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Abstract The widespread role of ATP in humans has been

characterized as a substrate for metabolism as well as other

key processes occurring in the human system. Hence, the

ATP pool may also be accessible to the invaders, including

Leishmania donovani (a protozoan parasite), considering

the fact that ATP is not scarce at the cellular location where

the pathogen resides. The protozoan parasite survives in the

human host by utilizing purines from its extracellular

environment, due to its inability to synthesize purines de

novo. The purines are accessible in the form of nucleoside

triphosphates (NTPs), for example, adenosine (ADO) in the

form of ATP molecules. These NTPs are processed by the

ecto-nucleotidases in the transmembrane region of the

parasite, which are then transported inside via nucleoside/

nucleobase transporters belonging to the ENT family of

transporters. Besides, the breakdown of NTPs by ecto-nu-

cleotidases also yields inorganic phosphate (Pi) as by-

product which is utilized by the parasite to maintain Pi

homeostasis. These transporters have been characterized in

protozoan parasites exhibiting homology in various species

of Leishmania. Once inside the parasite, these purines (or

their derivatives) are fluxed into purine metabolic pathways

with the help of several cytosolic enzymes, prominently,

adenosine deaminase, adenine amino hydrolase, phospho-

ribosyl transferases (APRT, HGPRT and XPRT) and ade-

nosine kinase. This review outlines the predominant role of

extracellular nucleotide metabolism and intracellular

metabolic machinery in the containment of leishmanial

infection. It also highlights the importance of inorganic

phosphate transporter in relation to the purine transport.
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Abbreviations

NTP Nucleoside triphosphate

ADO Adenosine

GUO Guanosine

INO Inosine

PYR Pyrimidine

Pi Inorganic phosphate

LdNT Leishmania donovani nucleoside transporter

Pu Purine

HGPRT Hypoxanthine-guanine phosphoribosyl transferase

XPRT Xanthine phosphoribosyl transferase

APRT Adenine phosphoribosyl transferase

AK Adenosine kinase

AAH Adenine aminohydrolase

Introduction

Leishmaniasis (Kala azar) is an infectious disease caused

by protozoan flagellate parasite, i.e. Leishmania, transmit-

ted by the bite of female Phlebotomine sand flies,

categorised into cutaneous (CL), muco-cutaneous (MCL)

and visceral leishmaniasis (VL) depending upon their

pathological manifestations. The disease is endemic in 88

countries across the world with most impact on developing

countries like India, Nepal and Bangladesh (World Health

Organization 2010; Alvar et al. 2012; Ready 2014).

According to World Health Organization report in 2014,

more than 90% of new cases occurred in Brazil, Ethiopia,

Somalia and Sudan, including India. VL is the most deadly

form of the disease caused by Leishmania donovani, if

remained untreated (Stauch et al. 2011). The parasite exists

as flagellate promastigote in the sandfly and non-flagellate

amastigote in humans. The experimental parameters

influencing the pathogenecity in mice models have also

been discussed recently (Loeuillet et al. 2016). However,

the experimental form of the disease may not be the true

reflection of its human form. Not only morphological, these

two stages of the parasite are functionally very distinct

(Dayakar et al. 2012). With the bite of the sand fly, these

parasites along with the saliva enter inside the human host

and disseminate to various visceral organs of the body,

thus, complying with the term ‘Visceral Leishmaniasis’.

The problem in treatment of the VL patients has been

aggravated by emergence of unresponsiveness to the first

line drug i.e. sodium antimony gluconate (SAG). This has

been further compounded by the side effects associated

with the widely used drug Amphotericin B and its variants
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(Ashutosh and Goyal 2007; Chawla and Madhubala 2010;

Garcı́a-Hernández et al. 2012; Leprohon et al. 2015).

Recent reporting of unresponsiveness to Amphotericin B

has raised the concern. Furthermore, the unresponsiveness

to existing drugs (Singh et al. 2012; Rajasekaran and Chen

2015), side effects associated with new drugs (Gupta

2011), occurrence of post kala azar dermal leishmaniasis

(PKDL), persistence of parasite reservoir etc. are major

challenges and pose a threat of outbreak in coming years. It

is believed among the scientific community that the disease

has been incidentally contained by the National Malaria

Control Programme sponsored by Government of India in

the region. The anti-mosquito spray also restricts the sand

fly colony and thus the spread of the disease. It is worth to

mention the Kala-azar Eradication Programme of

Government of India, which has been successful and

gradually moving ahead toward the eradication of the

disease. Despite of all these efforts, the disease can still be

found in certain regional pockets of Bihar and adjoining

states of India, which is a major threat to eradication of the

disease. All these are indicative of the need to have a newer

and better anti-leishmanial drug for disease management.

The parasitic behaviour is defined by the ability of any

organism to seek host support for its survival. Leishmania

parasite exhibits parasitism by extracting key substances from

the host cells i.e. macrophages, for their maintenance and

survival (Rodrigues et al. 2016). Unlike their mammalian

host, Leishmania lacks the machinery for nucleotide synthe-

sis. Acquisition of nucleotides from the host cells is one of the

pathways crucial for the growth of Leishmania species. Being

a unicellular eukaryote, the Leishmania parasite requires

metabolic activities to generate energy for survival. Interest-

ingly, these parasites do not have the ability to synthesize

nucleotide rings de novo, and therefore, depends upon the

salvage of preformed nucleotides from the host (Ullman et al.

2008; Boitz et al. 2012b; Boitz and Ullman 2013). The

extracellular environment of the parasite comprises of puri-

nes, pyrimidines and their derivatives. For example, ATP,

ADP, AMP, adenosine and adenine are available in the milieu

possibly in the varying proportions. To facilitate their

acquisition, parasite expresses various enzymes and trans-

porters on their surface (Martin et al. 2014). These purine

derivatives are generated by the catalytic activity of mem-

brane-bound enzymes, known as ecto-nucleotidases (ecto-

NTDases), which can then be transported inside the parasite

via nucleoside/nucleobase transporters (Ortiz et al.

2007, 2009; Carter et al. 2010). The ecto-NTDases release

pyrophosphates (PPi) from the nucleotides which can further

be converted into inorganic phosphate (Pi) by pyrophos-

phatase (Cosentino-Gomes and Meyer-Fernandes 2011; Leite

et al. 2012; Freitas-Mesquita and Meyer-Fernandes 2014).

This reaction plays an important role in maintenance of Pi

homeostasis in parasite, and thus, its survival per se.

Understanding the purine salvage pathway in detail

would enable us to derive approaches for inhibition of

either catabolism and/or transportation of purine across the

membrane. Thus, it may possibly restrict the growth of the

parasite. Based on various studies, it is observed that the

purine salvage pathway is not a ‘one-line’ pathway. Major

steps of the pathway, if not all, are found to be bypassed

and can be corroborated by another enzyme(s)/sub-path-

way (Berg et al. 2010). Considering such proposition,

perhaps not one drug, but possibly a combination of inhi-

bitors may inhibit the growth of the parasite. In contrast to

pyrimidine salvage pathway, distinct differences are

reported in purine salvage pathway of the parasite and its

mammalian counterpart (Van Den Berghe et al. 2012).

However, it is essentially required to explore the exclu-

sivity of the enzyme(s) or transporter(s) or their combina-

tions for survival of parasite.

In this review, we have focused on the significance of

purine (adenine) salvage pathway for the survival of

Leishmania donovani parasite. Additionally, its role in

visceralization of the Kala-azar disease and the possible

involvement of an enzyme and/or transporter to support the

aforementioned pathway has been discussed. The status of

the purine salvage pathway in drug-resistant and drug-

sensitive parasites has also been analysed. Besides the

critical examination of available literature relating to our

approach, we have also highlighted the future potential

methods for the containment of the parasite.

Nucleotide metabolism in Leishmania parasite
and its dependence on host

Acquisition of ATP and/or its derivative may considerably

be different between the two stages of the parasite, flag-

ellate promastigote and aflagellate amastigote. In the dis-

ease process, the promastigote enters in the macrophages

through phagosome, which then fuses with the lysosome

and the environment within the phagolysosome tries to

disrupt the promastigotes. In turn, promastigote converts

into amastigotes with the phagosome/phagolysosome. This

process in phagosome coincides with the routine process of

removal of cell debris, immune complex, dead/decaying

RBCs (if in spleen). The catabolic processing of such

cellular waste may lead to release of nucleotides in the

environment surrounding the parasite within the phago-

some/phagolysosome. In human form of the disease, the

parasite load varies among the visceral organs like spleen,

liver and bone marrow. However, it is believed that the

site-specific immune regulation in these organs is in gen-

eral attributed to the participating immune cell populations

interacting with the parasites. Intrigued by this observation,

it seems relevant to study the level of nucleotide supply to
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the parasite residing within the tissue-resident macro-

phages and its consequences on parasite load at a given

site.

As indicated above, the nucleotides in the extracellular

milieu are processed by the enzyme(s) expressed on the

surface of the parasite. Similarly, its human counterpart

also expresses ATP catabolic enzymes in phagosome/

phagolysosome (Pinheiro et al. 2006). Considering the

opposing effect of ATP and adenosine on immune

response, the host prefers to neutralize the nucleotide.

Conversely, it can be theoretically presumed that the

competitive acquisition by parasite within the microenvi-

ronment of the phagolysosome favors its survival. As per

our literature survey, there is no study comparing the

activity of host ATPase to that of parasite in the

phagolysosome along with their ability of competitive

nucleotide acquisition, if any. ATP ? ADP ? AMP ?
ADO is the reaction catalyzed by nucleotidases. The

plasma membrane of the protozoan parasite is equipped

with surface membrane bound ecto-enzymes. These

enzymes are described as 30- and 50-nucleotidase in

Leishmania that show functional homology to CD39 and

CD73 respectively, in humans. The cyclic flow diagram of

ATP metabolism is shown in Fig. 1 and the following

section describes the properties of the crucial enzymes

involved in the leishmanial infection. Purine salvage and

its interconversion in Leishmania is facilitated by a number

of enzymes like phosphoribosyltransferases, nucleoside

deaminases, nucleoside kinases, nucleoside hydrolases etc.,

to name a few. Out of these, the crucial enzymes for

scavenging nucleobases or nucleosides are Hypoxanthine–

guanine phosphoribosyl transferase (HGPRT), Xanthine

phosphoribosyl transferase (XPRT), Adenine

phosphoribosyl transferase (APRT) and Adenosine kinase

(AK). Adenosine, being the key purine for the establish-

ment of infection, can be salvaged into inosine or adenine

by adenosine deaminase (ADA) and adenosine hydrolase

respectively. The anti-inflammatory nature of adenosine as

a result of an effective TH2 response has been previously

reported (Faleiro et al. 2014). Besides, the concentrations

of adenosine are also proved to be high during the leish-

manial infection (Rai et al. 2011). The adenosine can be re-

converted to AMP by adenosine kinase (AK) and L.

donovani parasites are known to express high levels of AK

(Rai et al. 2011). This enzyme from L. donovani has been

isolated and characterized previously (DATTA et al. 2005).

It has been observed that the addition of adenosine

increases the cell number of the parasite significantly

in vitro and its deficiency leads to survival up to 2 weeks,

however, the cell number of the parasite is reduced sig-

nificantly (Rai et al. 2011). Earlier, it was demonstrated

that the saliva of the sand fly contains adenosine and

inoculation of parasite with sand fly’s saliva is essential for

establishment of the infection (Kato et al. 2007). Further-

more, intra-dermal challenge of animal with parasite does

not lead to establishment of infection (Côrtes et al. 2010).

However, challenging animals with parasite along with

salivary gland extract of the sand fly not only establishes

the infection but also resembles with the human form of

infection (Andrade et al. 2007). This has further been

strongly supported by the findings where addition of ade-

nosine at the time of infection increases the lesion size and

inhibition of adenosine receptor A2B decreases the lesion

size (de Almeida Marques-da-Silva et al. 2008). Moreover,

the parasites causing non-healing disease show increased

nucleotide hydrolysis as compared to parasite of self-

healing form of the disease (de Almeida Marques-da-Silva

et al. 2008). The properties of these ecto-nucleotidases are

mentioned in the next section.

As per our literature survey, the interaction of drugs

with the nucleotides in the extracellular milieu is not yet

established. The antimony is abandoned from the clinical

practices in Indian subcontinent after being the first choice

drug for almost half a century (Ashutosh and Goyal 2007).

Even then, the translocation of active drug components to

the parasite and/or infected cells is not yet completely

elucidated. Adenine is shown to make complex with the

pentavalent form of antimony (Baiocco et al. 2009).

Interesting to note that this complex formation occurs at

acidic pH (pH 5), but not at neutral pH (pH 7.2–7.4),

suggesting its role in translocation of the drug across the

parasite membrane in the phagolysosome (Baiocco et al.

2009).
Fig. 1 Enzymes involved in catabolism of ATP located on the

surface of Leishmania donovani parasite. CD39 and CD73 are the

analogues of 30-ecto-nucleotidase and 50-ecto-nucleotidase, respec-

tively, in humans. (ADO = Adenosine)
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Enzymes required for extracellular catabolism
of ATP

Ecto-NTDases are a class of enzymes in the transmem-

brane region that have their active site towards the extra-

cellular surface (Robson et al. 2006). These enzymes are

designated as 30-nucleotidase and 50-nucleotidase

hydrolyzing 30-nucleotides and 50-nucleotides, respectively

(Manzano and Castanys 2013). The localization of these

enzymes in the surface membrane has been confirmed in L.

donovani and clearly distinguished from another surface

membrane enzyme known as non-specific acid phosphatase

(de Almeida Marques-da-Silva et al. 2008; Guimarães-

Costa et al. 2014). The sole purpose of these ecto-enzymes

in the salvage of purines is to hydrolyze the nucleotides

with the release of corresponding nucleosides and Pi. These

enzymes are Mg2?-dependent and known to vary between

virulent and avirulent strains of L. amazonensis upon

stimulation (Peres-Sampaio et al. 2008). Expression of

ectonucleotidases is directly linked to the establishment of

the infection and their progression (de Almeida Marques-

da-Silva et al. 2008). Promastigotes of L. amazonensis, if

cultured for long duration, induce smaller lesion and shows

poor infectivity. In contrast, promastigotes cultured for

short duration exhibit increased infectivity and produce

larger lesion. This increased infectivity was proved to be

associated with a high expression of ecto-nucleotidases (de

Souza et al. 2010). On a similar note, the virulent parasites

have been reported to hydrolyze more ATP and express

more nucleotidases. Furthermore, the expression of

nucleotidases is directly linked to the lesion size upon

infection with parasite. Moreover, the animal challenged

with long term cultured parasites showed enhanced

immune response (IFN-c :) and smaller lesions (de Souza

et al. 2010). It is indicative of the fact that these ectonu-

cleotidases are potentially a critical factor for virulence of

the parasite. Besides, it may be concluded that the

expression of ectonucleotidases on the surface of parasite is

inversely correlated with the immune response mounted by

the host. In the following section, we will be discussing the

prominent nucelotidases in detail.

Ecto-ATPases

Although, the virulent role of ectonucleotidases has been

elaborated in the previous sections, there are other ecto-

enzymes on the surface of the parasite that act as ecto-

phosphatases. Ecto-ATPases are a class of enzymes that

primarily hydrolyze triphosphates. Like the aforemen-

tioned ecto-nucleotidases, these are divalent cation-de-

pendent enzymes required in millimolar concentrations by

the parasite (Almeida-Amaral et al. 2006). They are unique

in a manner that they do not require high specificity for

their action (Cosentino-Gomes and Meyer-Fernandes

2011). These ecto-ATPases basically belong to E-class of

ecto-ATPases (Cosentino-Gomes and Meyer-Fernandes

2011) that also includes ATP diphosphohydrolases dis-

cussed below. The optimum pH for the activity of ecto-

ATPases lies in the alkaline range. However, their

expression is observed more in case of L. amazonensis

amastigotes than promastigotes (Giarola et al. 2014). The

activity of ecto-ATPases has been shown to be influenced

by heat shock as well (Peres-Sampaio et al. 2008). These

enzymes tend to show more ATPase activity when exposed

to sudden increase in temperature. These properties of ecto-

ATPase are suggestive of parasite virulence and survival. A

recent research indicated a proportional increase in ecto-

ATPase activity and drug resistance in case of L. amazo-

nensis (Giarola et al. 2014). Also, the Mg2?-dependent

ecto-ATPase activity has been shown to be more effective

in case of infective form of protozoan parasite as compared

to non-infective form (Saad-nehme et al. 2004).

Ectonucleotide diphosphohydrolase

The E-class of ecto-ATPases also includes diphosphohy-

drolases which, as the name indicates, hydrolyze both

nucleotide tri- as well as di-phosphates. This enzyme,

otherwise, exhibits the same chemical properties (alkaline

pH range and requirement of divalent cations for activity)

as ecto-ATPases (Fonseca et al. 2006) and is located in the

plasma membrane of any pathogenic protozoan with its

active site towards the extracellular environment (Pinheiro

et al. 2006). However, golgi-located NTPDase has been

shown to be virulent at insect stage whereas the secretory

NTPDase can be dispensed, thus playing no role in viru-

lence (Sansom et al. 2014). The enzyme has been charac-

terized in many of the protozoan parasites and shows the

same characteristic properties. Although there have been

many inhibitors reported for the ecto-ATPase class of

enzymes (de Souza Leite et al. 2007; Weiss et al. 2015),

but these inhibitors do not show any promising inhibition

of survival rate of parasites in the host. In addition, the

activity of diphosphohydrolases is not affected by other

ATPase and phosphatase inhibitors (Pereira-Neves et al.

2014). This property of diphosphohydrolase is suggestive

of its uniqueness among other ATP-hydrolyzing enzymes.

The ecto-NTP diphophohydrolases exhibit homology to

CD39 in humans and have several isoforms (NTPDase1-8)

reported in protozoans (Zimmermann 2001). The inhibitors

of NTPDases have been shown to alter the purinergic

receptor activation (P1 and P2) in humans (Brunschweiger

et al. 2008) with an exception of a commercially available

ATP analogue ARL-67156 which is a broad spectrum drug
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(Robson et al. 2006). Hence, it is difficult to target these

ecto-enzymes for drug therapy.

30-Nucleotidase/nuclease

30-nucleotidase (EC 3.1.3.6) is a surface membrane-bound

enzyme reported in case of Leishmania species. It has a

molecular mass of 43 kDa with pH optimum in the range

of 5.5-7.5 (Guimarães-Costa et al. 2014). This enzyme

belongs to class I nuclease family hydrolyzing single-

stranded DNA & RNA exhibiting homology to S1 & P1

nucleases of Aspergillus and Penicillium (Maxwell et al.

2008). Various researchers report that this enzyme is not

present in mammalian cells despite the presence of 30-nu-

cleotides in tissues like spleen (Paes-Vieira et al. 2018);

however, CD39/ATP diphosphohydrolase plays a similar

role in humans (Dwyer et al. 2007). 30-nucleotidase acts

upon ribonucleoside 30-phosphates, preferably 30-AMP and

30-IMP, as observed in Leishmania mexicana mexicana

(Cummings et al. 2012). A contrasting, yet similar effect of

this enzyme has been observed in L. amazonensis where it

acts on 30-AMP and yields adenosine which is otherwise

catalyzed by 50-nucleotidase (Paletta-Silva et al. 2011). The

functional domains of this enzyme have been identified in

L. donovani characterized as a cytosolic N-terminal signal

peptide, a C-terminal transmembrane domain and an

N-linked glycosylation site (Naderer et al. 2004). Out of all

the functional domains, the signal peptide was reported to

make a difference with reference to the survival of the

parasite. This was noticed when this peptide was made

deficient resulting in sole expression of the enzyme in

cytoplasm which was toxic to the parasite. So, the modi-

fication in the functional domains of 30-nucleotidase may

help in creating toxic environment for Leishmania (Smith

et al. 2007).

50-Nucleotidase (AMP ? Adenosine)

Besides 30-nucleotidase, another ecto-NTDase viz. 50-nu-

cleotidase (EC 3.1.3.5) performs the hydrolysis of nucle-

oside monophosphates to their respective nucleosides

(Hunsucker et al. 2005). This enzyme is classified on the

basis of localization in glycolipid-rich membrane, in

mitochondria and in cytosol in humans whereas Leishma-

nia parasite consists of only the surface membrane bound

form of 50-ecto-nucleotidase (Składanowski 2013). A total

of 7 forms of 50-NTDase have been reported till now in

mammals, out of which only 50-ecto-NTDase lies in the

transmembrane domain homologous to leishmanial

enzyme. However, CD73 in humans has shown to be

homologous to this enzyme. This enzyme is stabilized by

glycophosphatidylinositol (GPI) anchor and has a much

higher affinity for its substrates than intracellular 50-

nucleotidases (Składanowski 2013). Out of all the nucle-

oside monophosphates, AMP is the most preferred sub-

strate which is converted to adenosine by its action. The

localization of the ecto-NTDases has been confirmed and

characterized in parasites (Paes-Vieira et al. 2018). There

may be a risk in targeting this ecto-NTDase as it may affect

the host due to sequence homology. But the functional

domains of the enzyme should be analyzed to get a clear

picture of its action.

Adenosine deaminase (ADA) and kinase (AK)

As soon as the nucleoside is sensed in the enviroment, its

fate may be decided by enzymes like Adenosine deaminase

(ADA) (EC 3.5.4.4) and adenosine kinase (AK). ADA

catalyzes the conversion of adenosine to inosine which can

be fluxed to purine metabolic pathway. The ADA enzyme

in the human host, extracellular to the parasite, will per-

form the same function. The inactivity of this enzyme

increases deoxyadenosine (Kato et al. 2007). On the other

hand, kinases phosphorylate the adenosine and these

enzymes are localized in the cytosol of the parasite

exclusively (Yegutkin 2008; Boitz et al. 2012a). However,

high concentrations of adenosine have been reported even

in the presence of high ADA levels (Rai et al. 2011).

Although, these enzymes are crucial to the parasite, the

survival rate is not much affected by their deficiency.

Influence of Pi homeostasis in parasite survival

The released Pi by the action of ecto-NTDases on

nucleotides is utilized by the parasite for Pi homeostasis as

an alternate mechanism of survival. For instance, the

decrease in survival rate has been observed by disturbing

the concentrations of Pi in L. infantum (Vieira et al. 2011).

Further, it can be postulated that there exists a Pi trans-

porter in the plasma membrane of the parasite which is

ultimately allowing the uptake of Pi from the extracellular

environment of the parasite (Dick et al. 2014). It has been

shown that decrease in Pi concentration can upregulate the

expression of Pi transporters. Also, concentration of Pi may

influence the activity of 30-NTDase, as proved in case of

Leishmania infantum (Vieira et al. 2011), or the presence

of ATP may affect the uptake of Pi. This increase in

activity is thought to be an adaptive mechanism to survive

under stress conditions by providing purines and Pi

(Paletta-Silva et al. 2012). Any reports suggestive of

affecting the survival of Leishmania by inhibiting the Pi

transporter can be considered as an alternate mechanism

for disrupting the survival of Leishmania parasites.
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Extracellular nucleoside/nucleobase transporter

Once the nucleosides are formed by the action of ecto-

NTDases, the next step is to transport these nucleosides/

nucleobases across the plasma membrane of the parasite.

The nucleoside and nucleobase transporters have been

reported in parasitic protozoa wherein each transporter is

specific (Landfear et al. 2004; Young et al. 2008). There

are two families of these transporters viz. Equilibrative

Nucleoside Transporters (ENTs) and Concentrative

Nucleoside Transporters (CNTs) working as permeases

(Young et al. 2008). The ENTs differ from CNTs in the

context that they do not concentrate their substrates but

simply mediate flux down a thermodynamic gradient

(Landfear 2008). However, ENT family members from L.

donovani are reported as electrogenic proton symporters

(Stein et al. 2003), but this does not confirm their role as

concentrative transporters. The members of the CNT

family are sodium symporters found predominantly in

humans (Landfear et al. 2004) whereas ENTs are identified

in both mammals and protozoans (Young et al. 2008). The

ENTs act as the driving force for the uptake of nucleosides

into the L. donovani parasite by generating a proton elec-

trochemical gradient across its plasma membrane (Ortiz

et al. 2009). Surprisingly, the utilization of this proton

gradient results in the concentrative uptake of nucleosides,

thereby behaving as CNTs despite of no similarities at the

sequence level (Stein et al. 2003). Clearly, this demon-

strates the dependence of parasite on ENTs for the purine

uptake.

The transport of ATP in Leishmania species is governed

by ABC (ATP-Binding Cassette) transporters, as in the

case of humans (Manzano and Castanys 2013). These

transporters, along with the transport of certain compounds,

are responsible for drug resistance in the parasite (Sauvage

et al. 2009). Resistance to antimony by L. major has been

reported due to the presence of an ABC half-transporter

designated as ABCI4 (Manzano and Castanys 2013).

However, miltefosine has proved to be an effective oral

drug against VL, even in antimony-resistant cases as well

(Saad-nehme et al. 2004). Three different classes of

leishmanial ABC transporters are responsible for translo-

cation of compounds and presumably responsible for

development of drug-resistant cases which show homology

with mammalian ABC transporters (viz. Pgp1 & MRP1)

(El Fadili et al. 2005). Also, considering the structure of

ABC transporters, they consist of ATP-binding domain

which is conserved among various species (Parodi-talice

2001). Their homologies with mammalian ABC trans-

porters make it difficult to set them as a target for therapy

against Leishmania. However, the nucleoside/nucleobase

transporters identified can behave as potential targets.

Specific nucleotide/nucleobase transporters in L.

donovani

Leishmania donovani expresses two high affinity trans-

porters that belong to Equilibrative Nucleoside Trans-

porters (ENTs) with non-overlapping substrate specificities

(Sanchez et al. 2004). These are characterized as LdNT1

and LdNT2, wherein LdNT1 is specific for transport of

adenosine and pyrimidines (Liu et al. 2006) and LdNT2 is

specific for inosine and guanosine (Landfear et al. 2004).

The roles of these permeases have been confirmed by tar-

geted gene replacement technology (Carter et al. 2001).

Similarly, in case of other strains of Leishmania parasite

like L. major, four ENT permeases help in nucleoside/nu-

cleobase transport. They are designated NT1 for adenosine

and pyrimidine nucleosides (Carter et al. 2001); NT2 for

inosine, guanosine and xanthosine (Carter et al. 2000);

NT3 for purine nucleobases (Sanchez et al. 2004); and NT4

having low affinity for adenine (Ortiz et al. 2007). The

nucleoside transporters belonging to L. donovani parasites

exhibit approx. 33% identity with mammalian ENTs at

transcriptional level (Young et al. 2008). Since, the func-

tion of both mammalian and parasitic ENTs is same;

therefore, the identity between the two can conclude that

the active site for transport is encoded by the region

common between the two. However, the difference lies in

the limited substrate specificity of parasitic transporters

compared to hENTs which accept all nucleosides (Ortiz

et al. 2007).

The genes encoding LdNT1 have been cloned and

sequenced by functional rescue viz. LdNT1.1 and LdNT1.2

(Alzahrani et al. 2017). The point mutations in nucleoside

transporter gene have proved that LdNT1.1 is expressed

exclusively in promastigotes whereas LdNT1.2 in

amastigote stage of the parasite (Vasudevan et al. 2001;

Galazka et al. 2006). Both the genes have been shown to

differ at six positions at transcription level (Galazka et al.

2006). Hence, it can be hypothesized that LdNT1.1 and

LdNT1.2 are two alternate forms of a single gene expressed

in different life cycle stages of the parasite.

Also, 33% identity has been reported in case of L. major

NT3 (LmaNT3) with LdNT1.1 (Sanchez et al. 2004) that

presumes the importance of LmaNT3 in the survival of the

parasite. The null mutants for LmaNT1 and LmaNT2 have

been generated together that resulted in viable parasites

(Liu et al. 2006). The null mutants for LmaNT3 were also

viable but were unable to sustain infection at promastigote

stage as compared to wild-type or NT3-complemented

mutants (Ortiz et al. 2007). Hence, impairment in adeno-

sine transport is crucial in treating leishmanial infection.

Nucleobase transporters identified in L. donovani are

LdNT3, which allows the transport of adenine, guanine and

hypoxanthine, as well as LdNT4, which transports only the
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nucleobase adenine (Ullman et al. 2008). LdNT4 is thought

to have low affinity for adenine as compared to LdNT3 and

is active at acidic pH only (Ortiz et al. 2009). Therefore,

LdNT4 is expressed predominantly in case of amastigotes,

whereas LdNT3 in case of promastigotes. Owing to the

functionality of LdNT3 and LdNT4, they can be described

as alternate forms of a single gene. However, there has

been no report of low expression of LdNT3 in case of

amastigotes. The antibiotics against specific transporters

have been introduced (mentioned in forthcoming section)

but their efficacy has not been tested in case of VL-causing

parasite. The detailed study about the active sites of these

transporters may result as a useful approach for the

mankind.

Biochemistry of ENTs

The structures of the members of transporter families are

essential to be determined for examining the transport of

important substrates from host milieu to the cytosol of the

parasite. Out of the transporters mentioned above, the

structural characterization of ENTs is very significant. The

human ENTs (hENT1 & hENT2) are nucleobase and

nucleoside transporters that show 40% identity in amino

acid sequence and consist of 11 transmembrane domains.

This topology is shown to be exhibited by all members of

the ENT family (Podgorska et al. 2005). The interaction of

a high-affinity competitive inhibitor nitrobenzylmercap-

topurine ribonucleoside (NBMPR) with hENT1 postulated

that transmembrane domains 3–6 (TMD3–TMD6) bind to

substrates (Cano-Soldado and Pastor-Anglada 2012). Sub-

strate recognition, specifically in hENT1, is aided by G179

in the helix of TMD5 wherein site-specific mutagenesis

impairs the transportation (Landfear et al. 2004). Similarly,

in case of Leishmania, the LdNTs are composed of 11

transmembrane regions, out of which, TMD5, TMD7 and

TMD8 play a significant role in substrate selectivity, par-

ticularly in LdNT1 and LdNT2 (Valde et al. 2004).

The signature residues that are thought to be responsible

in the translocation pathway of adenosine are G-183 in

TMD5 and C-337 in TMD7 (Vasudevan et al. 2001). It has

been postulated that mutation of G-183 by any bulkier

amino acid residue hampers the translocation pathway.

However, replacement with alanine has no effect on the

transport (Vasudevan et al. 2001). This accounts for the

fact that both factors (low molecular weight & nature of the

amino acid), play a crucial role in facilitating translocation

of the substrates. With due consideration, it has been

observed that presence of four consecutive glycine residues

provide conformational flexibility for binding of the

nucleoside in TMD5 (Eilers et al. 2000), wherein G-183

acts as the substrate-binding pocket. Interestingly, the

comparison of these signature residues in LdNT1.1 and

LdNT1.2 reveals no differences at the sequence level. So, it

can be hypothesized that there must be some other factors

that are causing these genes to be expressed during dif-

ferent life cycle stages of the parasite. Similarly, in case of

LdNT2, which is an inosine-guanosine transporter, Asp-

389 and Arg-393 are involved in translocation of substrates

(Carter et al. 2000). The detailed information about the

secondary structure of transporters will help in inhibiting

the transportation across them.

Metabolic machinery in the parasite

Purine metabolism has been reported to be essential for the

survival of Leishmania parasite and hence, promotes the

salvage of purines from the extracellular environment. So,

the influx of purines via nucleoside/nucleobase trans-

porters, maintain the metabolic machinery of the parasite

which marks the role of other metabolic enzymes involved

known as phosphoribosyl transferases (PRTs). These

enzymes of purine salvage utilize Phosphoribosyl

Pyrophosphate (PRPP) as a substrate catalyzing the phos-

phoribosylation of purine bases (Mondal et al. 2014). A

study on the purine salvage in Leishmania parasite has

revealed the significance of each of the enzymes involved

in nucleotide metabolism as well as salvage of purines

(Boitz et al. 2012b). However, it has been concluded that

out of the three phosphoribosyl transferases viz. Hypox-

anthine–guanine phosphoribosyl transferase (HGPRT),

Xanthine phosphoribosyl transferase (XPRT), Adenine

phosphoribosyl transferase (APRT); only HGPRT and

XPRT play a significant role as their respective null

mutants (hgprt-& xprt-) as well as double null mutants

(hgprt-/xprt-) affect the viability of the parasite. On the

contrary, null mutants of APRT (aprt-) could effectively

incorporate adenine into the nucleotides (Boitz and Ullman

2006). This is basically due to the availability of enzymes

in parasite that convert all purines into the form catalyzed

mainly by HGPRT and XPRT (Boitz et al. 2012b). Since,

XPRT lacks in the mammalian genome and owing to the

significance of this enzyme in parasite, it can be a potential

target against the protozoan.

Other metabolic enzymes

There are other enzymes reported in protozoans, the defi-

ciency of which will not affect their viability in a significant

manner. However, the null mutants generated together for

each one of them will surely provoke the parasite to search

for an alternative mechanism of survival. One of these

enzymes is characterized as Adenine aminohydrolase

(AAH) which catalyzes the irreversible deamination of

adenine to hypoxanthine (Boitz et al. 2012a). Although, there
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is no counterpart of AAH in humans, but the L. donovani

AAH shows 23% identity with human adenosine deaminase

(ADA). The role of AAH was determined by generating null

mutants of HGPRT and XPRT, and blocking AAH with 20-
deoxycoformycin (dCF), a potential inhibitor of AAH (Boitz

et al. 2012a). AAH is active in both promastigote and

amastigote life cycle stage of Leishmania. The mammalian

ADA is also inhibited by dCF (Yegutkin 2008) implying that

the similarity region between mammalian ADA and parasitic

AAH includes the active site for these enzymes. Therefore,

the active site cannot be utilized as a source of treatment in

humans. However, other significant regions must be

explored using bioinformatics approach for designing an

AAH inhibitor combined with XPRT as the target. The

transporters for the salvage of enzymes present in human

counterparts are not generally required by the parasite as they

synthesize their own enzymes.

Relevance of extracellular ATP catabolic
enzyme(s) and/or its transporter
for the containment of Leishmaniasis

ATP is provided to the Leishmania parasite in the extra-

cellular form by the human host. The catabolic enzymes,

predominantly ecto-nucleotidases, in the transmembrane

region of the parasite cleave the nucleotides and make

them available to the surface transporters for importing

adenosine, and other nucleobases, across the plasma

membrane. As mentioned previously, adenosine is the

prominent cause of leishmanial infection in humans.

Hence, these catabolic enzymes as well as the nucleoside

and nucleobase transporters, particularly of purines and

their derivatives, help the parasite in sustainability and

containment of infection in the human host. The overview

of the transporters and enzymes involved in the acquisition

of purines in the Leishmania parasite is depicted in Fig. 2.

Potential experimental drugs for the treatment
of VL

Although various drugs have been introduced for the

immune exclusion of the L. donovani, there are thrust areas

that need to be considered for designing any new drug due

to the resistance developed in the parasite. This resistance

is thought to be induced by the presence of an intracellular

ABC-half transporter reported in L. major that has shown

to be resistant mainly against antimonial drugs, as men-

tioned before (Manzano and Castanys 2013).

Attempts are being made to design drugs with nucle-

obase and nucleoside transporters as drug targets. Some of

Fig. 2 Overview of ecto-NTDases and transporters involved in

purine salvage pathway of Leishmania parasite along with key purine

metabolic enzymes. ADO adenosine; GUO guanosine; INO inosine;

PYR pyrimidine; Pi inorganic phosphate; LdNT Leishmania donovani

nucleoside transporter; Pu purine; HGPRT hypoxanthine–guanine

phosphoribosyl transferase; XPRT xanthine phosphoribosyl trans-

ferase; APRT adenine phosphoribosyl transferase; AK adenosine

kinase; AAH adenine aminohydrolase
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the experimental drugs currently used include tubercidin

for LdNT1 (Fukuda and Schuetz 2012), formycin B for

LdNT2 (Carter et al. 2000) and allopurinol for LmaNT3

(Al-Salabi and De Koning 2005). The resistant cell lines

TUBA5 and FBD5 have been isolated by introducing

transport-functional mutation in LdNT1 and LdNT2,

respectively, of wild-type strain (DI700) (Galazka et al.

2006). These cell lines have helped in the characterization

of LdNTs on the functional basis.

Conclusion

Leishmania donovani, the most prominent strain of Leish-

mania, has been proved to be fatal causing Visceral

Leishmaniasis. The parasite lags behind human metabolic

machinery due to the absence of de novo purine synthesis,

and thus, has to be dependent upon its host for the same.

The processing of purine nucleotides in the extracellular

environment is catalyzed by a special class of enzymes

known as ecto-nucleotidases. However, the activity of

these enzymes is thought to be affected by inorganic

phosphate concentration in the extracellular milieu of the

parasite. The main reason behind this affect seems to be the

maintenance of Pi homeostasis for cell survival. The uptake

of Pi released is facilitated by Pi transporter, which has

been recently identified in Leishmania donovani by our

group (Sindhu et al. 2018).

The purine metabolism is well-characterised in the

parasite, along with the enzymes involved in it. Many of

the enzymes have their counterparts in humans that prevent

them from being used as drug targets. While, there are

some enzymes unique to the parasite, the absence of which

is fulfilled by the alternative mechanism. This calls for

targeting the pathway that allows the salvage of purines,

which marks the importance of nucleoside and nucleobase

transporters. The transporters for purines in L. donovani

have been explored and identified as LdNT1-4, among

which, some signature residues have been reported to be

significant in the translocation of purines across the plasma

membrane. The key differences in the amino acid residues

of LdNT1.1 and LdNT1.2 are shown in Table 1. The

experimental drugs targeting the functionality of these

transporters include tubercidin, formycin B and allopurinol

with the development of resistant cell lines viz. TUBA5

and FBD5. The residues in LdNT3 and LdNT4 still needs

to be elaborated. LdNT1.2 and LdNT4 work at acidic pH,

and therefore, are functional when parasite is surviving in

the phagolysosome of the human host, whereas rest of the

LdNTs can be found in both, amastigotes as well as pro-

mastigotes. To conclude, a combined therapy with the

drugs against the active site of LdNT1-4 as well as Pi

transporter can prove to be efficient in disturbing the

metabolic machinery of the parasite.
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