1% TritonX-100, 10mM MgCl2) and lysed using soni-
cation for 5min with 10 s burst and 10 s cooling (Sonics, Vibra cell).
The lysed cells were centrifuged at 8000 r.p.m. The supernatant was
loaded on equilibrated Ni-NTA agarose resin (Sigma Aldrich) column
(equilibration buffer 50mM Tris-HCl, 200mM NaCl, 15mM
Immidazole, pH 8.5). It was further washed with wash buffer (50mM
Tris-HCl, 200mM NaCl, 20mM Immidazole, pH 8.5). The protein elu-
tion was carried out using elution buffer (50mM Tris-HCl, 200mM
NaCl, 250mM Immidazole, pH 8.5). Subsequent eluted fractions were
analyzed by SDS PAGE. LdAK2a protein fractions were pooled together
and further dialyzed at 4 °C overnight in 50mM Tris-HCl pH 8.5 con-
taining EDTA (0.1mM), 2-mercaptoethanol (0.1%). LdAK2a protein
was concentrated using 10,000MW cutoff centricon (Amicon) and were
analyzed by SDS-PAGE and quantified by Bradford method.

2.3. Protein identification by MALDI-TOF analysis

For identification of protein, LdAK2a protein band (33 kDa) was
excised from the destained SDS PAGE gel followed by trypsin digestion.
The digested sample was then subjected to MALDI TOF MS/MS using
AB SCIEX QSTAR elite LC-MS/MS system. (AB SCIEX, USA).

2.4. Enzyme kinetic analysis

AK enzyme activity was studied by measuring rate of NADH dis-
appearance spectrophotometrically at 340 nm with addition of varying
concentrations of ATP (Sigma Aldrich) and AMP (Sigma Aldrich) to the
reaction mixture at 30 °C. Assay reaction mixture (0.5 ml) contained
0.1 mM Tris-HCl (pH 8.5), 120mM KCl, 1 mM Phosphoenol pyruvate
(Sigma Aldrich, St. Louis, Mo), 0.2mM NADH (Sigma Aldrich),
0.125mM ATP, 0.125mM AMP, 4 U pyruvate kinase and 5 U LDH
(Sigma Aldrich), varying concentrations of ATP (0.025mM - 1.5 mM)
and AMP (0.025mM - 2.0 mM The Km and Vmax were analyzed by
double reciprocal Lineweaver–Burk plot. Enzyme inhibition by Ap5A
(Sigma Aldrich) was carried out using different concentrations of Ap5A
(50,100, 250, 500, 750 nM), 3 μg of enzyme and three different con-
centrations of one of the nucleotides (AMP (0.5 mM,1.25mM, 2mM)
and ATP (1mM, 2mM, 3mM). The Ki value for Ap5A inhibitor was
calculated and analyzed by using Dixon plot.

2.5. Analysis of effect of temperature, pH and divalent cations on enzyme
activity

In order to study the effect of pH on LdAK2a activity, the LdAK2a
protein (3 μg) was incubated with buffers of varying pH (4.5–9). The
buffers used for this study were Sodium acetate (pH 4.5, 5, 5.5),
phosphate (6, 6.5) and Tris HCl (pH 7, 7.5, 8, 8.5, 9). 0.5 ml of assay
reaction mixture contained 0.1mM buffer, 120mM KCl, 1 mM
Phosphoenol pyruvate, 0.2mM NADH, 0.125mM ATP, 0.125mM AMP,
4 U pyruvate kinase and 5 U lactate dehydrogenase, ATP (3mM) and
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AMP (2mM).
Effect of temperature on LdAK2a activity was monitored by in-

cubating purified LdAK2a samples (3 μg) at diverse range of tempera-
tures i.e. from 5 °C to 95 °C and measuring the activity of the enzyme.

The metal dependence of activity was measured in the presence of
various metals (CaCl2, CuCl2, CoCl2, MnCl2 and MgCl2) at 5mM con-
centration along with the reaction mixture and activity was measured.

2.6. CD spectroscopic studies

Far-UV measurement of LdAK2a was carried out using Jasco-J715
spectropolarimeter. 500mM of LdAK2a in 50mM Tris-HCl buffer
(pH 8.5) was used for the CD spectral measurements. The measurement
was taken at 16 °C within 190 to 260 nm range. The collected data
points were analyzed using K2D3 software for estimation of the sec-
ondary structure. To determine effect of temperature on structural
changes of LdAK protein thermal denaturation was performed with
increase in temperature from 25 °C to 95 °C (1 °C/min) and data were
collected at 222 nm. The effect of ligands on secondary structural
conformation of LdAK2a was analyzed by using CD spectroscopy after
incubating the protein (5 μg) with 3 μg of ligands such as ATP, AMP,
ATP+AMP, ADP and inhibitor Ap5A.

2.7. Cell culture and enzyme treatment

The RAW 264.7 mouse macrophage cell line was obtained from
NCCS, Cell repository, Pune, India. Cells were cultured in DMEM
(GIBCO, Invitrogen) containing L-Glutamate. The culture medium was
supplemented with 10% FBS and PSN antibiotic solution (GIBCO,
Invitrogen). The cells were maintained at 5% CO2 at 37 °C in CO2 in-
cubator. Exponentially grown cells were used in experiments. For all
experiments, cells in exponentially growing conditions were used. For
in vitro experiments LdAK2a was purified. The buffers used during
purification were maintained at pH 7.4. The cells were primed with
100 ng of LPS for 12 h. The reactants used for in vitro experiments were
ATP (3mM), AMP (2mM) and Mg2+ (0.4mM). The final concentration
of 1 μg/ml LdAK2a enzyme was used with or without reactants. The
incubation period or treatment time of cells with reactants was kept
constant i.e. 6 h for each experiment.

2.8. Cell viability assay (MTT assay)

Cell viability was analyzed by MTT assay. RAW 264.7 (1.5× 104

cells/200 μl DMEM/ well) were cultured in 96 wells plate for 24 h,
which was then treated with 100 ng of LPS (Sigma Aldrich, St. Louis,
Mo) to activate P2X7 receptor expression and incubated for 12 h at
37 °C in CO2 incubator. After incubation, cells were washed with DPBS
(GIBCO, Invitrogen). The primed cells were treated with all reactants in
all possible combinations with or without recombinant LdAK2a protein
and were incubated for 6 h. Upon completion of incubation period,
0.5 mg/ml MTT solution was added to the total volume of culture
medium and incubated for 3 h at 37 °C in a CO2 incubator. After that,
MTT solution was removed and 0.1 ml of DMSO was added to each
well. Finally, the absorbance was recorded at 570 nm with a reference
wavelength of 650 nm using a Multimode microplate reader
(SpectraMax M2e, Molecular devices, USA).

2.9. Lactate dehydrogenase assay

In brief, RAW 264.7 were seeded into 96 well plate at 1.5× 104

cells/200 μl DMEM/ well and primed with 100 ng of LPS (Sigma
Aldrich) for 12 h at 37 °C with 5% CO2. The LPS primed macrophage
cells were then incubated for 6 h with all possible combinations of
3mM ATP, 2mM AMP, 0.4 mMMg2+ with or without recombinant
LdAK2a protein. Upon 6 h incubation with the reactants, cell suspen-
sion was collected and LDH release was measured using Multimode

microplate reader (SpectraMax M2e, Molecular devices, USA). The ratio
of LDH release was calculated. Cells treated with Triton-X-100 (Sigma
Aldrich, St. Louis, Mo) were taken as positive control and untreated
cells as negative control.

2.10. Mitochondrial membrane potential permeability assay

JC-1, a lipophilic cationic fluorescent dye was used to monitor
change in mitochondrial membrane potential [25]. 1× 105 RAW 264.7
cells were cultured in 24 well plate on poly L-lysine coated coverslips.
The cells were primed with 100 ng/ml LPS followed by incubation for
12 h at 37 °C in CO2 incubator. The primed cells were washed with
DPBS (pH 7.4) and treated with 3mM ATP alone and or with reactant
mixture (3mM ATP+2mM AMP+0.4mMMg2+) in presence of ac-
tivated and heat inactivated protein for 6 h. Further, residual medium
was replaced with DPBS containing JC-1 dye (5 μg/ml) and incubated
for 20min in the dark. Thereafter, the cells were counterstained with
DAPI and mounted with fluoromount mounting medium (Sigma-Al-
drich, USA). The cells were observed under fluorescence micro-
scope.> 150 cells from three random fields were analyzed by Image J
software (NIH, USA). For quantitative analysis of MMP assay, 2× 104

cells were cultured in 96 black well plate and subjected to treatment as
described earlier. After completion of incubation, the cells were stained
with JC-1 dye (5 μg/ml) and incubated for 20min in the dark. The
fluorescence was recorded at 527 nm (green fluorescence) and 590 nm
(red fluorescence) using Multimode microplate reader (SpectraMax
M2e, Molecular devices, USA). The results for changes in mitochondrial
membrane potential were interpreted by comparing ratio of red to
green fluorescence.

2.11. Statistical analysis

All the cell biology experiments were performed in triplicates. The
values of results were means of triplicate samples with standard errors.
Data analysis was carried out using one way analysis of variance
(ANOVA) followed by Newman Keuls using GraphPad Prism 5.0 soft-
ware. Differences between values were considered statistically sig-
nificant when *P≤ .05, **P≤ .010, ***P≤ .010.

3. Results

3.1. Sequence analysis of L. donovani AK isoforms

A phylogeny analysis of LdAK isoforms were performed with human
and Trypanosoma brucei AK isoforms using the maximum likelihood
method (Fig. 1). Leishmania AK6 grouped together with the Human AK6
and T. brucei AK6. Both these isoforms had a characteristic NLS se-
quence, which is generally found in AKs associated with the nucleus.
The LdAK isoform E9BI02 which possessed a large LID domain grouped
with human AK4 and AK3. Human AK3 and AK4 are mitochondrial
AKs. Leishmanial AK- E9BTK0 was grouped with T. brucei Q38B28.
Each of these AKs had high pI values indicating association of their
activities within glycosomal matrix. Leishmanial AK- E9BFD5 was
clubbed together with several T. brucei AKs that possessed long leader
sequence at upstream of phosphate binding loop. It has been reported
that these AKs have role in flagellar activity. Leishmania putative AK
(E9B861) with a short LID domain grouped with Human AK1, whose
activity was associated with cytosol.

Multiple sequence analysis of several isoforms of AKs from human,
Trypanosoma brucei and Leishmania donovani was carried out to identify
conserved and functionally important domains, amino acid residues as
well as to distinguish putative AK isoforms from each other. All the
three domains i.e. LID domain, CORE domain and NMP binding domain
was found to be conserved within all the isoforms. Critical analysis of
all these sequences reveal that L.donovani putative AK E9BIO2 is the
only Leishmanial AK isoform that has the characteristic Zinc binding
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motif as well as the mitochondrial import sequence at N-terminal 11-
amino acid residues, which is very close to P-loop.

The multiple sequence alignment of LdAK2a (E9BQG6) with other
AKs confirms the presence of three conserved domains i.e. NMP binding
domain, LID domain and a CORE domain (Supplementary Fig. 1). A
decapeptide walker motif (P loop), G-X-X-X-G-L-T/S related to ATP
binding site was conserved in position 7–16 amino acids. A 38 amino
acid large Lid domain was found to be conserved within 121–159
amino acid residues. The zinc motif sequence i.e. C-X2-C-Xn-C-X2-C
whose function is to provide stability to protein, was not found in
LdAK2a sequence. The NMP binding domain i.e. AMP binding site
ranges from 30 to 61 amino acids. Catalytically important amino acids
residues Lys 13, Arg 36, 88,119 were found to be conserved in LdAK2a.

3.2. Cloning, expression and purification of LdAK2a

The LdAK2a gene was cloned in pET28a expression vector and ex-
pression in E.coli DE3 Rosetta cells was obtained with 0.5 mM IPTG
induction. The expressed soluble LdAK2a protein was further purified
using Ni-NTA affinity chromatography. The purified protein showed a
single polypeptide band in SDS PAGE corresponding to a molecular
mass of 33 kDa (Fig. 2.A and B). The identity and molecular mass of
Leishmania donovani AK2a protein was confirmed by MALDI TOF MS/
MS analysis.

3.3. Molecular characterization of recombinant LdAK2a

Enzyme activity of the purified LdAK2a was assayed as described in
methodology. The Km value estimated for ATP and AMP was 204 μM
and 184 μM respectively. Vmax i.e. maximum enzyme activity of LdAK2a
measured at saturation concentration for both ATP and AMP substrates
(i.e. 3 mM and 2mM, respectively) was 1.6 μmol ADP formed
min−1mg−1protein. The stability of the recombinant protein was also
checked by measuring its time dependent activity at a temperature of
30 °C. Though there was a time dependent reduction in the AK activity,
it remained active up to approximately 30 days after purification.
(Fig. 2.C).

The pH dependence of the enzyme was checked by measuring its
activity in buffers with varying pH ranges. LdAK2a was active over a pH

range (4.5 to 9) with maximum activity at pH 8.5. (Fig. 2.E) Thermo
stability studies showed that the enzyme is active up to approximately
35 °C, beyond which it started losing its activity. (Fig. 2.D).

The effect of divalent metal ions on LdAK2a activity was checked
with Ca2+, Co2+‐, Cu2+, Mg2+ and Mn2+. The enzyme did not exhibit
its activity with Co2+ and Mn2+ divalent cations. The maximum ac-
tivity was seen with Mg2+.The metal ion activation was in the order of
Mg2+ > Ca 2+ > Cu2+. (Fig. 2.F).

3.4. Inhibition of recombinant LdAK2a by AP5A inhibitor

The effect of Ap5A, which is a known nucleotide analogue inhibitor
of AK, on the activity of LdAK2a, was studied under standard assay
conditions. Analysis of LdAK2a inhibition was carried out using varying
concentration of Ap5A at saturating concentrations of the other sub-
strate [ATP (3mM) and AMP (2mM)]. Ki values were calculated as
280 nM and 230 nM for ATP and AMP respectively, (Fig. 3.A and B)
using Dixon plot.

3.5. Comparative modeling of LdAK2a

In the absence of L. donovani crystal structure, the tertiary structure
of LdAK2a was predicted using I-tasser server using the closest human
homolog- Human AK 2 (PDB code: 2C9Y) X-ray crystal structure as the
template (Fig. 4.A). The energy minimization of the best fit model was
carried out using Charmm-gui server. Ramachandran plot analysis of
the predicted structure was carried out using online tool PROCHECK,
which showed predicted protein with 87% residues in most favored
regions, 9.2% in additional allowed regions and 3.8% in generously
allowed regions. ERRAT plot analysis indicates that overall quality
factor for LdAK2a model was about 98.068.

LdAK2a model is α/β domain protein comprising of eleven α helices
(α1-α11) and three β strands (β1-β3). The structure has the three
characteristic sub domains- LID, CORE and NMP binding domain. The
CORE domain consists of a decapeptide Walkers motif i.e. P loop
binding site (7–16 amino acid residues). The NMP binding site consists
of α2 and α3 helixes. This NMP binding site is flexible and is involved
in binding of AMP substrate. The LID domain comprising of α8 and α9,
is the active site of LdAK2a involved in binding of ATP.

The human homolog structure of AK (PDB ID: 2C9Y) was super-
posed over the modeled LdAK2a with an RMSD of 1.14 A°. (Fig. 4. B.).
RMSD of C-alpha positions of the LdAKa model and the human AK
structure was plotted after superposing these structures using the pro-
gram ALIGN keeping the LdAK2a model as the fixed coordinate set and
the Human AK as the moving co-ordinate set. (Supplementary Fig. 2).
There was maximum deviation in the LID region corresponding to re-
sidues 121–159. Residues corresponding to the NMP binding region
(residues 30- to 61) was absent in the Human AK structure.

3.6. Circular dichorism spectroscopy of LdAK2a

The CD spectroscopic analysis was used to determine secondary
structure and folding patterns of the LdAK2a protein (Fig. 5.A). The CD
spectra of LdAK2a showed minima at 208 nm and 222 nm. Analysis of
CD data through K2D3 program showed that the recombinant LdAK2a
secondary structure comprises of 51% α-helices and 9% β-sheets con-
sistent with the predicted LdAKa model. Thermal melting study showed
that the protein remained intact to around 37 °C after which it started
unfolding. (Fig. 5.B).

The effect of ligands on secondary structural conformation of
LdAK2a was analyzed by using CD spectroscopy. There were no sig-
nificant changes in the secondary structure on incubating the protein
with ATP / AMP / ADP / Ap5A alone. Largest secondary structure
conformational change was observed in the presence of both the sub-
strates- ATP and AMP together. (Fig. 5.C) There was a decrease in β-
sheet content with an increase in α-helix content.

Fig. 1. Phylogenetic tree of Adenylate Kinase isoforms of Homo sapiens,
Trypanosoma brucei, Leishmania donovani.
Sequences were retrieved from Swiss-Prot gene data base and phylogenetic tree
was constructed using MEGA 5.0 software. The maximum likelihood method
with statistical boot strapping (100 tests) was used.
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3.7. Leishmanial recombinant AK2a mediates increase in cell viability and
prevents ATP induced release of LDH from RAW 264.7 macrophages

Earlier reports suggest that eATP exposure to macrophages resulted
in their cytolysis and that AK and other ATP utilizing enzymes were
found to be released by Leishmanial parasites at the site of inflamma-
tion in macrophages. To examine whether LdAK2a has any role in ac-
cumulation of eATP and prevent eATP induced macrophage cell death,
we initially investigated the macrophage cell viability in presence of
different nucleotides with or without purified recombinant LdAK2a
enzyme. We have analyzed cell viability in LPS primed macrophage
cells in presence of different concentrations of ATP (1mM, 2mM, 3mM

and 5mM) and AMP (0.5mM, 1.5 mM, 2mM) and Magnesium
(0.05 mM, 0.1 mM, 0.2 mM, 0.4mM) (Data not shown). The increase in
concentration of ATP and incubation treatment time resulted in mac-
rophage cell death. It was observed that AMP itself does not have any
effect on viability of cells. The ATP and AMP concentration was selected
on the basis of the enzyme activity studies. In order to assess cell via-
bility of macrophages in presence of LdAK2a, we used 3mM ATP, 2mM
AMP and 0.4mMMg2+ with 1 μg/ml of purified recombinant LdAK2a
for an incubation period of 6 h in the MTT assay. A significant 70%
decrease in cell viability was observed in 3mM ATP treated LPS-primed
macrophage cells. While AMP and Mg2+ individually do not have any
effect on change in cell viability, it was significantly increased in the

Fig. 2. Heterologous expression and molecular characterization of recombinant LdAK2a.
SDS PAGE analysis of expression and purification of LdAK2a (A) E.coli DE3 Rosetta cells containing pET28a-LdAK2a were induced with 0.5mM IPTG. Lane M:
Molecular weight marker, Lane 1: Total bacterial cells sample after IPTG induction and cell lysis, Lane 2: Supernatant; Lane 3–7: eluted factions of LdAk2a (B) SDS
PAGE analysis for purity of concentrated recombinant LdAK2a protein. Lane 1: Molecular weight marker and Lane 2: purified concentrated protein. The concentrated
purified protein shows approximately 95% purity after purification.
Kinetic analysis of purified recombinant LdAK2a (C) Time dependent enzyme activity (D) Effect of temperature (E) Effect of pH (F) Effect of metal ions (Manganese,
Calcium, Copper, Magnesium) on LdAK2a enzyme activity.
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presence of LdAK2a incubated with both nucleotides- ATP and AMP.
Addition of cofactor Mg2+ along with ATP and AMP nucleotide mod-
ulates LdAK2a activity, which results in percentage increase of cell
viability from 55% to 86% in ATP, treated LPS primed macrophages.
Enzymatically active LdAK2a increases the cell viability in eATP treated
LPS macrophage cells (Fig. 6.A). To further investigate the role of
LdAK2a in reducing ATP mediated cytolysis, we performed the LDH
release assay with LPS primed RAW 264.7 macrophages in the presence
of LdAK2a, ATP, AMP and Mg2+ with suitable concentrations. In the
presence of 3mM of eATP, increase in LDH release was observed
compared to the control. The LdAK2a protein with other combinations
of ATP, AMP and Mg2+ was used in this study. In the presence of ATP,
AMP and Mg2+, the enzymatically active LdAK2a decreases LDH re-
lease which confirmed that LdAK2a utilizes eATP and prevents eATP
induced cytolysis of macrophages (Fig. 6.B).

3.8. Recombinant LdAK2a impede ATP induced changes in mitochondrial
membrane potential permeability of RAW264.7 macrophages

The role of LdAK2a in preventing early events of eATP induced
changes in mitochondrial membrane potential permeability of

macrophages was performed by observing mitochondrial membrane
potential. JC-1 incorporates into mitochondria of LPS primed RAW
264.7 cells i.e. control cells and forms J aggregates which results in
emission of red fluorescence, indicative of healthy non apoptotic mac-
rophage cells. In apoptotic cells, it remains in monomeric form within
cytoplasm and emits green fluorescence. The exposure to 3mM ATP for
6 h resulted in apoptosis of the macrophages cells as indicated by the
green fluorescence. The addition of enzymatically active LdAK2a re-
stricted the macrophages cells to undergo changes in mitochondrial
membrane potential permeability event that may lead to cell death.
(Fig. 7.A) On the other hand, when the cells were treated with LdAK2a
which was heat inactivated by boiling (BrLdAK2a); it resulted in the
emission of green fluorescence indicating apoptosis of the cells. The
quantitative analysis of mitochondrial membrane potential was done
through spectrofluorometry, which replicated the same results.
(Fig. 7.B).

4. Discussion

Adenylate kinase is a highly conserved ubiquitous and essential P-
transfer enzyme, whose primary functions are related to maintenance of

Fig. 3. Dixon Plot of inhibition of recombinant LdAK2a by inhibitor Ap5A Inhibition kinetics study was carried out using 3 μg of LdAK2a incubated with different
concentrations of Ap5A (50,100, 250, 500, 750 nm) and three different concentrations of (A) ATP (1mM, 2mM, 3mM) and (B) AMP (0.5 mM, 1.25mM, 2mM). Each
value represents mean of triplicate determinants.

Fig. 4. Homology model and superposition of
LdAK2a
(A) Homology model of LdAK2a showing P-loop,
NMP binding domain and ATP binding domain.
(B) Superposition of LdAK2a model with crystal
structure of Human AK2 (PDB code: 2C9Y) shows a
superposition with RMSD of 1.140 A°. LdAK2a model
and Human AK2 are indicated in grey and cyan color
respectively.

P.G. Kulkarni, et al. Parasitology International 72 (2019) 101929

6

http://firstglance.jmol.org/fg.htm?mol=2C9Y


adenine nucleotide pool and energy metabolism within cells. In addi-
tion to this, AK, secreted enzyme was found to be released along with
other ATP-related enzymes which are known to modulate ATP levels
during macrophage death and has been proposed as a virulence factor
in many bacteria [1–3]. Not much work has been done in this inter-
esting group of enzymes from the deadly protozoan parasite Leishmania
sp. The only earlier characterization done on AKs from Leishmania sp.
was that of adenylate kinase 2 [17].

A network of AK isoforms was reported within human (AK1-AK9)
and in Trypanosoma sp. (AK1-AK7) [4,14]. Trypanosomatids have an
expanded AK family with T. brucei having seven variants targeted to
different subcellular structures, such as flagellum, glycosome, mi-
tochondrion and cytosol [14,15] and T. cruzi having six variants tar-
geted to different predicted subcellular compartments [26,27]. Another
nuclear AK variant in T. cruzi was located in the cell nucleus whose
functions associated with ribosomal RNA processing [16]. AK activity
in kinetoplastids has been found to be associated with the membrane of
glycosomes. Presence of several putative Leishmania donovani AK se-
quences in NCBI nucleotide database arises question about why these
distinct isoforms within Leishmania donovani are needed in diverse
cellular compartment and whether there is a functional similarity be-
tween LdAK isoforms with human and Trypanosoma species AK. To get
insight into these questions we performed phylogenic and sequence
analysis.

Our critical sequence analysis of all of these LdAK sequences iden-
tifies some interesting information about presence of AK family

isoforms within Leishmania. Genome analysis showed that Leishmania
major presents seven putative variants. Sequence comparisons and
phylogeny analysis of these isoforms with Human and Trypanosoma
brucei isoforms gave us insight about the probable subcellular locali-
zation of these AK isoforms. All the three characteristic domains of AK
i.e. NMP binding domain, LID domain and CORE domain were con-
served in these isoforms. In mammalian cells, it is reported that a large
LID domain is characteristic of AKs showing activity in mitochondria
while AKs with small LID domain show cytoplasmic activity [28].
Among the seven AK isoforms of L. donovani, E9B861 might be the only
cytosolic LdAK, since it encoded for a shorter form of AK, with a LID
domain of 18 amino acids. In T. brucei AK, it was reported that AK
isoforms with N-terminal flagellar localization signals were found in-
side axoneme or extra axonemal structure called paraflagellar rod [14].
The presence of similar N-terminal extension within E9BFD5 might be
indicative of its activity within flagellar axoneme of leishmania pro-
mastigotes. Presence of mitochondrial import signal and nuclear ex-
portation signal in E9BIO2 sequence reveals its association with leish-
manial mitochondria.

The putative LdAK2a (E9BQG6) that we cloned and characterized in
the present study showed significant homology with Human AK (46%)
and L. donovani AK2 (36%). This had a long LID domain of 38 amino
acids showing high sequence similarity with LdAK2. The Phosphate
binding loop which is responsible for ATP binding was found to be
conserved. The Zn binding motif, which provides stability to certain
AKs was absent in LdAK2a, which also suggested that it uses only Mg2+

Fig. 5. Secondary structural conformational profiles of LdAK2a analyzed by far-UV CD spectroscopy.
(A) Far UV CD spectra of LdAK2a shows LdAK2a is comprised of both α-helices and β-sheets
(B) Thermal denaturation curve showing that LdAK2a is stable till ~ 370C.
(C) Effect of substrates and inhibitor (Ap5A) on secondary structure of Ap5A. LdAK2a in the presence of ATP and AMP substrates showed maximum secondary
structural changes.
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as a cofactor to accelerate its activity. The catalytically important re-
sidues such as R36, 88,119 were found conserved in LdAK2a.

To further characterize the enzyme, we cloned LdAK2a (UniProt Id:
E9BQG6) from L. donovani genomic DNA (ag83) and expressed it as a
His-tagged recombinant protein in E. coli Rosetta DE3 cells. Purified
LdAK2a was further used for its characterization. Kinetic character-
ization was carried out. Maximum activity has been observed at pH 8.5.
LdAK2a showed activity till ~ 37 °C. This was consistent with the CD
spectroscopy studies of the recombinant protein, which showed that the
enzyme loses its secondary structure at its Tm of ~ 37 °C. Among the
divalent ions tested, LdAK2a showed maximum activity in the presence
of Mg2+ and there was no activity in the presence of Mn2+ and Co2+.
The enzyme was inhibited by Ap5A, which is a substrate analogue that
mimics the simultaneous binding of both the substrates i.e. ATP and
AMP. Ap5A is a proven inhibitor of several AKs including Leishmanial
AK2. It has been shown that Ap5A inhibits leishmanial growth, which
was partially reversed by the addition of ADP [17]. Structural char-
acterization of the protein and comparative studies with human
homologous AK structures is required to evaluate its potential as a
suitable anti-Leishmanial drug target.

Homology modeling of LdAK2a and comparison of the predicted
structure with human AK structure showed that there is substantial
difference in the LID domain region. Presence of several isoforms of AK
in different compartments of the cell led to the suggestion that in-
tracellular enzymatic phosphotransferase network that communicates
the spatially separated intracellular ATP consumption and production
processes is a promising starting point for drug design against human
trypanosomatids like Leishmania and Trypanosoma [29]. Further eva-
luation of LdAK2a as a drug target is possible only after a critical
analysis of the crystal structure of this enzyme with various ligand
complexes and our current studies are focused on obtaining crustal
structures of this protein.

It is well studied that many pathogenic microorganisms evolved
strategy to modulate the level of NTPs by secreting NTP utilizing en-
zymes. Extracellular ATP (eATP), an important signal nucleotide which

is found to accumulate at the site of inflammation and trigger the death
of immune cells, by binding to the purinergic receptor of the P2X family
such as P2Z, P2X7 receptors [30]. This activation of puringenic re-
ceptors is responsible for pore formation in macrophage membranes,
which results in cell death. Extracellular pathogenic bacteria like
Pseudomonas, Mycobacterium, Vibrio etc. have evolved strategies to
promote macrophage apoptosis by releasing enzymes that increase
eATP levels. Intracellular pathogens like Leishmania spp. should follow
a reverse strategy that support invasion and persistence within host
macrophages cells, by releasing eATP utilizing enzymes that prolong
their survival in the host cells. Very little information is available about
such molecules that mediate apoptosis / necrosis of host cells from
intracellular pathogens. It has been reported that NdK is released in L.
amazonensis capable of decreasing eATP and both native and re-
combinant NdK could prevent ATP induced cytolysis of macrophage
cells in vitro [31].

Proteomics analysis of secretome of leishmania identified adenylate
kinase as a secreted protein whose activity is found be associated with
the glycosomes [12,13]. In order, to investigate whether LdAK2a have
any functional importance as an evasive determinant for the successful
infection of macrophages, in the present study, recombinant adenylate
kinase from Leishmania donovani was analyzed for its role in infection
within mouse macrophage cells. Our analysis showed that en-
zymatically active recombinant LdAK2a along with its substrates i.e.
ATP, AMP and cofactor Mg2+ enhanced the percentage of cell viability
within macrophages and lowered the ATP-induced LDH release from
macrophages. Enzymatically active LdAK2a could also lower the mi-
tochondrial membrane permeability of macrophage cells whereas heat
inactivated LdAK2a had no effect. The change in membrane potential
plays crucial role in many physiological processes and the loss of mi-
tochondrial membrane potential is associated with apoptosis. Based on
these results, we propose that in Leishmania donovani, secreted AK
might be one of the ATP utilizing enzymes that when released at the site
of infection can prevent ATP mediated cytolysis of their host cells by
decreasing eATP which accumulates at the site of inflammation,

Fig. 6. LdAK2a mediates increase in cell viability and prevents ATP induced release of LDH.
(A) Determination of LPS primed Raw 264.7 macrophage cells viability in presence of ATP (3mM), AMP (2mM) nucleotides and Mg2+ (0.4mM) cofactor with or
without purified recombinant LdAK2a (1 μg) was carried out through MTT assay. The obtained value were plotted into graph by using Graphpad Prism. (B) ATP
mediated cytolysis of LPS-primed Raw 264.7 macrophage cells were assayed by determining activities of cytosolic LDH release. LDH release from cells treated with
Tritox X-100 was set as 100%. The graph shows prevention of LDH release in presence of Triton-X-100, recombinant LdAK2a enzyme (1 μg), ATP (3mM), AMP
(2mM) and Mg2+ (0.4mM) cofactor,. The values of results were means of triplicate samples with standard errors. Data analysis was carried out using one way
analysis of variance (ANOVA) followed by Newman Keuls using Graphpad Prism 5.0 software. Differences were considered statistically significant at *P≤ .05,
**P≤ .010, ***P≤ .010.
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helping them in their survival as an intracellular parasite.
In conclusion, our data suggests the AK2A activity is likely to be

necessary for survival of macrophages infected by L. donovani, and
therefore survival of L. donovani. Additional genetic knockout and RNA
knockdown experiments of the AK2A gene are necessary to test this
hypothesis which would further strengthen the idea about its potential
as a drug target in Leishmania.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.parint.2019.101929.
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