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PREFACE 
 
A sort of symbiotic interaction in which one organism or parasite is benefited at the 
expense of the other organism or host, is known as parasitism. Although the size of a 
parasite is much smaller than its host, they exhibit a high level of specialization for its 
way of existence and multiply more quickly than its host. Thus to circumvent the host 
defense mechanism, parasites evolve a biologically complex physiology. This allows 
them to bypass host immune system and lead to the development of drug resistance, 
making parasite treatment more difficult. One of the main reasons of this field's slow 
development is the lack of comprehensive understanding of parasite biology as a whole 
and as a result, the lack of therapeutic selectivity. 

A protozoan parasite from the genus Leishmania causes the disease known as 
leishmaniasis, which is spread by the bite of specific sandfly species. There are three 
types of leishmaniasis: cutaneous, visceral and mucocutaneous. The parasite replicates 
and infects mammalian macrophages for effective colonization. It must withstand 
microbiocidal responses like oxidative burst for successful establishment within 
macrophages. Moreover, Leishmania lack enzymes like catalase and selenium containing 
glutathione peroxidase for rapid metabolism of reactive oxygen species. In addition, this 
parasite lacks genes like GSH reductase (GR) as well as thioredoxin reductase (TrxR), 
which are responsible for maintaining the intracellular thiol redox homeostasis in most 
eukaryotic organisms through the GSH/GR and thioredoxin/TrxR systems. However, a 
unique ROS metabolism system is present in the trypanosomatids: 
trypanothione/trypanothione reductase system. This trypanothione [T(SH)2] is a GSH-
spermidine conjugate; two molecules of GSH are required for its biosynthesis. Therefore, 
a change in GSH level can have an immediate impact on T(SH)2 levels. Like host, GSH 
biosynthesis pathway is well-studied in trypanosomatids, but GSH degradation pathway 
is still obscure in the parasites.  
Here, we found two ChaC proteins (LmChaC2a and LmChaC2b) in unicellular protozoan 
parasite Leishmania, which specifically degrade reduced glutathione (GSH), but no other 
γ-glutamyl peptides, trypanothione or oxidized glutathione. Subsequently, it inhibits the 
generation of intracellular T(SH)2, which is a main player for ROS detoxification system 
in trypanosomatids. By using various LmChaC2 variants, in vitro and in vivo data 
suggest that the ChaC2 dependent GSH homeostasis is required for long-term survival in 
the aged culture as well as in chronic infection. Here we have discussed our research in 
three chapters: Chapter 1 illustrates mainly the cloning, expression, purification and 
enzyme kinetics of LmChaC2 proteins from Leishmania major. Chapter 2 unravels the 
intracellular expression and physiological significance of LmChaC2 proteins in 
Leishmania major. Chapter 3 deals with the role of LmChaC2 proteins in GSH 
homeostasis and disease progression 
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INTRODUCTION 
 

1.1. Parasitism and vector borne diseases 

The definition of life has been given as a systemic process that catalyzes the transformation 
of entropy into information. Various strategies are used by organisms to accomplish this and 
complete their life cycles. Parasitism is one of these strategies where symbiotic relationship 
exists between parasite and their respective host. Where the parasite is physiologically and 
ecologically dependent on the host by means of nutrients and habitat (1). Most of the 
parasites can be transmitted to the host through vectors and mostly by insects like mosquito, 
sandfly, housefly, tsetse fly etc. Some parasites undergo an obligatory life stages inside 

vector’s body and transmit to the host body through blood 
exchange at the time of biting, whereas others merely 
employ the vector for inoculation and transportation. 
Worldwide, about 17% of infections are caused by vector-
borne diseases (Fig.1). Increased immigration, random air 
travel and global climate change is the main cause of 
spreading of these diseases (2). Treatments of these diseases 
include usage of chemotherapeutic drugs, which are quite 
expensive with many side effects and vaccines also are not 
available till now. Consequently, these diseases can be life-
threatening and become endemic if not appropriately 
managed (3). List of some vector borne disease caused by 
parasitic protozoa and their respective arthropod vector is 
given below (Table-1). 
 

Table-1: Some vector borne diseases caused by protozoan parasite. 
 

Diseases 
 

Parasites Vectors 

African trypanosomiasis 

Chagas disease 

Leishmaniasis 

Malaria 

Babesiosis 

Trypanosoma brucei 

Trypanosoma cruzi 

Leishmania sp. 

Plasmodium sp. 

Babesia sp. 

Tsetse fly (Glossina sp.) 

Kissing bugs (Triatoma sp., Rhodnius sp.) 

Sandflies (Phlebotomus sp., Lutzomyia sp.) 

Mosquito (Anopheles sp.) 

Ticks (Ixodes sp.) 

 

1.2. Introduction of kinetoplastida 

Kinetoplastida are the unicellular, flagellated protozoa belong to the class Kinetoplastea, with 
the distinguishable characters of large amount of DNA containing kinetoplast in the large 
mitochondria. Bronislaw M. Honigberg first identified in 1963 that the kinetoplastid is 
belongs to the members of the flagellated protozoans. All of the kinetoplastids are thought to 
be parasites of the human blood/tissue that are transmitted by insect vectors and are classified 

Fig.1: Lutzomyia longipalpis 
sandfly serves as Leishmania 
vector in New World. (Adapted 
from https://doi.org/10.1371/ima
ge.ppat.v05.i08.g001) 
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as a monophyletic group. A flexible, elongated body with one or two flagella represents one 
stage while a typically circular body without any flagellum represents other stage in the 
whole life cycle of all the members of this group (4). The majority of the organelles found in 
eukaryotic organisms are also present in kinetoplastids, but some of these organelles are 
particular and unique to this group such as single mitochondrion with kinetoplast (5). The 
DNA-rich kinetoplast is situated in the mitochondrion, close to the flagellum's basal body and 
previously believed to be involved in the movement of the body (Fig.2). However later 
discovery suggests that kinetoplast is not involved in the movement of kinetoplastid (6). 

Kinetoplast is 
consists of two 
different types of 
circular DNA-
numerous copies of 
minicircles and few 
copies of maxicircles, 
about 0.5-1 kbp and 
20-40 kbp in size 
respectively (7). 
Minicircle DNA is 
involved in encoding 
small guide RNA or 
gRNA, which is 
required for specific 

editing. On the other hand, maxicircles encodes ribosomal RNA or rRNA and several 
mitochondrial proteins (8) (Fig.3). 

Some other remarkable features of kinetoplastid that differentiate them from higher 
eukaryotes are antigenic variation through gene rearrangements, polycistronic expression of 
proteins which are functionally unrelated, trans-splicing of nuclear RNA, 
glycosylphosphatidylinositol or GPI-anchored glycoproteins and glycolipids (9). The 
metabolic processes and regulation of these processes are quite different from other 
eukaryotic known concept. Most of the glycolytic enzymes are localized in glycosome, which 
is peroxisome-like organelle in trypanosomatids (10). Another striking features are the 
absence of catalase and glutathione reductase, although the presence of trypanothione (a 
glutathione-spermidine conjugate) and trypanothione reductase. Trypanothione plays a key 
role in antioxidant defense along with the glutathione in the parasites (11). De novo purine 

Fig.2: Schematic transmission electron microscopy (TEM) image after thin 
sectioning of T. cruzi epimastigote. (Adapted from Souza, Mem Inst Oswaldo 
Cruz, 2008 Jun; 103(4):313-25 

 

 
Fig.3: A) Schematic diagram and 
B) electron microscopy (EM) 
image of kinetoplastid DNA in 
minicircles and maxicircles. 
(Adapted from https://www. 
sciencedirect.com/topics/pharmac
ology-toxicology) 
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synthesis pathways are also absent in the parasites (12). Because of their distinctiveness and 
uniqueness, kinetoplastid is supposed to be an attractive model for studying biochemistry, 
cell biology and molecular biology. An in-depth study of the kinetoplastids could offer new 
acumen not only for medical biology, but also in the other field of biological sciences. 
 
 

1.3. Introduction of Leishmania and leishmaniasis 

A group of diseases named leishmaniasis that affect human and diverse animal populations 
across tropics and subtropics are caused by obligatory intracellular protozoan parasite of the 
genus Leishmania. In the Old World, sandflies of the genus Phlebotomus and in the New 
World, genus Lutzomyia are responsible for spreading of this disease. When female sandflies 
feed on an infected mammalian host in quest of a blood meal, they acquire Leishmania 
parasites (13). According to WHO (World Health Organization), leishmaniasis is belongs to a 
serious tropical diseases that if not managed appropriately, could have very serious outcomes. 
Approximately 7 lakhs to 1 million new cases and 60,000 deaths are reported each year by 
more than 20 Leishmania species through more than 90 sandfly species. Leishmaniasis 
manifests a variety of symptoms from a localized skin ulcer to fatal infections. Leishmaniasis 
has an enormous historical impact because it was known thousands of years Before the 
Common Era (BCE). Leishmania donovani DNA was amplified successfully from ancient 
Egyptian and Christian Nubian mummies dating from 3500 to 2800 BCE. Furthermore, a 
skin disease known as the "Nile Pimple" that was considered to be cutaneous leishmaniasis 
was documented in the 1500 BC Ebers Papyrus medical manuscript (14). This group of 
diseases has been known by many different names such as Kala-azar, black fever, Dum-dum 
fever, white leprosy or espundia. However, the disease causing agent was discovered by 
independent research of William Boog Leishman in England and Charles Donovan in India, 
in 1900 and named it Leishmania donovani (15). Now a days, sharp increase in fatality rates 
in Leishmania and HIV coinfection because of developing immunosuppressive conditions 
(16). 
 

1.3.1. Taxonomic position of Leishmania 

According to Levine et al. 1980, taxonomic position of Leishmania is as follows: 

Kingdom:  Protista 

Subkingdom:  Protozoa 

Phylum:  Sarcomastigophora 

Class:   Zoomastigophora 

Order:   Kinetoplastida 

Sub order:  Trypanosomatina 

Family:  Trypanosomatidae 

Genus:   Leishmania 
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1.3.2. Origin of Leishmania 

Fossil evidence: The first fossilized Leishmania-like organism was discovered in the 
alimentary canal and proboscis of a blood-filled female extinct sandfly, Palaeomyis burmitis. 
The second fossilized Leishmania-like creature, Paleoleishmania neotropicum was 
discovered 20-30 million years ago in the Lutzomiya adiketis (an extinct sandfly) (17,18). 
There were paramastigotes as well as promastigotes and amastigotes in the gut and proboscis 
of the sandfly but no evidence of vertebrate blood cells were found (19). 

Geographical origin: Before the division of the supercontinent Pangaea, the genus 
Leishmania most likely evolved during the Mesozoic era. However, research on the precise 
geographic origin of different Leishmania species is currently on-going (20). 

W.B. Leishman discovered L. donovani from the spleen sample of dum-dum fever affected 
soldier by using modified Romanowsky stain or Leishman’s stain. A similar type of parasite 
was discovered about the same time by Charles Donovan at Madras University in a spleen of 
‘Kala-azar’ patients. W.B. Leishman and C. Donovan initially named the parasite ‘Leishman-
Donovan bodies’ and then Ronald Ross renamed it in 1903 as Leishmania donovani. In 1941, 
Adler and Ber first discovered the human transmission of Leishmania major by the bite of 
infected parasite containing Phlebotomus papatasi. Then in the year 1942, Swaminath, 
Anderson and Shortt demonstrated the Kala-azar transmission by P. argentipes (21). 
 

1.3.3. Types of Leishmaniasis 

On the basis of clinical symptoms, leishmaniasis may be divided into 1) Kala-azar or visceral 
leishmaniasis (VL); 2) Cutaneous leishmaniasis (CL); 3) Mucocutaneous leishmaniasis 
(MCL); 4) Post Kala-azar Dermal Leishmaniasis (PKDL) (Fig.4). 

 
1. Visceral leishmaniasis (VL) 

Kala-azar or visceral leishmaniasis is a most severe type of leishmaniasis in terms of 
death and outbreaks. The symptoms of kala-azar are irregular fever attacks, spleen and 
liver enlargement, loss of weight and anemia. If remains untreated, it can affect different 
organ and finally death. It predominates mostly throughout a huge portion of Asia (India, 
Bangladesh and Nepal), Africa, South America and southern Europe. In South America, it 

 
 
Fig.4: Leishmaniasis types: A) Visceral leishmaniasis (VL), 
B) Cutaneous leishmaniasis (CL), C) Mucocutaneous 
leishmaniasis (MCL), D) Post Kala-azar Dermal 
Leishmaniasis (PKDL). (Adapted from 
https://www.jstor.org/stable/4459156; Swain et al, Alexandria 
Journal of Medicine, 2019;52:343-346; Ekiz et al, Indian J 
Dermatol Venereol Leprol, 2017 Jan-Feb; 83(1):91-93;  
Zijlstra et al, The Lancet Infectious Diseases, 2003; 3(2): 87-
98)  
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is caused by L. tropica, L. chagasi and L. amazonensis; in eastern Africa and India by L. 
donovani; in Europe by L. infantum (22,23). Malnutritioned or immunocompromised 
person and children are at higher risk to get infected. More than 90% of fresh cases were 
reported to WHO in 2020 across 10 countries: China, India, Brazil, Kenya, Somalia, 
South Sudan, Yemen, Sudan, Eritrea and Ethiopia (Fig.5). 
 
2. Cutaneous leishmaniasis (CL) 

Cutaneous leishmaniasis is most 
common form of leishmaniasis across 
the globe, mainly in Pakistan, Brazil, 
Afghanistan, Syria, Peru and Saudi 
Arabia. CL can be caused by several 
types of Leishmania species, such as L. 
infantum, L. amazonensis, L. major, L. 
tropica, L. panamensis and L. 
peruviana (24). It primarily causes 
small erythema at the site of sandfly 
bite and finally develops ulcer on the 
body surface and permanent scar. 

According to WHO, more than 85% of 
new cases were reported in 2020 
around 10 countries: Algeria, Pakistan, 
Iraq, Brazil, Tunisia, Afghanistan, 
Colombia, Syria, Saudi Arabia and 
Peru. Around 6-10 lakhs new cases are 
reported every year (25) (Fig.5). 
 
3. Mucocutaneous leishmaniasis (MCL) 

Mucocutaneous leishmaniasis occurs often after cutaneous leishmaniasis appears to be 
cured (26). It is characterized by the partial or complete obliteration of mucous membrane 
of nose, throat and mouth. Major causative agent of this type of leishmaniasis is L. 
braziliensis, although L. amazonensis, L. panamensis and L. guyanensis can also cause 
mucocutaneous leishmaniasis (26). More than 90% of cases are reported from Brazil, 
Bolivia, Ethiopia and Peru (27). 
 
4. Post Kala-azar Dermal Leishmaniasis (PKDL) 

Around 10-20% of recovered kala-azar patient is affected with Post Kala-azar Dermal 
Leishmaniasis. This type complication is characterized by the formation of papulonodular 
or macular lesions on facial portion (28). As the parasite resides in these lesions, sandfly 
can easily transmit the parasite in the population. Hence, people with PKDL are thought 
to be an efficient source of VL infection. It mostly occurs in East Africa and Indian 

Fig.5: Epidemiology of Leishmaniasis. Red color 
indicates endemic countries. China, India, Brazil, 
Kenya, Somalia, South Sudan, Yemen, Sudan, Eritrea 
and Ethiopia are the endemic countries for visceral 
leishmaniasis. Algeria, Pakistan, Iraq, Brazil, Tunisia, 
Afghanistan, Colombia, Syria, Saudi Arabia and Peru 
are the endemic countries for cutaneous 
leishmaniasis. (Adapted from Sasidharan and 
Saudagar,Parasitol Res. 2021 May;120(5):1541-1554) 
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subcontinent (29). Different types of leishmaniasis and its causative agents are tabulated 
below (Table 2).  

Table-2: Leishmaniasis types and causative agents. 
 

Types Pathogen 
Visceral leishmaniasis L. donovani, L. chagasi, L. infantum 

Cutaneous leishmaniasis L. major, L. tropica, L. aethiopica in Old World, L. 
mexicana in New World 

Mucocutaneous leishmaniasis L. braziliensis 

 

1.3.4. Morphological feature of Leishmania species 

Two different types of morphological form are observed in digenetic parasite Leishmania, 1. 
Extracellular flagellated promastigote forms reside in the alimentary canal of sandfly vector 
and 2. Non-flagellated amastigote forms in the phagolysosomal compartment of macrophage 
within host body (30,31). The shape of the amastigotes are typically rounded and 2-3 µm in 
diameter with clear nucleus and kinetoplast, whereas promastigotes are elongated and spindle 
shaped with around 10-20 µm in length and 1.5-3.5 µm in wide (Fig.6). Surface antigens, 
intracellular polyamines and coat proteins 
are quite different in these two 
morphological forms (32-34).  

1.3.5. Transmission 

Because an animal reservoir is necessary 
for endemic transmission of leishmaniasis, 
these diseases are considered to be a 
zoonotic disease. Leishmaniasis is 
generally transmitted at the time of biting 
of infected female hematophagous 
sandflies belong to Lutzomyia genus (New 
World) and Phlebotomus genus (Old 
World) (35). Other possible and less 
significant ways of transmission are blood 
transfusion, reuse of infected needles and 
organ transplantation (36,37). Exchange of 
the infected needles is the main cause of 
Leishmania/HIV co-infection (38). 

1.3.6. Life cycle of Leishmania  

Leishmania is a digenetic parasite or life cycle of Leishmania has completed in two hosts: 
invertebrate and vertebrate host with two development stages: extracellular promastigotes and 
intracellular amastigotes respectively. Canids, rodents, marsupials and edentates can also act 
as a reservoir host along with the human (39) (Fig.7). 

Fig.6: Schematic diagram depicts the 
morphological features of amastigote (right) and 
promastigote (left) of Leishmania. Different 
subcellular organelles are pointed in the diagram, 
flagellated promastigote forms are typically elongated, 
whereas non-flagellated amastigote forms are round in 
shape. (Adapted from Mansuri et al, Curr Drug 
Targets. 2020; 21(11):1105-1129) 
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Fig.7: Life cycle of the parasite Leishmania. (1) During biting to the host, 
Leishmania parasites are introduced into the skin by the infected sandflies, 
(2) Leishmania then invade or phagocytosed by the host antigen presenting 
cells, mainly macrophages, (3) Flagellated promastigote forms then 
transform into non-flagellated amastigote forms inside the phagolysosome 
of macrophages, (4) Amastigotes multiplies in the macrophages and spread 
to other tissues to infect additional macrophages, (5) Sandflies takes it blood 
meal from infected host, (6) New sandflies getting infected with the 
amastigote parasites, (7) Amastigote forms then transform into the 
flagellated promastigote forms in the gut of sandflies, (8) This promastigote 
parasites multiplies in the gut and migrate to the proboscis of the sandflies 
from where parasites moves into the host after insect biting, thus completing 
the life cycle. (Adapted from US Centers for Disease Control and 
Prevention) 

Life stage in invertebrate host 

After blood intake, 
Leishmania parasite 
multiplies within midgut 
of female sandfly to 
form procyclic 
promastigotes. Then it 
migrates into pharyngeal 
and buccal cavity of the 
flies to become infective 
metacyclic promastigote 
cell. Generally, blood 
meal is necessary for 
sandflies for the 
development of eggs. 
Extracellular 
promastigote parasites 
are characterized by 
elongated, spindle 
shaped body and a long 
flagellum helps in 
movement of the 
parasites. At the time of 
insect biting, flagellated 
promastigotes is 
introduced into the 
dermal layer of 
vertebrate host and from where by the process of endocytosis they are engulfed into the 
phagocytic cells like macrophages (40).  

Life stage in vertebrate host 

Phagocytized metacyclic promastigotes can easily survive in the adverse environmental 
condition within phagolysosome and transform into non-flagellated amastigotes. Surface 
lipophosphoglycan or LPG is a key virulence factor which inhibits the phagosome and 
lysosome fusion to offer the parasite a better chance of survival inside the phagosome (41). 
By binary fission, amastigote parasite rapidly multiplies to lyse the macrophages and release 
into the circulation. Then the amastigote form eventually invades the monocyte and the 
macrophages of liver, spleen, lymph nodes, bone marrow and other tissues. When a female 
sandfly bites the infected individual, amastigotes are taken up from the circulation during the 
blood meal. Flagellated promastigotes are formed from the amastigote through several 
intermediates forms within the midgut of sandfly in 72 hours. These flagellated forms migrate 
to the buccal and pharyngeal cavity within 6-9 days. Finally, these infected sandflies infect 
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new susceptible vertebrate individuals during the blood meal to spread the diseases and thus 
the life-cycle is completed (42). 

1.3.6.1 Vector-parasite interaction: Development inside sandflies 

Phlebotomine sandflies are responsible for the transmission of the Leishmania parasite. More 
than 500 phlebotomine species of 6 genera are known, although new world flies Lutzomyia 
and old world flies Phlebotomus are responsible for the human infection (43). These insects 
are very small (~1.5-2.0 mm in body length) and resides mainly in tropical and subtropical 
parts. Development of the parasite begins within vector’s body, when female flies take up 
circular, immobile amastigote (~2-3 µm) containing macrophages during blood meal (30). 
The changes in the condition (Temperature and pH) from vertebrate host to sandflies vector 
triggers the physiological and morphological changes in the parasite and can develop inside 
the vector. At first, amastigotes are transformed into first replicative and poorly motile 
procyclic promastigotes forms bearing short flagellum. After 2-3 days, by reducing the 
replication rate, highly motile elongated nectomonad promastigotes are developed from the 
parasites (44). At the anterior midgut, they differentiated into shorter nectomonad forms or 
leptomonads and enter into next proliferative cycle. After completing several steps like 
detachment, anterior migration and colonization of stomodeal valve, parasite transforms into 
infective metacyclic 
promastigote forms (13,45-
48). Following next blood 
meal, these infective forms 
are delivered to the 
circulation of vertebrate host 
(Fig.8). Life-cycle of 
Leishmania is completed in 
~6-9 days within sandflies 
vector depending upon the 
species. LPG dependent 
attachment of nectomonad 
promastigotes can be seen in 
some specific vectors like P. 
duboscqi and P. papatasi. 
Although in case of 
permissive vectors, 
attachment is LPG 
independent. Several times 
metacyclic forms were found 
in the saliva and urinary 
discharge of the flies at the 
time of blood feeding (49).  

Fig.8: Leishmanial life cycle inside midgut of sandfly.  Different types 
of barriers faced by Leishmania parasites during the developmental 
stages in sandflies. Digestive proteases mediated proteolytic attack that is 
produced right after a blood meal develops the initial barrier. Peritrophic 
matrix (PM) poses a second barrier from which Leishmania must escape 
and is thought to be achieved between 2- 3 days following infection. The 
third barrier is the necessary midgut attachment, which is needed to 
prevent the parasites from being excreted with the leftovers of the blood 
meal, which typically happen 3-5 days post infection (PI). In order to 
reach the thoracic midgut, parasites must eventually separate from the 
midgut. The "blocked" sand fly is produced by the secretion of parasite 
secretory gel (PSG) and the degradation of the stomodeal valve. Because 
blocked sand flies can't finish a full blood meal, they try to feed more 
frequently, which increases the risk of transmitting parasites. The sandfly 
contains metacyclic that either express phosphatidylserine (PS +) or do 
not express (PS-), which are injected into the mammalian host (Adapted 
from Ortigao et al, Open Parasitol J.2010 Jan 1; 4:195-204) 
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Fig.9: Multiplication of Leishmania inside the 
phagolysosome of the macrophage. Various endocytic 
pathways, lysosomal membrane transporters, autophagy and 
fusion with the ER are used to transfer various carbon 
sources (sugars, fatty acids and amino acids) and critical 
nutrients to the phagolysosome. Macromolecules supplied to 
this compartment are either hydrolyzed by the luminal 
hydrolases or absorbed by amastigotes and hydrolyzed 
within their own hydrolytically active lysosomes. EE, early 
endosome; Arg, arginine; Glc, glucose; Glc6P, glucose 6-
phosphate; GlcN, glucosamine; His, histidine; GlcA, 
glucuronic acid; Ile, isoleucine; Leu, leucine; LE, late 
endosome; Lys, lysine; Man, mannose; Rib, ribose; TAG, 
triacylglycerol; Phe, phenylalanine; Trp, tryptophan; Xyl, 
xylose; Tyr, tyrosine; Val, valine. (Adapted from 
McConville et al, F1000Res. 2015 Oct 1; 4 (F1000 Faculty 
Rev):938) 

1.3.6.2 Leishmania-host interaction: Development within phagolysosome. 

A very remarkable characteristic of Leishmania species is their capability to survive and 
divide inside the phagolysosomal compartment of the phagocytes. Phagocytosis of the 
parasites by the macrophages can occur directly or indirectly with the involvement of 
neutrophils (50). Promastigotes differentiated into amastigote forms inside the vacuole of the 
macrophages, where amastigotes further multiply by the binary fission and can evade 
dendritic cells and fibroblast cells. A thick coating layer of glycocalyx, which is made up of 
GPI-anchored proteins like phosphoglycan, glycoinositol-phospholipid (GIPL) and 

lipophosphoglycan (LPG) is present in 
the Leishmania promastigotes (51). 
Through the mutation studies with 
mutant surface components, it is proved 
that LPG is the key component of 
macrophage infection and knockout of 
other component apparently has no 
impact on the pathogenicity (52,53). 
Macrophages are most recognizable 
types of cells that can be contaminated 
by a huge number of amastigotes that 
can infect single parasite containing 
vacuole or huge communal vacuole (L. 
pifanoi, L. amazonensis and L. 
mexicana) (54). The vacuole containing 
membrane and luminal marker enzymes 
(hydrolase and NADH oxidase) 
generate anti-microbial oxidative burst 
at the low pH (pH 5.4) (55). 
Phagolysosomal compartment can 
uptake various macromolecules from 
the host and degraded by the hydrolases 
(protease, glycosidase and lipase) and 
provide free sugar, amino acids and 
lipids, which is taken up by the 
amastigotes via membrane transporter 

(56) (Fig.9). Phagolysosome comprises of several essential nutrients (amino acids, vitamin, 
purines and heme) and carbon sources to get rid of amastigotes driven degradation of host 
macromolecule using own lysosome (57,58). On the other hand, endolysosomal compartment 
may be removed from the lysosome (56). 

1.3.7. Pathogenicity 

One of the biggest threats of visceral leishmaniasis is the Leishmania/HIV co-infection. 
Statistical data shows that approximately 39.5 million of people are infected with HIV from 
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which 95% are came from developing countries (59). HIV patients are more vulnerable to 
Leishmania infection, where leishmaniasis accelerates the infection with HIV and AIDS 
progression. The response rate of the treatment is very low and without antiretroviral therapy 
(ART) patients eventually dies due to high chance of relapse. 

1.3.8. Treatment of leishmaniasis 

Approximately 12 million of individuals are getting infected with leishmaniasis every year 
worldwide. World Health Organization or WHO declares it as a major tropical disease. 
Although till now, no preventive medicines or vaccines are available. The only protective 
measure is to avoid the biting of sandflies. The commonly used drugs have several side 
effects; those are very much costly and become drug resistance due to frequent uses. 
Therefore, development of new drugs is absolutely necessary. Various fresh drugs and 
vaccines are now on trial and few of them show promising effects. Some commonly used 
drugs used to treat leishmaniasis are given in Table-3 (60). 

Table 3: Frequently used anti-leishmanial drugs. 

Drugs Properties Mode of 
administration 

Effectivity Side effects 

Pentavalent 
antimony 

Polymeric 
organometallic 

complexes. 

Intra-venous or 
intra-muscular 
for VL and CL. 

Resistance to drugs in 
various parts of India, 

sodium 
stibogluconate based 

cheap treatment, 
uneven response in 

CL. 

Pain, abdominal pain, 
edema, 

thrombocytopenia, 
nausea and erythema. 

Amphotericin B Polyene antibiotic, 
product of 

Streptomyces 
nodosus. 

Intra-venous. Major drug for VL in 
India, in Sb resistance 
cases. Used for VL, 
CL and complicated 

forms of CL. 

Hypokalemia or 
infusion related 

anemia, azotemia. 

Paromomycin Aminoglycoside, 
product of 

Streptomyces 
rimosus. Supplied 

as sulphate. 

Intramuscular 
for VL and 

tropical for CL. 

Used for VL in India, 
under clinical trials 

for VL in East Africa. 
Formulation with 
gentamycin and 

surfactants in phase 
III trial. 

Pain, erythema, 
edema, blister and 

ototoxicity. 

Pentamidine Diamidine as 
isethionate salt. 

Intramuscular For specific CL only 
in South America. 

Nausea, diarrhea, 
vomiting, 

cardiotoxicity and 
hyperglycemia. 

 
Always vaccines are the long term solution of any diseases, also in case of leishmaniasis. 
However, till now no vaccines are routinely used against Leishmania anywhere in the globe. 
Several factors like antigenic diversity, digenetic life cycle and genetic plasticity increases 
the difficulty of developing the effective vaccines. Over last two decades, scientists are trying 



INTRODUCTION 
 
 

12 
 

to develop new strategies for vaccines production and fewer of them are in the last stages of 
clinical trials (61,62) (Table-4). 

Table 4: Status of different anti-leishmanial vaccines 

Generation Nature Present status 
 

First generation Killed parasites that stimulate low 
immune response. 

In phase III clinical trials in Asia and 
South America since 1940 (62). 

 
Second generation Genetically modified live parasites, 

viruses or bacteria having native or 
recombinant fragment of Leishmania 

genes. 

Antigens like recombinant hydrophilic 
acrylated surface protein B1, Leishmania 

homolog of receptors for activated C-
kinase, A2 protein, kinetoplastid 

membrane protein-11 (KMP-11), Histone 
H1 from Leishmania have been used in 
vaccine manufacture with considerable 

success (63,64). 
 

Third generation Composed of DNA vaccines which are 
highly stable, cost effective and induce 
durable and stronger immune responses 

through stimulating innate immune 
responses. 

Still under development and 
standardization. 

 

1.4. Redox homeostasis in Trypanosomatids 

Reactive Oxygen Species (ROS) are produced primarily in the mitochondria as a by-product 
of cellular metabolism. A least amount of ROS is required for cellular signaling pathways, 
induce and regulate numerous cellular activities like growth, cell differentiation and gene 
expression (65). ROS can make a serious damage to the cells; hence cellular system 
possesses many antioxidant defense systems for scavenging and eliminating them. In the 
cellular system, there have a fine balance between formation and elimination of the ROS. 
Excessive ROS formation from the by-product in intracellular environment can affect the 
cellular redox homeostasis. Increased ROS production or impaired normal reductive 
mechanisms can cause oxidative stress to the cells. Low molecular weight molecules play a 
significant role in maintaining redox buffer (66,67). Short or long-term adaptive responses 
are developed by the cells depending upon the intensity of oxidative stress. The redox level of 
the kinetoplastid seems to be well-regulated since the parasites are able to successfully 
tolerate the oxidative burst and probably withstand at different environmental condition 
during host infection. The parasites lack glutathione reductase, catalase and selenium 
contained glutathione peroxide but the presence of different types of thiols, tryparedoxin, 
ascorbate peroxidase and tryparedoxin dependent peroxidases helps to maintain redox 
homeostasis. Trypanosomatids possesses four types of major low molecular weight thiols: 
glutathione, trypanothione, glutathionylspermidine and ovothiol A. Only glutathione is a 
common low molecular mass thiol, which present also in the host. A brief description of 
these molecules is given below. 
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Fig.10: Trypanothione 
[T(SH)2] structure (Adapted 
from https://en.wikipedia.org) 

Fig.11: Trypanothione biosynthesis. One molecule of 
glutathione and one molecule of spermidine are attached by the 
glutathionylspermidine synthetase to form 
glutathionylspermidine, which in turn conjugated with another 
molecule of glutathione to form trypanothione by trypanothione 
synthetase; GSPS- Glutathionylspermidine synthetase, TS-
Trypanothione synthetase. 

1. Ovothiol A: 

All of the insect stages contain ovothiol A with more than 1 mM concentration in 
Leishmania and less than 0.25 mM in other trypanosomatids (68). Ovothiol A content 
exceeds the trypanothione in the late log or stationary phase of Leishmania promastigotes. 
Although ovothiol A is less effective than trypanothione, it can act as a non-enzymatic 
hydrogen peroxide scavenger (69). 

2. Trypanothione and Trypanothione reductase : 

A high concentration of glutathione, a sulfur-containing tripeptide makes it feasible to 
maintain an intracellular reducing environment in most living organisms. Generally, 
GSH/GR is responsible for intracellular redox homeostasis maintenance. Glutathione 
reductase is a very efficient enzyme that reduces the glutathione from oxidized (GSSG) to 
reduced form (GSH). However in case of kinetoplastida, most of the glutathione is 
converted into a unique thiol, trypanothione or N1,N8-bis (glutathionyl) spermidine (70) 
(Fig.10). Trypanothione is formed by the conjugation of two glutathione with one 

molecule of Spermidine (Fig.11). γ-glutamyl cysteine synthetase or glutamate-cysteine 
ligase (GCL) and glutathione synthetase are the common enzymes present in 
trypanosomatids as well as in other organisms for glutathione synthesis (71,72). The 
biosynthesis pathway of trypanothione is unique to the trypanosomatids. The conversion 
of reduced form of trypanothione or dihydrotrypanothione [T(SH)2] from the oxidized 
form or trypanothione disulphide (TS2) by the unique enzyme trypanothione reductase 
(TR) helps to maintain redox homeostasis in all kinetoplastids (73) (Fig.12). Compared to 

Fig.12: Conversion of TS2 to 
T(SH)2 by Trypanothione 
reductase. Structure of oxidised 
trypanothione [TS2] and reduced 
trypanothione [T(SH)2] is shown. 
Trypanothione reductase or TR 
reduces the oxidised form into the 
reduced form. (Adapted from 
Nagarajan et al, J Med Chem. 2003 
Dec 18; 46(26):5712-24) 
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GSH, T(SH)2 block the NO 600 times more efficiently and it is proposed that higher level 
of catalytic activity of could T(SH)2 protect the parasite cells from high exposure of NO 
from mammalian host (74,75).   

3. Tryparedoxin: 

In trypanosomatids, a distinct type of oxidoreductase, named tryparedoxin (TXN) is 
found, which is related to thioredoxin. It is a component of detoxification pathways of 
hydroperoxide in kinetoplastids, where they involve in electron transfer between 
peroxiredoxin and trypanothione to reduce hydroperoxide as well as peroxynitrite (76). 
Tryparedoxin can also reduce ribonucleotide reductase and react with various 
tryparedoxin peroxidase and Universal minicircle sequence Binding Protein (UMSBP), in 
a way being involved in numerous cell functions like synthesis of DNA, regulation of 
mtDNA synthesis, peroxide metabolism (77,78). 

4. Tryparedoxin peroxidase: 

The peroxidase that uses reducing electrons from tryparedoxin to remove peroxides, is 
termed as “tryparedoxin peroxidase” or TXNPx. Members of peroxiredoxin and non-
selenium glutathione peroxidase is belongs to this family. The first enzyme to be reported 
to have tryparedoxin peroxidase activity is peroxiredoxin (PRX), which is an antioxidant 
enzyme that can reduce hydroperoxide and peroxynitrite by using active cysteine (79).  

5. Non-selenium glutathione peroxidase: 

Glutathione peroxidases (GPX) are the group of antioxidant enzymes that reduce 
hydroperoxides at high catalytic efficiency (80). GPX has a common catalytic residue, 
formed by tryptophan, glutamine and selenocysteine (Se-Cys). Although some of GPXs 
contain Cys in place of Se-Cys residue, is named as ‘non-selenium glutathione 
peroxidase’ (nsGPX) (81). In T. cruzi, glycosomal nsGPXA1 is supposed to function in 
phospholipids, hydroperoxides and fatty acids metabolism (82).  

6. Ascorbate peroxidase: 

In 1994, ascorbate is identified in trypanosomatids and capacity of vitamin C synthesis 
has been identified in T. cruzi and T. brucei (83). In photosynthetic organisms, ascorbate 
is oxidized in a H2O2-dependent manner by ascorbate peroxidases (APXs) - a class-1 
heme-containing peroxidase enzyme (84). In L. major, APX is involved in intracellular 
ROS detoxification by catalyzing the reduction of H2O2 is identified (11).  

7. Glutathione: 

As the tripeptide glutathione is present from prokaryotes to almost all eukaryotes, 
overview of this thiol molecule is discussed below. 
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Fig.14: Graphical presentation 
of the functions of glutathione 
in the cell. Glutathione plays 
several roles in the intracellular 
milieu such as xenobiotic and 
metal detoxification, ROS 
elimination, mitochondrial iron-
sulphur biogenesis, protein 
glutathionylation, redox buffer, 
sulphur transport and reservoir, 
regulation of immune response. 

1.5. Overview of glutathione 

Glutathione (GSH) is a low-molecular weight 
thiol, which is consisted of three amino acids: 
glycine, glutamic acid and cysteine present in 
nearly all eukaryotic cells and few prokaryotes 
(Fig.13). GSH is a very stable thiol molecule 
because of the exceptional γ-peptide linkage, 
which prevents it from being degraded by 
aminopeptidases and required very specific 
enzyme to be degraded. The sulfhydryl group 
is essential for the function of GSH. The 

peptide bond linkage between glutamate and cysteine is aided by γ-carboxyl group, rather 
than usual α-carboxyl group. Three main reservoirs of GSH are cytosol (~90%), 
mitochondria (10%) and endoplasmic reticulum (ER) (<1%) in eukaryotic cells. 
Mitochondrial GSH has greater half-life (30 hrs) than cytosolic GSH (2-4 hrs). In mammalian 
cells, GSH is found in a concentration between 1-10 mM (85).  
Plants and humans both experience embryonic mortality when glutathione biosynthesis is 
disrupted (86,87). Unicellular eukaryotes like yeast also could not able to grow in this 
condition (88). However, only exogenous glutathione can restore the condition (89). 
Glutathione still is not necessary for survival in prokaryotes like E. coli unless under stressful 
conditions (90).  
Glutathione exist in two forms – reduced or GSH and oxidized or GSSG. Alteration of the 
balance of these two forms can affect the redox balance in the cells. Besides its role in redox 
buffer (91), glutathione exhibits various function in all organisms including iron-sulfur 
biogenesis in mitochondria (92), transport and storage of sulphur (93), ROS elimination (94), 
detoxification of xenobiotics and metals (91,95), protein function regulation by 
glutathionylation of cysteine residue (96). In addition, glutathione plays a significant role in 
immune system regulation like regulation of antigen-processing machinery by antigen-
presenting cells (APCs) to initiate Th1 and Th2 response (97). GSH can also act as a cofactor 
for the antioxidant enzyme glutathione peroxidase (GPX), a selenium containing peroxidase 
reduces the peroxides (98) (Fig.14). 

Increased oxidative stress is a direct result of the GSH deficiency, which can be associated 
with many diseases such as liver disease, Alzheimer’s disease, Parkinson’s disease, 

Fig.13: Structure of glutathione. Glutathione is 
a tripeptide thiol made up of Glutamic acid, 
Cysteine and Glycine. (Adapted from 
https://commons.wikimedia.org) 
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Fig.15: Schematic diagram of γ-glutamyl 
cycle. This cycle is essential to maintain 
intracellular glutathione (GSH) homeostasis. 
This cycle is accomplished by six enzymes 
found in the cytosol and plasma membrane. 
Glutathione is degraded by the γ-glutamyl 
transpeptidase to form γ-Glu-AA and Cys-Gly. 
Cys-Gly is then degraded by the peptidase to 
form free Cysteine and Glycine, whereas γ-
Glu-AA is in turn degraded by γ-glutamyl 
cyclotransferase enzyme into free amino acid 
and 5-oxoproline. This 5-oxoproline is then 
transformed into glutamic acid by the 5-
oxoprolinase. The produced glutamate and 
cysteine are combined to form γ-Glu-Cys by 
glutamate-cysteine ligase (GCL). The final step 
of GSH biosynthesis pathway involves the 
addition of Gly by ATP and Mg2+ dependent 
glutathione synthase (GS). (Adapted from 
https://flipper.diff.org/app/pathways/info/8031) 

degeneration of macular eye, cancer, aging and HIV infection (99). Moreover, GSH 
degradation lead to the cell apoptosis and it is act as a hallmark of apoptosis (100). On the 
other hand, extreme level of glutathione is also associated with the cell toxicity because of the 
non-specific glutathionylation and activity inhibition of the cellular protein in this elevated 
level of GSH (101). GSH synthesis and degradation as well as glutathione transport and 
efflux, also the regulating enzymes such as reductase and peroxidase play crucial role for the 
maintenance of glutathione homeostasis. Among these, glutathione degradation may be the 
least understood in terms of maintaining glutathione homeostasis. The significance of 
glutathione degradation is becoming better understood as a result of the recent discovery of 
some new glutathione degradation pathways.  

1.5.1. γ-glutamyl cycle: 

The γ-glutamyl cycle that is involved in the cyclic degradation and re-synthesis of GSH, is 
responsible for carrying out the metabolism of glutathione in cells (Fig.15). However, the 

cycle does not resemble to all the organisms because some of the steps are missing in some 
organisms. The γ-glutamyl cycle is thoroughly studied in mammalian systems and six 
enzymes are involved to complete the cycle (102). Two ATP-dependent enzymes are 
required for the biosynthesis of GSH from its component amino acids. The first enzyme in 
the biosynthesis of GSH- γ-glutamate-cysteine ligase (GSH1) is responsible for the ligation 
of glutamate and cysteine via the γ carboxyl group. Later, glycine is linked to γ-Glu-Cys to 
form GSH by glutathione synthetase (GSH2). The rate-limiting step of GSH production is the 
synthesis step of γ-Glu-Cys by GSH1, which is tightly regulated at transcriptional as well as 
post-transcriptional levels (103,104). Initially glutathione degradation is catalyzed by γ-
glutamyl transpeptidase or γ-glutamyl transferase (GGT, γ-GT) that can transfer γ-glutamyl 
moiety to the available amino acid to form γ-Glu-amino acid and the dipeptide Cys-Gly 
(105). These two degraded product were presumed to be passed through the membrane, but 
details of transport are not clearly depicted in the cycle. Cys-Gly dipeptide is then degraded 
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into Cysteine and Glycine by the peptidase, while γ-glutamyl cyclotransferase is acted upon 
the γ-Glu-amino acid to yield 5-oxoproline and respective amino acids (106). Then another 
enzyme, 5-oxoprolinase (ATP dependent) hydrolyses 5-oxoproline or pyroglutamic acid into 
glutamate (107).  
First trace of existence of GGT independent alternate pathways was found through a genetic 
study in 2003 (108). Glutathione degrading enzymes have been identified in last two decades 
includes Dug enzyme (yeast and fungi) (109), ChaC1 enzyme (higher eukaryotes) (110), 
ChaC2 enzyme (bacteria to human) (111) and RipAY enzyme (few bacteria) (112). A better 
picture can be drawn about function of GSH degradation in GSH homeostasis, amino acids 
recovery and recycling with the emergence of new degradation pathways. 

1.5.2. Enzymes involve in glutathione degradation pathways: 

The biochemical properties and functions of glutathione degradation pathway’s enzymes are 
briefly discussed in below. 

A. γ-glutamyl transpeptidase (GGT): 

GGT is an enzyme that cleaves the γ-glutamyl bond of GSH and transfer to the acceptor 
like peptides and amino acids by transpeptidation reaction or water by hydrolysis. 
Glutathione is degraded into glutamic acid and Cys-Gly through the hydrolysis reaction. 
The name γ-glutamyl transpeptidase is derived from the ability of the enzyme to transfer 
γ- glutamyl moiety to acceptor like dipeptide or amino acids forming a new γ-glutamyl 
molecule (90,113,114). γ-glutamyl transpeptidase is heterodimeric protein consists of two 
subunits - large and small subunit (Fig.16). The enzyme is synthesized through the 

autocleavage of a propeptide to form two subunits. This protein is belongs to the 
superfamily of N-term nucleophile hydrolase (Ntn hydrolase) because conserved ‘Thr’ at 
the N-terminal is critical for the initiation of the catalysis (115-117). GGT is able to 

Fig.16: Crystal structure of γ-glutamyl transpeptidase of Escherichia coli. (a) Ribbon 
representation of GGT heterodimer (PDB code-2DBU). The L subunit is blue-colored and the S 
subunit is green-colored. (b) Ribbon representation of L subunit. (c) Ribbon representation of S 
subunit. α-Helices and β-strands are labelled. In each of the L and S subunits, the N terminus is 
colored blue and the C terminus is colored red, with intermediate colours following the distance in 
the sequence from the N terminus. The N-terminal residue of S subunit (Thr-391) is shown with a 
stick model. (Adapted from Okada et al, Proc Natl Acad Sci U S A.2006 Apr 25; 103(17):6471-6) 
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cleave various γ-glutamyl substrates where free glutamate moiety is present such as 
reduced and oxidized glutathione (GSH and GSSG), γ-glutamyl compounds and GSH-S-
conjugates (118). 

Out of 13 identified GGT homologues, only two genes (GGT1 and GGT5) are able to 
encode protein in human genome (119) (Fig.17). Both are situated on the extracellular 
side of plasma membrane. In case of yeast, only one GGT is found at the vacuolar 
membrane facing towards vacuolar lumen (120). Whereas in Arabidopsis thaliana plant, 
4 GGTs were characterized, where GGT1 and GGT2 are supposed to be located in 
plasma membrane facing apoplast involved in the transport of GSH, formation of γ-
glutamyl amino acid and vacuolar GGT3 and GGT4 are involved in initial GSH 
conjugate metabolism step and cleavage of γ-glutamyl residue from Glutathione S-
bimane (GSB) as initial degradation step of glutathione S-conjugate respectively (121-
123).  
Although it was thought that the major activity of GGT was transpeptidation, several 
studies reveal that the main function of it as a hydrolase, not transpeptidase (124-126). As 
the active site situated towards outwards, recovering glutathione from the outside and 
constituents back to inside of the cells could be the main function of this enzyme (127). 
GGTs catalyze the degradation of different γ-glutamyl substrates to produce glutamic 
acid-AA conjugate and Cys-Gly. This Cys-Gly can eventually be hydrolyzed by Cys-Gly 
peptidases (membrane bound) to form glycine and cysteine, which can be consumed by 
the cells for GSH and protein synthesis. In mammals, the central role of GGT is to 
replenish glutathione and cysteine stores, which is expressed predominantly in proximal 
tubules of the kidney (128). So, GGT has a major role in the homeostasis of cysteine and 
protect the cells from oxidative stress related damage (90). 

B. DUG enzyme: 

GGT knock out Saccharomyces cerevisiae cells is able to grow and degrade glutathione 
when glutathione is used as only sulfur source that suggesting the existence of alternate 
pathway for glutathione degradation (108). These alternate pathway genes are identified 

Fig.17: Crystal structure of human GGT1. (A) Ribbon representation of the hGGT1 heterodimer 
(PDB code- 4DGX). The large subunit is colored blue, and the small subunit is colored green. The 
active site Thr-381 is colored red. The orange round outlines the active site cleft. Ribbon 
representations of large subunit (B) and small subunits (C) of hGGT1 are shown. (Adapted from West 
et al, J Biol Chem.2013 Nov 1; 288(44):31902-13) 
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through genetic study and named the pathway as DUG pathway or Defective in 
Utilization of Glutathione pathway. Four genes are identified named DUG1, DUG2, 
DUG3 and DUG4. DUG1 is act as a Cys-Gly peptidase and DUG4 encodes a transporter 
called HGT1 or high affinity glutathione transporter (89,109,129). Remaining Dug2p and 
Dug3p were interacted each other to form heterodimeric (Dug2p-Dug3p)2 complex, that 
is active DUG enzyme, where large Dug2p protein is consisted of two domains and 
Dug3p bears a glutamine aminotransferase II domain. This interaction is necessary for the 
enzymatic activity of this enzyme (130). This Dug pathway has found only in yeast 
(Candida albicans) and fungi (Aspergillus nidulans) but absent in bacteria, animals or 
plant, suggesting that Dug is yeast and fungi specific pathway (131,132). 
Cytosolic Dug enzyme are transcriptionally activated under sulfur deprived condition and 
inactivated in cysteine and methionine presence (130). Hence, stress inducible Dug 
enzyme plays an important role in GSH homeostasis in the cell. Different studies reveal 
that the enzyme can cleave γ-glutamyl bond of γ-glutamyl p-nitroanilide (GPNA) 
suggesting that it could have broad specificity like GGT. Albeit the GSH synthesis is 
essential for Candida albicans survival in vivo, the GSH degradation is not related to 
their virulence (131).  

C. ChaC1 enzyme: 

Members of γ-glutamyl cyclotransferase family shows identical BtrG/γ-GCT fold which 
is distinguished by an exclusive character of beta barrel and that is surrounded by alpha 
helices. The first reported enzyme of this family is BtrG protein of bacteria and γ-GCT 
proteins of mammals. This enzyme produces 5-oxoproline and various compounds by 
acting upon different γ-glutamyl substrates (133). ChaC1 belongs to this family, 
specifically act upon the reduced glutathione (not even oxidized glutathione) to form Cys-
Gly and 5-oxoproline. The mammalian ChaC1 protein shows the Km value between 2-3 
mM and induced under ER stress or unfolded protein response (UPR) (110,134). Two 
alternative spliced variants of ChaC1 as isoform A and isoform B are found in the human. 
The nomenclature of ChaC was first described in E. coli, where ChaC belongs to the 
CHA operon. Three genes of this operon are: ChaA which encodes a transporter, ChaB 
encodes a regulator and ChaC encodes cation transport regulator-like protein, which is a 
regulator of ChaA. The presence of Ca+2 /H+ antiporter in the operon along with GSH 
degradation enzyme suggests there have a close relationship between this two (135). 
ChaC1 protein homologues are present in all organisms; however functional orthologues 
are only present in higher eukaryotes. ChaC1 paralogues named ChaC2 also present in 
these organisms. Albeit ChaC2 functions as glutathione degradation like ChaC1 but in 
terms of kinetics and physiological role they appear to be quite different (90). 
ChaC1 proteins are induced under numerous conditions includes endoplasmic reticulum 
stress (ER stress) (134), amino acid deprivation (136), cancer (137), viral infection, 
(138,139), diabetes, neurogenesis (140), atherosclerosis (141), retinal axonal damage 
(142) and liver metabolism (143). ChaC1 induction occurs through the 
PERK/ATF4/ATF3/CHOP induction under ER stress (144). Amino acid deprivation 
response occurs through GCN2/eIF2a/ATF4/ATF3 pathway (136). It is seems that ChaC1 
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Fig.18: Structure of ChaC2 from human. (A) Schematic representation of ChaC2 in the crystal. 
ChaC2 of the crystallographic dimer from two nearby an asymmetric unit (ASU) are colored in pink 
and green, respectively. The crystallographic dimer formed by flexible loop2 is denoted with black 
dotted circle. (B) Structure of ChaC2 (PDB code-6K95). Helices, β-strands, and loops are colored in 
green, salmon, and light blue, respectively. The active site of ChaC2 is denoted with a blue dotted 
circle. Loop2 is colored in blue. The side chains of Glu74 and Glu83 are shown as stick models. 
(Adapted from Nguyen et al, Biomolecules.2019 Dec 24; 10(1):31) 

is required for providing amino acids (glutamate, cysteine and glycine) to the cells in the 
stress condition which can be required for the cell growth. As the ChaC1 is specific 
towards reduced glutathione, it has the ability to change the redox potential of the cells 
and sudden ChaC1 induction leads to decrease of GSH/GSSG ratios to provide oxidizing 
environment. Higher migration and proliferation can occur in human breast and ovarian 
cancer cells with the overexpression of ChaC1 because of the hypoxic and ER stressed 
condition in the cancer cells (137). The induction of ChaC1 (Botch) is observed during 
neurogenesis of mouse suggests that ChaC1 has an important role in developmental 
processes (145).  

D. ChaC2 enzyme: 

ChaC2 as a member of ChaC family are found from lower prokaryotes to higher 
eukaryotes unlike its paralogues ChaC1 which is only restricted to higher eukaryotes. 
Detailed studies from human, mouse and yeast ChaC2 reveal that it is located in cytosol 
and specifically act on the GSH to yield Cys-Gly and 5-oxoproline (Fig.18). There have 

60% sequence similarity between ChaC1 and ChaC2 of human and 90% similarity 
between mouse and human ChaC1. Thus ChaC2 is much similar to ChaC1 but differs 
mainly in catalytic activity. ChaC2 can degrade GSH with 10-20 folds less efficiently 
than ChaC1 enzyme (111). There have three homologues of ChaC2 in plant A. thaliana, 
named GGCT2:1, GGCT2:2 and GGCT2:3; all are present in cytosol and with low 
catalytic efficiencies (146,147).  
Unlike mammalian ChaC1, ChaC2 enzymes are not induced in any condition in 
mammalian cells. Expression level of ChaC2 in normal or any stressed condition remains 
unchanged and higher than ChaC1 in human. Thus constitutively expressed ChaC2 
enzymes have housekeeping role of continuous and slow turnover of glutathione (111). In 
case of Arabidopsis thaliana, only GGCT2:1 is regulated via sulfur starvation and has a 
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Fig.19: Crystal structure of Human γ-glutamyl cyclotransferase (GGCT). (A) Schematic 
representation illustrating the GGCT dimer (PDB code-3CRY). Atoms of Glu98 are represented as spheres. 
β-strands are yellow, α-helices are purple and 310 helices are green. (B) Schematic representation of the 
GGCT monomer with secondary structure elements labeled. (Adapted from Oakley et al, J Biol 
Chem.2008 Aug 8; 283(32):22031-42) 

significant role in glutamic acid recycling (147,148). On the basis of regulation and 
catalytic efficiency, it can be concluded that ChaC2 is the earliest enzyme with 
housekeeping capacity but ChaC1 is thought to be evolved at later period in higher 
eukaryotes to response in stressed condition (90). 

E. RipAY enzyme:  

Recently a glutathione degradation enzyme is found in a plant pathogenic bacterium 
Ralstonia solanacearum named as RipAY and which is belongs to the ChaC family. 
RipAY catalyzes the degradation of glutathione with exceptionally high catalytic 
efficiency (100-200 fold higher Kcat than plant and yeast ChaC2) and regulated by 
thioredoxin (112). During R. solanacearum infection, it can alter the host glutathione 
homeostasis (149). 

1.5.3. Other enzymes involved in γ-glutamyl cycle: 
 

A. γ-glutamyl cyclotransferase: 

γ-glutamyl amino acids were produced by the transpeptidation reaction of γ-GT, which 
acts upon the glutathione in γ-glutamyl cycle. Then this γ-glutamyl amino acid is cyclized 
by the γ-glutamyl cyclotransferase (γ-GCT) to produce amino acids and 5-oxoproline. In 
mammals, this protein is observed to be acted with γ- glutamyl derivatives of alanine, 
glutamine and methionine but not with valine and leucine derivatives (133,150). This 
protein is completely absent in plants or yeast and is thought to be exclusively present in 
mammals. Crystal studies reveal that glutamate residue at 98 position (Glu98) of γ-GCT 
is critical for its catalytic activity (Fig.19). γ-glutamylamine cyclotransferase (GGACT) is 
a structural homologue of γ-glutamyl cyclotransferase is identified and acts solely on γ-
glutamyl amines like γ-glutamyl-ε-lysine (151). 
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B. 5-oxoprolinase: 

ATP-dependent enzyme 5-oxoprolinase catalyze the hydrolysis of 5-oxoproline to form 
glutamic acid. The cyclized form of glutamic acid or 5-oxoproline (pyrrolidone 
carboxylic acid or pyroglutamic acid) is produced from γ-glutamyl-AA by γ-GCT. It 
could also be generated from the glutathione directly by the enzyme ChaC1 or ChaC2 or 
through other reaction (152). Excessive level of pyroglutamate in the blood, urine or CSF 
can lead to various severe diseases like hemolytic anemia, severe metabolic acidosis and 
CNS dysfunction (153). Hence, 5-oxoprolinase plays a very important role in removing 5-
oxoproline and regenerating glutamate. Structural studies from eukaryote cells reveal that 
this enzyme is a large homodimeric protein consists of two hydantoinase domains for 
each subunit. Catalytic efficiency of 5-oxoprolinase is very low (154,155). 5-oxoprolinase 
is found from bacteria to eukaryotes and it is also present in some organism that don’t 
have the ability to produce glutathione, which suggest that 5-oxoproline could be 
produced through multiple pathways in the cells (156).  

C. Cys-Gly peptidase: 

Cys-Gly accumulation in the cells can leads to several toxic effects. Hence it is very 
important to degrade this dipeptide. Cys-Gly peptidases can breakdown Cys-Gly and 
recover cysteine and glycine for the cyclization of the γ-glutamyl cycle. Since GSH can 
be broke down both at cytosol and extra cytoplasmic spaces, Cys-Gly peptidases can also 
be found in cytoplasm as well as extracellular environment. M20A dipeptidase or 
Dug1p/CNDP2 peptidase is cytosolic homodimeric manganese or zinc dependent 
metallopeptidase which shows Cys-Gly peptide specific activity (129). Although this type 
of peptidase can be found in human and yeast but absent in plant and bacteria. M17 
metallopeptidases or Leucine amino peptidases can be found in the cytosol of animals, 
plant, some yeast and bacteria and it is a hexameric zinc or manganese dependent 
peptidase that has a higher specificity towards Cys-Gly and oxidized Cys-Gly (157,158). 
M1 metallopeptidases or Aminopeptidase N is a membrane bound metallopeptidase 
which can hydrolyze Cys-Gly (159). M19 metallopeptidase is also a membranous 
homodimeric dipeptidase that can hydrolyze Cystinyl-bis-glycine (Cys-bis-Gly), oxidized 
form of Cys-Gly and leukotriene D4 (S derivative of Cys-Gly) and form leukotriene E4 
by removal of glycine from Cys-Gly of leukotriene D4. By the activity of GGT on GSSG, 
Cystinyl-bis-glycine can also be formed (160). 

1.5.4. Newly proposed ‘Glutathione cycle’ instead of γ-glutamyl cycle: 

From about five decades, glutathione metabolism in various organisms has been presented 
through γ-glutamyl cycle. Since many new discoveries have been emerged in glutathione 
metabolism, clearly it can be concluded that γ-glutamyl cycle is not sufficient to describe the 
metabolism of glutathione in the cells. Newly proposed “glutathione cycle” includes all the 
current discoveries about glutathione metabolism such that localization and function of the 
enzymes, transporter of the glutathione and degradation as well as transporter of the 
respective amino acids (90) (Fig.20). 
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Fig.20: The glutathione cycle in 
the mammalian cells: 1) γ-
glutamylcysteine synthetase, 2) 
glutathione synthetase, 3) ChaC1 
& ChaC2, 4) 5-oxoprolinase, 5) 
Cys-Gly peptidase, 6) gamma-
glutamyl transpeptidase, 7) 
ligandins or glutathione S-
transferase, 8) dehydroascorbate 
reductase (DHAR) or glutathione 
peroxidase (GPx), 9) Glutathione 
reductase (GR), 10) membrane 
bound Cys-Gly dipeptidase. 
(Adapted from Bachhawat and 
Kaur, Antioxid Redox Signal.2017 
Nov 20; 27(15):1200-1216) 

 
 
 
Fig.21: Enzymes involved 
in glutathione degradation: 
The different glutathione 
degradation enzymes are 
categorized according to the 
glutathione pools they work 
on and their enzymatic 
activities. (Adapted from 
Bachhawat and Kaur, 
Antioxid Redox Signal.2017 
Nov 20; 27(15):1200-1216) 

 

1.6. Glutathione degradation in Leishmania: 

Like other eukaryotic and prokaryotic cells, GSH synthesis enzymes such as γ-glutamate-
cysteine ligase and glutathione synthetase are present in Leishmania. But no glutathione 

degradation enzymes have been reported in any kinetoplastida. Many glutathione degradation 
enzymes have been reported in many organisms through decades such as GGT, DUG, 
ChaC1, ChaC2 and RipAY (Fig.21). As glutathione synthesis as well as degradation is a 

crucial factor for maintaining the glutathione homeostasis, any alteration in this homeostasis 
can cause a serious effect on the cellular level. Although trypanothione plays a role as a main 
redox molecule in the kinetoplastida, a large amount of glutathione is required for the 
formation of trypanothione with spermidine. So, trypanothione level will be altered with 
changing the glutathione level and subsequently affect the redox balance in these organisms. 
This work is mainly based on the finding of novel degradation pathways of glutathione in 
trypanosomatids like Leishmania.  
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1.7. Objectives of this present work: 

Several tropical parasitic life threatening diseases such as leishmaniasis, malaria and 
amoebiasis continues to affect the population even today. These pathogens differ from their 
host through a remarkable and fascinating array of biochemical, molecular, structural and 
metabolic differences. Drugs can control some of these parasitic diseases to some extent but 
the parasites have also developed various drug resistant mechanisms that impede the 
development of treatment and cure. With this viewpoint, researchers are involving for 
searching various drug targets. Amphotericin B, pentamidines, paromomycin are widely used 
chemotherapeutic drugs for the treatment of leishmaniasis and those are very expensive drugs 
with several side effects. The necessity to create novel and cost effective leishmaniasis 
treatments that can be administered in a way that will be target-specific, minimizes patient 
compliances, prevents rapid evolution of resistance and hence need multi-domain methods. It 
is well observed that Leishmania completes its life cycle in two hosts- promastigote stages in 
sandflies and amastigote stages in vertebrate host and cellular environments are remarkably 
different in these hosts. Finding new therapeutic targets can be valuable if genes and proteins 
of Leishmania involved for pathogenesis are identified and characterized. 
Glutathione degradation is equally important as the glutathione synthesis for any organism, 
especially in unicellular organisms for maintaining their glutathione homeostasis. As our 
primary focus to explore glutathione degradation pathway related enzyme, during the search 
in tritrypdb site on Leishmania major genomic database, we have found two putative ChaC-
like sequences (LmjF.22.1190 and LmjF.22.1200) situated in tandem array in the 22 
chromosome of the genome. The open reading frame (ORF) of 714 base pair for shorter 
version ChaC-like gene of encodes a 237 amino acid long protein, whereas ORF of 972 base 
pair for longer version of ChaC-like gene translates into 323 amino acid long protein. 
Thus main objectives of this work is summarized as - 1) In vitro characterization and 
comparative kinetic activity measurement of two ChaC proteins from Leishmania major, 2) 
Regulation of either LmChaC proteins expression in Leishmania major, 3) Functional 
characterization of LmChaC proteins in Leishmania major by constructing overexpression, 
knockout and complementary cell lines, 4) Deciphering the physiological role of LmChaC 
proteins in terms of infectivity and virulence through in vivo studies in macrophage and 
BALB/c mice. 
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MATERIALS & METHODS 
 
2.1. Materials 

2.1.1. Reagents 

Plasmid DNA isolation for miniprep kit (QIAprep spin miniprep kit), QIAamp-DNA mini kit 
for the isolation of genomic DNA, DNA gel extraction kit, PCR purification kit and Ni-NTA 
agarose resins were purchased from ‘Qiagen’. Leishmania culture media-M199, Raw 264.7 
cell culture media-RPMI 1640, Schneider’s Drosophila media and fetal bovine serum (FBS) 
were purchased from ’GIBCO’. Unstained and pre-stained protein molecular mass markers, 
DNA molecular weight marker, various restriction enzymes, platinum Taq DNA polymerase, 
platinum Taq high fidelity DNA polymerase, T4 Rapid DNA Ligation Kit, protease inhibitor 
cocktail were purchased from ‘Thermo Scientific’. G418 solution, protease inhibitor cocktail 
and NBT-BCIP tablet were purchased from ‘Roche’. Anti α-tubulin antibody was purchased 
from ‘Cell signaling technology’. All the required oligonucleotides were obtained from either 
‘GCC Biotech Pvt. Ltd’ or ‘IDT’. HEPES, propidium iodide, β-Mercaptoethanol, 
Bromophenol Blue, Coomassie Brilliant Blue R-250, TEMED, SDS, Tris-base, Tris-Cl, 
glycine, NaCl, EDTA, PMSF, lysozyme, DMSO, EtBr, RNase A, anti- rabbit and anti-mouse 
secondary antibody, perchloric acid were purchased from ‘Sigma-Aldrich’. Protein 
estimation reagent (Bradford reagent) was obtained from ‘Bio-Rad Laboratories’. Glacial 
acetic acid, NaOH, KH2PO4, K2HPO4, Na2HPO4, NaH2PO4, APS were purchased from 
‘SRL’. Methanol and isopropanol was purchased from ‘FINAR’. HPLC grade ethanol and 
nitrocellulose membrane were purchased from ‘Merck-Millipore’. Yeast extract, agar-agar, 
tryptone, acrylamide-bis-acrylamide solution, Luria-Bertani Broth, Terrific Broth and sulfur 
deficient M199 media (AT1076) were purchased from ‘HIMEDIA’. 

2.1.2. Strains 

A. Leishmania 

Leishmania major (Strain 5ASKH)  

B. Macrophage 

RAW 264.7 

C. Bacteria 

Following Strains of Escherichia coli bacteria were used:  

DH5α, C41 (DE3) and BL21 (DE3) 

D. Mice 

BALB/c 

2.1.3. Leishmania culture media 
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A. Preparation of sulphur containing M199 media: 

M199 powder 13.2 gm. 
HEPES 6.12 gm. 

Adenine 200 µM 
Folic acid 150 µg/ml 
Haemin 10 µg/ml 

Gentamycin 50 µg/ml 
Penicillin-streptomycin 1% 

 

Media pH was adjusted to 7.4 with HCl and volume was made up to 1000 ml with glass 
distilled water. Finally media was filtered by using 0.22 µm radiation sterilized stericup and 

stored at 4°C. 

B. Preparation of sulphur deficient M199 media: 

M199 powder(AT1076) 9.5 g 
NaHCO3 2.2 g 
Adenine 200 µM 

Folic acid 150 µg/ml 
Haemin 10 µg/ml 

Gentamycin 50 µg/ml 
Penicillin-streptomycin 1% 

 

Media volume was adjusted up to 1 L and pH was set to 7.4 and then filtered through 0.22 
µm sterilized stericup and stored at 4°C. 

2.1.4. Bacterial culture media 

A. Luria-Bertani Broth (LB), pH 7.5 

Yeast extract 

Bacto Tryptone 

Sodium chloride 

 5 g/litre 

10 g/litre 

10 g/litre 

B. Terrific broth (TB), pH 7.5 

Yeast extract 

Bacto Tryptone 

Glycerol 

24 g/litre 

12 g/litre 

4 ml/litre 

2.1.5 Buffers and solutions 

A. Phosphate buffered saline, pH 7.4 

Na2HPO4 

KH2PO4 

NaCl 

14.4 g/L 

2.4 g/L 

80 g/L 
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KCl 2 g/L 

B. Potassium phosphate buffer 

KH2PO4 

K2HPO4 

170 mM 

720 mM 

C. 50X TAE buffer 

Tris base 

Glacial acetic acid 

EDTA( 0.5 M, pH 8) 

242 g/L 

57.1 ml/L 

100 ml/L 

D. SDS-PAGE running buffer 

Glycine 

Tris-base 

SDS 

14.4 g/L 

3 g/L 

1 g/L 

E. Electroporation buffer for L. major 

HEPES, pH 7.4 21 mM 

NaCl 137 mM 

NaH2PO4 0.7 mM 

D-Glucose 6 mM 

F. Equilibrium buffer for protein purification 

Phosphate buffer, pH 7.0 50 mM 

NaCl 150 mM 

Glycerol 10% 

Imidazole, pH 7.5 20 mM 

PMSF 1 mM 

G. Bacterial cell lysis buffer 

Phosphate buffer, pH 6.0 50 mM 

NaCl 150 mM 

Glycerol 10% 

Imidazole, pH 7.5 20 mM 

PMSF 1 mM 

Protease inhibitor (without EDTA) 0.5 tablet 

β-Mercaptoethanol 0.05% 

Lysozyme 1 mg/ml 
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H. Protein elution buffer 

Phosphate buffer, pH 7.0 50 mM 

NaCl 150 mM 

Glycerol 10% 

Imidazole, pH 7.5 250 mM 

PMSF 1 mM 

2.1.6. Cloning vectors used (Table-5) 

Purpose Name of the vector 

For cloning the ORF pET28a and pET16b (Novagen) 

For overexpression leishmanial cells pXG-B2863 

For leishmanial null mutants generation pTPuro_v1 and pTBlast_v1 

For generation of Cas9 expression leishmanial cell-lines PTB007 

For leishmanial complement cells generation pXG-PHLEO and pXG-B2863 

 

2.1.7. Oligonucleotides used (Table-6) 

Primer Primer sequence (Restriction sites are underlined) Purpose 

 

Primer 1 

Primer 2 

5’- AAAACATATGATGTCATCCTCATCGGAACTG -3’ 

5’- AAAAGGATCCTCATATCTTCTTTTCGCTACAG -3’ 

 

Cloning of 
LmChaC2a 

Primer 3 

Primer 4 

5’- AAAACATATGATGCCCAAAACTGATACCGAC -3’ 

5’- AAAAGGATCCTTACGCCATCGTGGCGACC -3’ 

 

Cloning of 
LmChaC2b 

Primer 5 

Primer 6 

5’-AAAAGACAAGAAGTACAGCATCGG-3’ 

5’-AAAAGTCGCCTCCCAGCTGAGAC-3’ 

 

Confirmation of 
cas9 cassette 

Primer 7 

Primer 8 

5’-AAAACAAAGTCGGGAAAAGCAGTAGTAGTCgtataatgcagacctgctgc-3’ 

5’-GTGGTACAGATATTTTAGCGCACCGTGCCGccaatttgagagacctgtgc-3’ 

 

Repair cassettes 

Primer 9 5’aaaagcaccgactcggtgccactttttcaagttgataacggactagccttattttaacttgctatttctagctctaaaac-
3’ 

Primer G00 

Primer 10 5’-gaaattaatacgactcactataggTTACATATCTTCGCACATACgttttagagctagaaatagc-
3’ 

LmChaC2a 5’ 
sg RNAs 
primers 
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Primer 11 5’-gaaattaatacgactcactataggTTTCTCACTTCACCTGTGTGgttttagagctagaaatagc-
3’ 

LmChaC2b 3’ 
sg RNAs 
primers 

 
Primer 12 

Primer 13 

5’-AAAACCCGGGCGCATGTCATCCTCATCGGAACTG-3’ 

5’-AAAAGGATCCTCATATCTTCTTTTCGCTACAG-3’ 

Cloning of OE 
construct for 
LmChaC2a 

 

Primer 14 

Primer 15 

5’- AAAACCCGGGCGCATGCCCAAAACTGATACCGAC -3’ 

5’- AAAAGGATCCTTACGCCATCGTGGCGACC -3’ 
 

Cloning of OE 
construct for 
LmChaC2b 

 
Primer 16 

Primer 17 

5’-AAAAGTATAAGCTTGATGGAGAGCG-3’ 

5’-AAAACAAACTTACGTGTGTGCGTG-3’ 

 

Confirmation of 
knockout strain 

Primer 18 

Primer 19 

5’- AAAAGGATCCCGCATGCCCAAAACTGATACCGAC-3’ 

5’- AAAAGGATCCTTACGCCATCGTGGCGACC -3’ 

Cloning of CM 
Construct for 
LmChaC2b 

Primer 20 

Primer 21 

5’- TCGTGACCATCTACGACGCC-3’ 

5’- GTGGCAGGACCGAGGTAGTC-3’ 

 

qPCR of 
LmChaC2a 

Primer 22 

Primer 23 

5’- CCAGCGGACCCTGAGAAACT-3’ 

5’- CGGCACGTATTGTGTGGAGC-3’ 

qPCR of 
LmChaC2b 

 

2.2. Methods 

2.2.1. Methods for cloning of LmChaC2a and LmChaC2b 

2.2.1.1. Genomic DNA isolation from Leishmania major: 

Genomic DNA of the Leishmania major parasite was isolated by using ‘QIAamp DNA mini 
kit’ (Qiagen) by following steps. 1x108 promastigote cells were taken in 15 ml centrifuge 
tube and pelleted down at 3500 rpm for 7 minutes, then washed twice with the 1x PBS in 1.5 
ml micro-centrifuge tube. 200 µl 1x PBS, 200 µl AL buffer(for cell lysis), 20 µl proteinase K 
and 10 µg/ml RNase A were added into the pellet and pulse vortexed for 30 seconds 
followed by pulse spin. The mixture was then incubated at 56°C for 10 minutes for complete 
cell lysis. Then 200 µl of 100% ethanol was added and further vortexed and spin. After that 
mixture was transferred into the spin column and centrifuged at 8000 rpm for 1 minute. 
Bottom tube containing solution was discarded and 500 µl AW1 buffer was then added to the 
column and centrifuged at 8000 rpm for 1 minute. Again bottom tube was discarded and 500 
µl of AW2 buffer was added into the column and centrifuged at 14000 rpm for 3 minutes. 
Then the column was placed on a fresh 1.5 ml micro-centrifuge tube and DNA was eluted 
with 50 µl DNase free water by centrifuging it at 14000 rpm for 1 minute. The purity of the 
DNA was checked at A260/A280 ratio (~1.8 indicates pure DNA) and stored at -20°C. 
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2.2.1.2. Polymerase Chain Reaction (PCR): 

Both the ORF was amplified by using Veriti Thermal Cycler (Applied Biosystems). Each 50 
µl reaction was consisted of 50 ng template genomic DNA, 5µl of 10x high fidelity PCR 
buffer, 2 mM MgSO4, 0.2 mM DNTP mix, 0.2 µM each forward and reverse primer and 1 U 
Platinum Taq DNA polymerase high fidelity enzyme. PCR cycle consisted of  i) initial 
denaturation at 95°C for 2 minutes, ii) denaturation at 95°C for 15 seconds, iii) annealing at 
60°C for 30 seconds, iv) extension at 68°C for 1 minute, v) final extension at 68°C for 5 
minutes, above mentioned ii-iv was repeated for 34 cycles. The amplified DNA product was 
checked by agarose gel electrophoresis. 

2.2.1.3. Agarose gel electrophoresis: 

1% agarose gel was run to separate DNA fragments depending on the size of the fragments. 
Each DNA samples were combined with the 6x loading dye (Thermo Scientific) and loaded 
into the wells of the gel in the negatively charged end. 1X TAE was used as running buffer to 
run the DNA samples at 70 V. Intercalating dye ethidium bromide (EtBr) (0.5 µg/ml) was 
used for staining of the DNA and visualized under UV light. 

2.2.1.4. Cloning of LmChaC2a and LmChaC2b genomic DNA: 

LmChaC2a and LmChaC2b genes were amplified by using Leishmania major genomic DNA 
(40 ng) as a template. Primer 1 and primer 2 (Table-6) were utilized to amplify LmChaC2a 

whereas primer 3 and primer 4 (Table-6) were used to amplify LmChaC2b. The amplified 
LmChaC2a ORF (714 bp) was restriction digested and cloned into pET28a vector by using 
NdeI and BamHI restriction sites. Similarly the amplified LmChaC2b ORF (972 bp) was 
restriction digested and cloned within pET16b vector between NdeI and BamHI restriction 
sites. Finally, DNA sequencing was performed to confirm both the ORFs. 

2.2.1.5. Plasmid DNA isolation by using miniprep kit: 

5-10 ml of overnight bacteria culture containing respective plasmid was harvested in a 2 ml 
micro-centrifuge tube at 14000 rpm for 1 minute. 300 µl of P1 buffer (Resuspension buffer) 
containing RNase A was added into the bacterial pellet and mixed well by vortexing. Then 
300 µl of P2 buffer (Lysis buffer) was added to the mixture solution and mixed gently. After 
that 400 µl of N3 or neutralizing buffer was added and mixed by upside down. This final 
solution was centrifuged at 14000 rpm for 30 minutes for eliminating genomic DNA, cell 
debris and proteins. After centrifugation, supernatant was loaded into the spin column 
provided by the manufacturer and centrifuged at 14000 rpm for 60 sec. After that the solution 
which is deposited in the bottom tube was discarded and 500 µl of PB binding buffer was 
added and centrifuged at same. After that 750 µl PE wash buffer containing ethanol was 
added and centrifuged. The empty column and bottom tube was re-centrifuged to remove 
trace amount of PE buffer. Then, the column was placed onto an autoclaved fresh 1.5 ml 
micro-centrifuge tube and 70 µl of nuclease free water was added in the middle bed of the 
column. After 5 minutes, DNA dissolve in the water was recovered by centrifuging the whole 
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at 14000 rpm for 1 minute. DNA concentration and quality was checked by using NanoDrop 
and agarose gel electrophoresis. 

2.2.1.6. Restriction digestion of PCR amplified DNA and cloning plasmid: 

Restriction digestion of the PCR amplified DNA product and cloning plasmid was done at 
37°C for overnight according to the followings: 

Sterile, nuclease free water 10 µl 

10X Tango buffer 8.0 µl (2x) 

DNA 18 µl (2 µg) 

NdeI restriction enzyme 2 µl 

BamHI restriction enzyme 2 µl 

Final volume 40 ul 

2.2.1.7. Recover the DNA from the gel by gel extraction kit: 

The restriction digested DNA products were loaded and run on the 1% agarose gel, from 
where by using sterile blade band of interest was cut out and DNA was extracted from the gel 
pieces using gel extraction kit (Qiagen). The gel pieces were taken in a micro-centrifuge tube 
and QG buffer (300 µl/100 mg gel) was added. After incubation for 10-15 minutes at 56°C, 
350 µl of isopropanol was added in the solution and loaded into a spin column that is 
provided by the manufacturer. After centrifuging at 14000 rpm for 1 minute, 500 µl QG 
buffer was added into the column followed by 500 µl PB buffer and centrifuged at the same. 
Finally, 750 µl of PE buffer containing ethanol was added followed by free spin to remove 
trace of PE buffer. 30 µl of nuclease free water was added in the middle bed of the column 
after placing the column on a fresh micro-centrifuge tube. After incubation for 5 minutes, 
purified DNA was obtained by centrifuging the tube at 14000 rpm for 1 minute. 

2.2.1.8. Ligation of vector and insert DNA: 

Ligation was performed at 22°C for 60 minutes by using Rapid DNA Ligation Kit (Thermo 
Scientific) in a following way: 

Vector DNA 3 µl 

Insert DNA 7 µl 

5X ligation buffer 4 µl  

Nuclease free water 5 µl 

T4 ligase 1 µl 

Final volume 20 µl 
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2.2.1.9. Transformation: 

CaCl2 treated competent DH5α E. coli cells were used for the transformation. 10 µl of ligated 
product was mixed with the 100 µl of competent cells and kept in ice for 30 minutes. Heat 
shock was applied for 90 seconds at 42°C temperature and immediately placed on ice for 10 
minutes. Then 1 ml of fresh sterile LB media was added to this transformation tube and kept 
for shaking at 37°C for 1 hr. After that, bacterial cells were pelleted by centrifuging at 14000 
rpm for 1 minute, then pellet was resuspended in 100 µl of media and spread on the agar 
plate containing respective antibiotic by using L-shaped spreader. 

2.2.2. Methods for expression and purification of LmChaC2a and 
LmChaC2b 

2.2.2.1. Expression and purification 

For expressing the LmChaC2a and LmChaC2b proteins, recombinant pET28a/LmChaC2a and 
pET16b/LmChaC2b was used to transform into Escherichia coli BL21 (DE3) cells and 
Escherichia coli C41 (DE3) cells, respectively. Both pET28a/LmChaC2a and 
pET16b/LmChaC2b transformed cells were separately grown overnight in 10 ml Luria-
Bertani broth at 37°C in a shaker in presence of 50 µg/ml kanamycin and 200 µg/ml 
ampicillin, respectively, then inoculated separately in 500 ml of terrific broth in presence of 
respective drug. When both culture reached an O.D. of 0.5-0.8 at 600 nm, 0.5 mM isopropyl 
β-D-1-thiogalactopyranoside (IPTG) was added to the media and further grown for 16-18 hrs 
at 16°C. Then the cells were harvested by centrifuging it at 6000 rpm for 10 min and pellets 
were washed two times with PBS. Pellets were then resuspended in 50 mM potassium 
phosphate buffer, pH 6.0 (10 ml), containing 150 mM NaCl, 1.0 mM PMSF, 20 mM 
imidazole, and 10% glycerol, 1.0 mg/ml lysozyme and a protease inhibitor cocktail tablet 
without EDTA (Roche Applied Science). The resuspended solution was kept for 60 min in 
ice with regular vortexing, followed by a 20-sec pulse sonication (Sonicator Cell Disrupter, 
model no. W-220F, Heat Systems, Ultrasonics, Inc.) and 1 min of rest in ice in between. 
After that the lysate was centrifuged at 14,000 rpm for 60 min at 4°C temperature and 
immediately the pellet-free soup was loaded onto a Ni2+-NTA column. The column was then 
washed with equilibration buffer (50 mM phosphate buffer, pH 6.0, 150 mM NaCl, 10% 
glycerol, 1.0 mM PMSF and 20 mM imidazole). The enzyme was eluted with 50 mM 
phosphate buffer solution, pH 6.0, 150 mM NaCl, 10% glycerol and 250 mM imidazole and 
then dialyzed 3 times against 500 ml of 50 mM phosphate buffer, pH 6.0 and 100 mM NaCl 
having 10% glycerol. Purity and predicted molecular weight of the proteins were confirmed 
by 10% SDS-PAGE. 

2.2.2.2. SDS-Polyacrylamide gel electrophoresis (SDS-PAGE): 

All the samples were mixed with 1x Laemmli buffer and boiled for 15 minutes at 100°C 
followed by centrifugation at 14000 rpm for 10 min and then supernatant was loaded onto the 
well of SDS-Polyacrylamide gel.  
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2.2.2.3. Staining by using Coomassie Brilliant Blue: 

The SDS-PAGE gel was incubated for 1-2 hrs in a solution containing 10% acetic acid, 45% 
methanol and 0.25% Coomassie Brilliant Blue R-250 for staining. After proper staining, gel 
was placed in a destaining solution containing 10% acetic acid and 45% methanol. The 
protein band was visualized under light transilluminator. 

2.2.3. Biophysical characterization of LmChaC2a and LmChaC2b 

2.2.3.1. Protein concentration determination: 

Protein concentration of LmChaC2a and LmChaC2b proteins was determined by using 
Bradford reagent (Bio-Rad) in spectrophotometer. BSA protein was used as a standard. 

2.2.3.2. Activity measurement assay: 

To study the γ-GCT activity of the LmChaC2 proteins, 10.0 µg of LmChaC2a or 1.0 µg of 
LmChaC2b were mixed with 10 mM of γ-glutamyl-containing dipeptide ( γ-Glu-Cys and γ-
Glu-ε-Lys) or glutathione in a total reaction mix of 100 µl containing 50 mM Tris-HCl buffer 
(pH8). Then the reaction mixture was incubated up to 60 min at 37°C. The reactions were 
terminated at 95°C for 5 min by the process of heat denaturation. Before HPLC (Waters) 
analysis, inactivated proteins were removed from the samples by centrifuging at 14000 rpm 
for 30 min. To product analysis of the reaction, 20 µl of the reaction mixture were used for 
the HPLC analysis using C18 HPLC column (SunfireTM C18, 5µm, 4.6 x 250 mm Column, 
Waters) with a 2% (v/v) aqueous solution of perchlorate used as the mobile phase at 1 
ml/min flow rate. Peaks of glutathione, Cys-Gly and 5-oxoproline were monitored in UV-Vis 
detector at 210 nm. With the help of authentic standards, substrate and products were 
identified. Peak of the reaction product corresponding to Cysteinyl-Glycine (Cys-Gly) and 5-
oxoproline appeared at 7.1 min and 9.9 min, respectively. A third peak (between 5-
oxoproline and Cys-Gly peaks) of oxidized Cys-Gly at 8.2 min appeared in reaction mix, 
which is derived from Cys-Gly. 

2.2.3.3. Polyclonal antibodies production against LmChaC2a and LmChaC2b: 

Polyclonal antibodies against the purified recombinant LmChaC2a or LmChaC2b was raised 
by subcutaneous injection of LmChaC2a or LmChaC2b (20 mg) respectively in almost 6-
month old rabbit (female) using Freund’s complete adjuvant (Sigma). This was followed by 
three booster doses of recombinant LmChaC2a or LmChaC2b (15 mg) at 15 days’ intervals 
with incomplete adjuvant (Sigma). The rabbit was bled after 2 weeks of last booster dose and 
sera were isolated from the blood and used for western blot analysis. 

2.2.3.4. Western blotting analysis: 

Proteins were run on 10% SDS–PAGE and transferred to the nitrocellulose membrane 
(Merck) for 1 hour at 90 V by TE series transphor electrophoresis unit from Hoefer at 4°C. 
After 3 hrs of blocking in milk or 5% BSA at 37°C, the membrane was incubated with 
antisera against recombinant LmChaC2a or LmChaC2b protein at the dilution of 1:100 at 4°C 
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overnight. The membrane was washed for 3 time with the 1× TBS containing 0.1% Tween20 
(TBS-T) for 5 minutes and finally incubated in alkaline phosphatase (AP)-conjugated anti-
rabbit secondary antibody (1:15000) of Sigma or HRP-conjugated secondary antibody 
(1:10000) of Merck. As endogenous control α-tubulin was used and AP or HRP-conjugated 
anti-mouse secondary antibody (1:15000) was used against anti-mouse α-tubulin antibody. 
NBT/BCIP solution from Roche was used for AP conjugated antibody and Clarity Max 
Western ECL substrate from Bio-Rad for HRP conjugate antibody for band detection. 

2.2.3.5. Total RNA isolation from the cell by TRIzol method: 

To isolate total RNA from the whole cell suspension, cells were taken in centrifuge tube and 
centrifuged at 4000 rpm for 6 mins at 4°C, then washed 2 times with chilled PBS. 1 ml of 
TRIzol solution (Invitrogen) was added into the pellet and vigorously mixed and kept for 5 
minutes at Room Temperature. Then, 200 µl of chloroform was added (200 µl/1ml TRIzol) 
and shake vigorously by the hand for 15 seconds. After 3 mins of incubation at RT, sample 
was centrifuged for 15 mins at 12000 g and 4°C. Now clear upper aqueous layer containing 
RNA was transferred to a new pre-chilled centrifuge tube. 500 µl of isopropanol was added 
to the aqueous layer and incubated for 10 mins at 4°C. Centrifuged the sample at 12000 g for 
10 mins at 4°C, pellet was resuspended in 1ml of 75% ethanol by vortexing and centrifuge 
for 5 mins at 7500 g and 4°C. The sample was air-dried for 5-10 mins and added 20-50 µl of 
DEPC water. Samples containing RNA was then incubated at 55°-60°C for 10-15 mins and 
stored at -40°C. 

2.2.4. Functional characterization of LmChaC2a and LmChaC2b 

2.2.4.1. Leishmania major culture: 

Leishmania major (Strain 5ASKH) promastigotes were regularly cultured in M199 media 
(Gibco) containing HEPES, adenine, penicillin-streptomycin, gentamycin and 10% fetal 
bovine serum. The newly cultured promastigotes were kept at 22°C for multiplication. 

2.2.4.2. Construction of different types of cell lines of Leishmania major promastigotes: 

A. Transfection in Leishmania major: 

Respective construct was transfected in L. major by electroporation method. Late-log phase 
promastigote cells (108 cells) were spin down at 3000 rpm for 7 minutes (4°C) and washed 
two times in electroporation buffer. Then the pellet was resuspended in 300 µl 
electroporation buffer and taken in a 0.2 cm chilled electroporation cuvette (Bio-Rad). Then, 
20-30 µg of DNA dissolved in 70 µl buffer was added to the cells of the cuvette and kept for 
at least 10 minutes in ice. Finally, electroporation was performed at 450 V and 500 µF by 
using Bio-Rad Gene Pulser apparatus. Then the electroporating cells were revived in 5 ml of 
Drosophila Schneider’s media (Gibco) for overnight at 22°C in drug-free condition. Based on 
the drug-resistant cassette in respective constructs, recommended concentration of antibiotics 
was added in parasite containing M199 medium and kept at 22°C for another 7-10 days. 
Generation of different cell types was confirmed by either PCR or western blot. 
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B. Construction of LmChaC overexpression system in L. major (OE2a and OE2b): 

Amplification of LmChaC2a open reading frame was performed by using the primer 12 and 
13 (Table-6). The entire ORF of LmChaC2b was amplified by PCR using primers 14 and 15 
(Table-6). The amplified products were separately cloned in pXG-B2863 plasmid between 
SmaI and BamHI sites to generate full length LmChaC2a and LmChaC2b. Then recombinant 
pXG-B2863 plasmid containing LmChaC2a or LmChaC2b was transfected separately in 
Leishmania major by electroporation process and all the transfected cells were maintained in 
200 µg/ml G418 solutions. Overexpressed clones were confirmed by Western blot analysis 
with rabbit anti-LmChaC2a antibody or rabbit anti-LmChaC2b antibody (1:100). 

C. Construction of genetically modified T7/Cas9 expressing L. major: 

Genetically modified T7/Cas9 expressing L. major was generated by transfecting PacI 
digested linear pTB007 (Flag::NLS::Cas9::NLSNLS::T7 RNAP) fragment into the WT L. 
major cells. Cells were revived and maintained in M199 media (Gibco) supplemented with 
10% FBS and hygromycin B (100 µg/ml) (Roche). PacI digested pTB007 fragment was 
readily integrated in β-tubulin locus of the L. major for the stable expression of the T7 RNA 
polymerase as well as Cas9 proteins. Genetically modified Leishmania major cell line was 
identified by PCR technique by using Cas9 gene specific primer 5 and primer 6 (Table-6) 
(161,162). 

D. Generation of stable knockout strain (LmChaC2a + LmChaC2b)
-/- for both LmChaC2a and 

LmChaC2b alleles by CRISPR/Cas9 based editing: 

CRISPR-Cas9 based gene editing was performed for 
knocking out both LmChaC2a and LmChaC2b genes in Cas9 
expressing L. major (strain 5ASKH) promastigotes cells 
(Fig.22). By using LeishGEdit server (http://leishgedit.net/), 
primer sequences of both LmChaC2a (LmjF.22.1190) and 
LmChaC2b (LmjF.22.1200) genes were designed for 
knockout cell generation. Two repair cassettes containing the 
antibiotic puromycin-resistance genes and the blasticidin-
resistance genes were amplified by PCR from pTPuro_v1 and 
pTBlast_v1 plasmid, respectively using 3% (v/v) DMSO, 15 
ng pT plasmids, 0.2 mM dNTPs, 2 μM of primers 7 and 
primer 8 (Table-6), 1X High Fidelity reaction buffer and 1 
unit Platinum® Taq DNA Polymerase High Fidelity 
(Invitrogen) in total 40 μl reaction mixture. PCR steps were 
initial denaturation at 98°C for 5 min then 40 cycles of 30 s at 
98°C, 30 s at 65°C, and 2 min 15 s at 72°C and ultimately a final elongation step at 72°C for 
7 min. Two sgRNA cassettes targeting 5′ end of LmChaC2a and 3′ end of LmChaC2b (5’ and 
3’ sgRNAs templates) were amplified using 2 μM each of primer 9 (primer G00, sgRNA 
scaffold) (Table-6), 0.2 mM dNTPs, 2 μM of primer 10 (5’ sgRNA primer of LmChaC2a) or 
primer 11 (3’ sgRNA primer of LmChaC2b) (Table-6) and 1 unit Platinum® Taq DNA 

Fig.22: Schematic diagram 
showing CRISPR/Cas9 based 
LmChaC2 gene knock out 
technique and the plasmid 
constructs used for gene 
replacement. (Adapted from 
Das et al, J Biol Chem.2022 
Sep 17; 298(11):102510) 
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Polymerase High Fidelity. PCR steps were initial denaturation at 98°C for 30 s followed by 
35 cycles of 10 s at 98°C, 30 s at 60°C, and 15 s at 72°C and final elongation step at 72°C for 
10 min. Molecular weight and purity of the PCR products were confirmed by using 1% 
agarose gel. Two PCR purified 5’ and 3’ sgRNAs templates and two drug cassettes were co-
transfected at a time in a healthy log phase T7/Cas9 expressing L. major cells by 
electroporation technique. Bio-Rad Gene Pulsar apparatus were used for the electroporation 
at 450 V and 500 µF capacitance. Schneider’s Drosophila Insect media (Gibco) were used to 
revive the transfected cell and kept at 22°C for 24 hrs. Then the revived cells were cultured in 
M199 media (Gibco) containing 15% FBS, 20 µg/ml puromycin dihydrochloride (Sigma-
Aldrich), 100 µg/ml hygromycin B and 5 µg/ml blasticidin (Invitrogen) at 22°C (161,162). 

E. Complementation of LmChaC2a gene in KO mutant (CM2a): 

LmChaC2a ORF was amplified by PCR using the forward primers 12 and reverse primer 13 
(Table-6). The amplified product was cloned at the SmaI and BamHI site of pXG-B2863 
plasmid and this recombinant plasmid was transfected into the LmChaC2 knockout cells. 
Transfected promastigotes were maintained in the presence of 200 µg/ml neomycin, 20 
µg/ml puromycin and 5 µg/ml blasticidin at 22°C. CM2a complementation was confirmed by 
measuring LmChaC2a protein expression in Western blotting technique with rabbit anti-
LmChaC2a antibody. 

F. Complementation of LmChaC2b in knock out mutant (CM2b): 

LmChaC2b ORF was amplified by PCR using primer 18 and primer 19 (Table-6). The 
amplified PCR product was cloned at BamH1 site of pXG-PHLEO plasmid and this 
recombinant DNA was transfected into the null mutant cells. Transfected promastigotes were 
revived in Schneider’s Drosophila Insect media and finally maintained in the M199 media 
containing FBS, 10 µg/ml phleomycin, 5 µg/ml blasticidin and 20 µg/ml puromycin at 22°C. 
CM2b cell generation was confirmed by Western blot analysis with rabbit anti-LmChaC2b 
antibody. 

G. Complementation of both LmChaC2a and LmChaC2b genes in KO mutant (CM): 

LmChaC2b/pXG-PHLEO recombinant plasmids were transfected into the CM2a cells. 
Transfected promastigotes were finally maintained in M199 media supplemented with FBS, 
200 µg/ml neomycin, 10 µg/ml phleomycin, 5 µg/ml blasticidin and 20 µg/ml puromycin at 
22°C. Western blot technique was performed for the confirmation of the generation of CM 
cells by measuring LmChaC2a and LmChaC2b expression.  

2.2.4.3. Determination of physiological role of LmChaC2a and LmChaC2b: 

A. Measurement of intracellular ROS: 

Reactive oxygen species or ROS production was measured using CM-H2DCFDA 
(Invitrogen) by Flow cytometric analysis. CT, OE2a, OE2b , KO, CM2a, CM2b and CM cells (1 
x 107 promastigotes/ml) were washed two times with 1x PBS at 1200 g for 6 minutes. Then 
the cells were incubated with 6 µM of CM-H2DCFDA for 30 minutes in dark at 26°C with 
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mild shaking. The fluorescent intensity was measured immediately in the flow cytometer 
(BD LSR Fortessa) (Exλ-493nm; Emλ-527nm for CM-H2DCFDA). 

B. Measurement of intracellular calcium (Ca+2) level:  

Intracellular Ca2+ concentrations were measured using Ca2+-specific fluorescent probe Fluo-
4, AM (Invitrogen). CT, OE2a, OE2b, KO, CM2a, CM2b and CM cells (1x107 cells/ml) were 
taken and washed two times using 1x PBS at 1200 g for 6 minutes and then the cells were 
incubated with 6 µM of Fluo-4, AM at room temperature for 60 min. Then the cells were 
pelleted and washed with fresh serum-free M199 medium and analyzed with flow cytometer 
(BD LSR Fortessa) (Exλ-494nm; Emλ-506nm). 

C. Cell viability analysis by flow cytometry: 

Cell death was determined by propidium iodide (PI) fluorescence dye, which only permeable 
to non-living cells. Control, OE2a, OE2b, knockout, CM2a, CM2b and CM cells (1 x 
107cells/ml) were taken and washed twice with 1x PBS and resuspended in 1x PBS 
containing 5 µg/ml of propidium iodide (Calbiochem) and kept at room temperature in the 
dark for 15 min. The stained cells were analyzed using flow cytometer (Exλ-488nm; Emλ-
617nm). 

D. Promastigotes growth profile analysis: 

106 mid-log phase control, overexpressed, knockout, and complement cells were cultured in 
10 ml of M199 medium supplemented with 10% FBS to evaluate the growth profiles of 
different types of cell line. In an upgraded Neubauer chamber (hemocytometer), cell counts 
were performed every 24 hours to determine growth rates. On the other hand, 106 mid-log 
phase promastigotes were inoculated in 5 ml of sulphur deficient M199 media (Himedia-
AT1076) supplemented with 10% FBS in presence or absence of reduced glutathione/GSH or 
N-acetyl cysteine/NAC (Sigma) and determine the growth profile of different cell types in 
sulphur deficient media. 

E. Intracellular glutathione measurement by flow cytometry: 

Intracellular glutathione level was evaluated by intracellular glutathione (GSH) Detection 
Assay Kit (Abcam). 106 different types of cells were taken and washed twice with 1x PBS at 
1200 g for 6 minutes. Then add 5 μl of 200X Thiol Green Dye into the 1 ml of cell solution 
and incubate the cells for 15 minutes at 22°C. Excess dye was removed by centrifuging the 
cells at 1000 rpm for 4 minutes and then re-suspends the cells in 1ml of assay buffer. 
Fluorescence intensity was measured by flow cytometer (Exλ-490nm; Emλ-525nm). 

F.  Determination of intracellular trypanothione level by HPLC: 

2x108 promastigotes were collected and washed twice with Dulbecco's PBS. To achieve 
complete cell lysis, cells were then resuspended in 200 µl of extraction buffer (100 mM HCl 
and 1 mM EDTA) and subjected to 5 minutes of sonication with vortexing every 30 seconds 
followed by freeze thaw cycle for twice. The samples were centrifuged at 13000 g for 10 
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mins at 4°C and then Millipore 0.22 µm filter paper was used to filter the supernatant. A 2% 
(v/v) aqueous solution of perchlorate was used as the mobile phase, and a 40 µl sample was 
injected into the HPLC analysis using a C18 HPLC column (SunfireTM C18, 5 µm, 4.6 x 
250 mm Column, Waters) with a 1 ml/min flow rate at 210 nm. Peak of trypanothione were 
appeared at 52 mins. Trypanothione were identified with authentic standards. The 
intracellular concentration of trypanothione was measured from standard curve. 

G. Infection assay: 

CT, OE2a, OE2b, KO, CM2a, CM2b and CM promastigotes cells were used to infect a murine 
macrophage cell-line RAW 264.7 as well as BALB/c mice. 

i) In-vitro murine macrophage infection: 

Promastigotes of different LmChaC variant cell lines were used to infect murine 
macrophage cell line RAW 264.7 adhered on glass coverslips (2x106 
macrophages/coverslip) in 0.5 ml of RPMI 1640/10% FBS at a 10:1 parasite to 
cell ratio for 2 hours for determination of parasite entry and more than 6 hours for 
the evaluation of intracellular parasite numbers. Unphagocytosed parasites were 
eliminated following incubation by washing with media and cells were then 
resuspended in RPMI 1640/10% FBS at 5% CO2, 37°C. After 6 hours of 
incubation, the cultures were placed to a CO2 incubator at 37°C for infection 
periods of 12, 24, and 48 hours. Then the cells were fixed in a methanol solution 
and stained with propidium iodide dye. Finally cells were visualized and 
quantified using Olympus IX81 microscope. 

ii) In-vivo mice (BALB/c) infection: 

For in vivo cutaneous infection analysis, 4-6 weeks old female BALB/c mice (10 
mice/group) were subcutaneously injected in left hind footpad with 5 x 106 
stationary phase CT, OE2a, OE2b, KO, CM2a, CM2b and CM promastigotes. Daily 
caliper measurements of footpad swelling were used to track the development of 
the disease. 

iii) Parasite loads in the footpad of infected mice: 

Parasite loads in the left footpad of mice with different variants of LmChaC2 cell 
lines were measured by limiting dilution assay. Initially footpad tissue were 
weighted and readily immersed in a serum free M199 media. After the 
homogenization of the tissue in the media, cell suspension was centrifuged at 500 
rpm to remove the tissue debris. Then supernatant was collected and centrifuged 
at 4000 rpm for 20 mins to pellet down the cells. M199 medium supplemented 
with 40 mM HEPES (pH 7.4, Sigma), 200 μM adenine (Sigma), 1% penicillin–
streptomycin, 50 μg/ml gentamycin and 15% heat-inactivated FBS was used to 
dissolve the pellet. A flat-bottomed 96-well tissue culture plate was used to 
serially dilute each tissue homogenate in the same medium. The number of viable 
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parasites per mg of tissue was calculated from the highest dilution in which 
promastigotes could be grown after 10 to 15 days of initial incubation at 22°C. 

H. Determination of LmChaC2a and LmChaC2b mRNA expression in promastigotes as well as 
amastigotes: 

Semi-quantitative reverse transcriptase PCR was used to measure the LmChaC2a and 
LmChaC2b mRNA expression in promastigote and amastigote L. major cells. Total cellular 
RNA was extracted from the parasites using TRIzol reagent according to the manufacture’s 
protocol. cDNA synthesis from this isolated RNA was then performed using PrimeScript 1st 
cDNA Synthesis Kit (Takara). LmChaC2a was amplified by PCR using primers 1 and primer 
2 (Table-6) to get a 714-bp fragment. The entire ORF of LmChaC2b was amplified by PCR 
analysis using primers 3 and primer 4 (Table-6) to get a 972-bp fragment. 

I. Measuring LmChaC2a and LmChaC2b mRNA level in presence of H2O2 and tunicamycin: 

Real time PCR was used to determine the LmChaC2a and LmChaC2b expression in 
promastigote after treatment of H2O2 and tunicamycin. Isolation of total RNA and cDNA 
synthesis were performed using TRIzol reagent (Invitrogen) and PrimeScript 1st cDNA 
Synthesis Kit (Takara), respectively. Real-time quantitative PCR was performed on the 
StepOneTM Real-Time PCR system (ABI) using Power SYBRTM Green PCR Master Mix 
(ABI) and primers 20 and 21 or primer 22 and 23 (Table-6). By employing 18S rRNA as the 
endogenous control, the comparable CT method was used to quantify the mRNA. 

2.2.5. Statistical analysis: 

All the results were verified by at least three independent experiments and expressed as mean 
± SD. By using Student’s t test or analysis of variance (ANOVA) parametric data was 
statistically analyzed with the help of Origin 7.0 software (Microcal software, Inc. 
Northampton, MA, USA). The ANOVA was followed by the evaluation of the difference 
between individual groups using post hoc analysis (multiple comparison t test). A p value of 
< 0.05 was considered statistically significant. 
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3.1.1. Background 

32.8 Mb genomic data of Leishmania major Friedlin was fully sequenced and published in 
‘Science’ journal in the year 2005. The complete genome sequence of L. major is now 
widely available and creating new possibilities to uncover as well as thorough functional 
investigation of several genes that encode important proteins (163). Almost all the higher 
eukaryotes maintain the redox homeostasis by controlled synthesis and degradation of 
glutathione, so glutathione plays a vital role in this condition. However in trypanosomatids, a 
unique redox molecule named trypanothione plays the main function of redox balance 
instead of glutathione. This may be due to the lack of selenium-containing glutathione 
peroxidase, catalase and glutathione reductase in these parasites (70). The presence of 
trypanothione reductase(TR)/trypanothione system in kinetoplastids provides them a unique 
oxidative stress removing pathways even in the oxidative burst during the infection to the 
host (164). Although trypanothione plays the main role of redox balance, glutathione is a 
very important player in this pathway because two molecules of glutathione are necessary for 
the formation of one molecule of trypanothione. Enzymes related to glutathione synthesis 
pathway are well studied in many organisms such as γ-glutamylcysteine synthetase and 
glutathione synthetase which are ubiquitous to the entire kingdom for the synthesis of 
glutathione (165). Similarly, different types of glutathione degradation enzymes are reported 
in many organisms such as γ-glutamyl transpeptidase, DUG enzyme, ChaC1 and ChaC2 
enzyme and highly catalytic RipAY enzyme (90). Until now, no glutathione degradation 
enzymes have been described in the literature in any trypanosomatids. In the genomic 
database of Leishmania major, we found two putative ChaC-like proteins in the tandem array 
related to glutathione degradation pathway. Enzymes related to degradation of glutathione 
might play an important role in maintaining the trypanothione level as well as the redox 
balance, which could be vital for the cell survivability. Therefore, having a better grasp of 
biochemical and physiological significance of this gene product would be enlightening the 
whole glutathione metabolism as well as redox system in the trypanosomatids parasite. These 
genes were selected for the present research keeping this background in mind. 

3.1.2. Sequence alignment and nomenclature of LmChaC proteins:  

In the Leishmania major genome database (https://tritrypdb.org), two tandem array of 
putative LmChaC sequences have been identified as open reading frames. Systemic name of 
these ORFs are LmjF.22.1190 and LmjF.22.1200 with 714 bp and 972 bp gene sequence 
respectively. 714 bp DNA sequence has the potential to encode comparatively shorter 237 
amino acids residue ChaC-like protein, whereas 972 bp DNA sequence can encode 
comparatively longer 323 amino acids residue ChaC-like protein. Multiple sequence 
alignment with human ChaC1 and ChaC2 proteins reveals that comparatively shorter version 
of 237 amino acids ChaC-like sequence bears 32% and 40% identity with human ChaC1 
(HsChaC1) and ChaC2 (HsChaC2) respectively, whereas longer version of 323 amino acids 
ChaC-like sequence have 35% and 45% sequence homology with human ChaC1 and human 
ChaC2 amino acids sequences respectively. Moreover, the presence of YGSL/I signature 
motif and catalytic glutamic acid (E) residue in both the Leishmania major ChaC-like 
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proteins indicating that both the proteins are the members of ChaC family of γ-glutamyl 
cyclotransferase (Fig.23). As we found more sequence identity with the human ChaC2 (40% 
for shorter and 45% for longer amino acids sequence), the shorter variant of 237 amino acids 
sequence protein is referred as LmChaC2a and longer version of 323 amino acids sequence is 
named as LmChaC2b. 

3.1.3. Expression of LmChaC2a and LmChaC2b protein in E. coli: 

In order to identify the biochemical characteristics of both leishmanial ChaC2 proteins, 
LmChaC2a and LmChaC2b proteins were expressed in BL21 E. coli cells and C41 E. coli 
(generally used to express toxic protein) cells, respectively. Using Ni2+-NTA column, 

recombinant LmChaC2a and LmChaC2b proteins with six-histidine tag at C and N- terminal 
respectively was purified. As 250 mM imidazole was used to elute the purified protein, this 
high concentration of imidazole was eliminated by overnight dialysis process. Lastly gel 

Fig.23: Sequence analysis of ChaC family of γ-glutamyl cyclotransferases from Leishmania major. 
Amino acid sequence of LmChaC2a and LmChaC2b were aligned with human ChaC1 and ChaC2.  
* indicates identical residue. Dashes indicate variations in sequence length among aligned proteins. 
Underline denotes active site residues. (Adapted from Das et al, J Biol Chem.2022 Sep 17; 
298(11):102510) 
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filtration chromatography was performed to remove any contamination like degraded protein 
or bacteria derived protein. Purified recombinant LmChaC2a and LmChaC2b protein migrated 
to the position of 28 kDa and 38 kDa respectively in the SDS-PAGE as expected from 
theoretical molecular weight (Fig.24).  

3.1.4. Analysis of enzyme kinetics by HPLC: 

High performance liquid chromatography (HPLC) was used to evaluate the enzymatic 
activity of LmChaC2 proteins after the injection of assay mixture. The assay mixture 
contained 50 mM Tris-HCl (pH 8), substrate (different γ-Glu-dipeptides, GSH, GSSG or 
T(SH)2) and enzyme (LmChaC2a or LmChaC2b). This assay mixture was incubated at various 
time points till 60 min with different substrate concentration at 37°C. Presence of an active 
enzyme in the assay mixture was determined by the disappearance of substrate peak and 
appearance of new product peaks. γ-glutamyl cyclotransferase enzymes catalyze the 
degradation of γ-glutamyl amino acid to produce 5-oxoproline and amino acid (133). HPLC 
data showed the degradation of GSH by LmChaC family proteins to produce 5-oxoproline, 
which confirms the γ-glutamyl cyclotransferase activity of these proteins. Their γ-glutamyl 
cyclotransferase activity was determined by quantifying the concentration of 5-oxoproline 
(Fig.25A). LmChaC mediated GSH degradation also produces Cys-Gly dipeptide along with 
5-oxoproline. The kinetic analysis of LmChaC2a or LmChaC2b proteins showed that both the 
proteins followed the typical Michaelis-Menten enzyme kinetics toward the substrate (GSH). 
The initial velocity of LmChaC2a or LmChaC2b was evaluated at 5 min or 2 min of incubation 
period, respectively (Fig.25, B and C). The Michaelis-Menten constant (Km) and turnover 
number (kcat) was calculated from different time dependent and substrate dependent kinetics 
measurements. Km values of LmChaC2a protein (1.75 ± 0.08) were similar to LmChaC2b (2.0 
± 0.15 mM) for GSH, which were comparable to mouse as well as human ChaC proteins 
(111). Albeit the Km value of LmChaC2a is very similar to LmChaC2b, catalytic efficiency of 
the former is ~17-fold lower than the latter, as kcat = 0.9 ± 0.1 s-1 for LmChaC2a and kcat = 15 
± 1.8 s-1 for LmChaC2b. 

 
Fig.24: Purification of LmChaC2a and 
LmChaC2b protein. (A) SDS-PAGE. Lanes: 1, 
−isopropyl β-D-1-thiogalactopyranoside (without 
IPTG) (LmChaC2b); 2, with IPTG (LmChaC2b); 
3, lysate (LmChaC2b); 4, LmChaC2b purified 
protein; 5, molecular weight marker; 6, without 
IPTG (LmChaC2a); 7, with IPTG (LmChaC2a); 8, 
lysate (LmChaC2a); and 9, purified (LmChaC2a). 
(Adapted from Das et al, J Biol Chem.2022 Sep 
17; 298(11):102510) 
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Fig.25: Biophysical characteristics of LmChaC2 proteins. A. LmChaC2 
proteins show enzymatic activity specifically towards GSH to produce 5-
oxoproline and Cys-Gly. Assay mixture was incubated and analyzed using HPLC 
on a SunfireTM C18 column (5 µm 4.6 x 250 mm, Waters) and a mobile phase of 
2% (v/v) aqueous perchloric acid at 1.0 ml/min flow rate.  B. Velocity of 
LmChaC2 enzyme catalyzed GSH degradation. 100 µg of LmChaC2a or 10.0 µg 
of LmChaC2b were incubated in 1.0 ml of 50 mM Tris-HCl buffer (pH-8) at 
37°C with different concentration of glutathione. At various time points, 100 µl 
aliquots were taken up from the assay mixture and were deactivated by heat 
denaturation at 95°C for 5 mins. Samples were centrifuged for 30 min at 14000 
rpm to remove inactivated proteins before HPLC (Waters) analysis. All data are 
fitted to a hyperbolic curve. C. Oxoproline production dependent on the substrate 
GSH. All values were derived from time dependent oxoproline production curve 
at different concentration of GSH. The initial velocity of LmChaC2a and 
LmChaC2b was evaluated within 5 mins and 2 mins of incubation period, 
respectively. (Adapted from Das et al, J Biol Chem. 2022 Sep 17; 
298(11):102510) 

3.1.5. Substrate specificity of LmChaC2: 

To assess the substrate specificity of both LmChaC2 proteins towards different γ-Glutamyl-
dipeptides, GSSG, GSH and T(SH)2; we measured the 5-oxoproline concentration for 
estimation of γ-
glutamyl 
cyclotransferase 
activity (Fig.26). 
HPLC data suggested 
that both the 
LmChaC2 proteins 
actively cleaved 
reduced glutathione 
(GSH), but they 
showed no such 
activity toward any γ-
glutamyl peptides 
includes γ-Glu-amino 
acids (γ-Glu-Cys, γ-
Glu-ε-Lys etc.), 
oxidized glutathione 
(GSSG) or T(SH)2 

(Fig.27). 

3.1.6. Discussion 

This chapter illustrates 
two putative ChaC 
family of γ-glutamyl 
cyclotransferase 
proteins, which are the 
first reported enzymes 
in glutathione 
degradation pathway 
from entire 
trypanosomatids 
group. Homology 
alignment of 
LmChaC2a and 
LmChaC2b with 
human ChaC1 and 
ChaC2 suggested that both proteins shared more homology with human ChaC2 enzymes 
compare to human ChaC1. Similar to human ChaC protein, leishmanial ChaC2 proteins 
contains YGSL/I motif and glutamate residue for cyclotransferase activity (111,134). 
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Fig.27: LmChaC2-catalyzed γ-
glutamyl cyclotransferase 
activity for γ-Glu-Cys (A), γ-Glu-
ε-Lys (B), GSSG (C) or T(SH)2 
(D). The mixture was incubated at 
37°C for 1 hr. Then the reactions 
were deactivated by heat 
denaturation at 95°C for 5 min. 
Samples were centrifuged for 30 
min at 14000 rpm to remove all the 
inactivated proteins before HPLC 
(Waters) analysis. 20 µl samples 
were injected to the HPLC system 
on a SunfireTM C18 column (5 µm 
4.6 x 250 mm, Waters) and a 
mobile phase of 2% (v/v) aqueous 
perchlorate at 1.0 ml/min. 
(Adapted from Das et al, J Biol 
Chem. 2022 Sep 17; 298(11): 
102510) 

Enzyme kinetics indicates that both ChaC-family of γ-GCT enzymes are GSH specific and 
could not able to degrade other γ-glutamyl peptides like human ChaC protein. Kinetic studies 
also suggested that LmChaC2b protein degrade the GSH ~17 fold more efficiently than 

LmChaC2a and on the other hand, in case of human, ChaC1 shows ~10-20 fold high catalytic 
efficiency than ChaC2 (110). The Km values of Leishmania ChaC2 proteins for glutathione 
are comparable with mammalian ChaC protein. With respect to the intracellular GSH 
concentrations (0.39 mM in amastigotes stage and 0.21 mM in promastigotes), our 
experiment derived Km values for recombinant LmChaC2 proteins are high (166). The 
possible explanation is that either the Km values of the LmChaC2 proteins in the intracellular 
milieu may be lower than the experimental values or the previous determinations of 
intracellular glutathione concentrations may not be sufficiently reliable. In case of eukaryotic 
cells, the main GSH reservoir is cytoplasm (~90%) whereas mitochondria (10%) and 

endoplasmic reticulum (ER) also serves as a minor reservoir. This could be the main reason 
behind the presence of mammalian ChaC protein (GSH specific γ-glutamyl cyclotransferase) 
in the cytosol (85). 

Fig.26: LmChaC activity in the presence of different γ-glutamyl 
dipeptides, GSSG and T(SH)2. 5-oxoproline production indicates 
the breakdown of the substrate due to the γ-glutamyl cyclotransferase 
activity of these proteins. The concentrations of GSSG, T(SH)2, γ-
Glu- Cys, γ-Glu- Lys, LmChaC2a and LmChaC2b used were 10 mM, 
10 mM, 10 mM, 10 mM, 10 μg, and 1.0 μg, respectively. (Adapted 
from Das et al, J Biol Chem. 2022 Sep 17; 298(11):102510) 
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Two products - cysteinyl-glycine and 5-oxoproline are created by the ChaC mediated 
degradation of GSH; in case of the host this product may be further degraded to yield free 
amino acids by 5-oxoprolinase and Cys-Gly peptidase. Two such enzymes are also found in 
Leishmania genome, a) putative 5-oxoprolinase (LmjF.18.1040) that transforms the cyclic 
form of glutamate or 5-oxoproline to glutamate and b) leishmanial putative M20/M25/M40 
family di-peptidase (LmjF.33.1610) that cleaves cysteinyl-glycine to form free cysteine and 
glycine. 
Since not any GSH degradation enzyme has been characterized in trypanosomatids, after 
physical characterization we were focused to explore the physiological importance of 
LmChaC2 proteins in Leishmania major. We uncovered the expression pattern of either 
LmChaC2 proteins for physiological characterization as well as in which condition these 
proteins are expressed within the parasites. Then in order to further characterization, we 
generated overexpressed, knockout and complement construct of LmChaC2 in vivo. The 
functional characterization of LmChaC2a or LmChaC2b proteins for understanding 
physiological relevance is discussed in the next chapter. 
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3.2.1. Background 

In the eukaryotic system, GSH plays numerous functions to maintain cell integrity. Although 
glutathione plays all these important physiological roles, excessive level of GSH can also 
have detrimental effect on the cells. So redox balance should be maintained for the survival 
of a cell which could be achieved by means of glutathione synthetase, glutathione reductase, 
glutathione peroxidase, thioredoxin reductase and different GSH degradation enzymes in the 
higher eukaryotic cells. γ-glutamyl transpeptidase is a major glutathione degradation enzyme 
in eukaryotic system through its transpeptidation activity transfer the γ-glutamyl group to 
amino acid to yield γ-glutamyl amino acids and cysteinyl-glycine. Moreover, γ-GCT reacts 
with several γ-glutamyl amino acids to form amino acids and 5-oxoproline whereas γ-
glutamylamine cyclotransferase (GGACT) reacts with the γ-glutamyl amine to yield amines 
and 5-oxoproline (133,167). Recently identified ChaC1 and ChaC2 proteins in mammals also 
have a major role in the breakdown of GSH and direct production of 5-oxoproline and Cys-
Gly. In the mammalian host cells, ChaC2 protein is expressed in a constitutive manner 
whereas ChaC1 protein expression is depend on the endoplasmic reticulum (ER) stress or 
sulfur limitation conditions (110,111,134).  
In the trynamosomal parasites, although major eukaryotic thiol redox homeostasis systems 
(thioredoxin/TrxR and GSH/GR systems) are absent but a unique redox metabolism pathway 
is developed in the parasite and this is achieved by low-molecular weight di-thiol 
trypanothione [bis(glutathionyl) spermidine] or T(SH)2 and trypanothione reductase 
(164,168,169). Albeit the GSH/glutathione reductase system is absent Leishmania, most of 
the GSH is recruited for the formation of bis(glutathionyl) spermidine or trypanothione. So 
affecting the GSH related enzyme could have the direct effect on the trypanothione level and 
subsequent redox level. 
Leishmania is a digenetic parasite, with two life stages amastigote and promastigote lived in 
two hosts human and sandflies respectively. Amastigotes are colonized in the acidic 
phagolysosomal compartment (pH 5.6) of the macrophages. Again promastigote stage has 
two distinct morphology within the sandfly vector; one is replicating and non-infective 
procyclic promastigotes and second is non-replicating and highly infectious metacyclic 
promastigotes (48). The transformation from procyclic to metacyclic is associated with an 
enhanced capacity for infection and survival within the mammalian host, where the host 
immune system is trying to destroy the parasite (170). During this cell differentiation, several 
morphological as well as chemical changes are observed: long flagella, elongated shape, 
smaller cell size, increased expression of LPG (lipophosphoglycan) and gp63 surface 
protease (171,172). A greater ability to survive within the macrophage is the defining feature 
of this development. Albeit several genes related to this transformation have been identified, 
still the exact molecular regulatory mechanisms remain unclear.  
Leishmanial GSH degradation enzymes LmChaC2a and LmChaC2b proteins were first time 
successfully cloned, expressed and biochemically characterized. Naturally, the next focus 
was on the determination of physiological significance of these proteins. In order to achieve 
the goal; regulation of both the proteins in the Leishmania parasites was observed in different 
condition and generated overexpressed cell line of both the proteins (OE2a and OE2b), double 
knockout cell lines (KO) and complement cell lines (CM2a, CM2b and CM). Regulation of 
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Fig.28: Expression of LmChaC2a and 
LmChaC2b in mRNA and protein level in the 
promastigotes as well as amastigotes stages of 
Leishmania parasite. (A) Agarose gel of PCR-
amplified DNA from the cDNA of LmChaC2a and 
LmChaC2b. Lane 1 and 2, PCR amplified products 
of promastigote parasites with LmChaC2a and 
LmChaC2b specific primers, respectively, Lane 3 
molecular marker, Lanes 4 and 5, PCR amplified 
products from intracellular amastigotes with 
LmChaC2a and LmChaC2b specific primers, 
respectively. (B) The whole cell lysate of 
promastigote parasites and axenic amastigotes (A. 
Amastigotes) stages of Leishmania major were 
used for Western blotting analysis. 200 µg of 
proteins was used as a sample for Western blotting 
analysis. Rabbit anti-LmChaC2a and anti-
LmChaC2b antibody are used in Western blot 
analysis. (Adapted from Das et al, J Biol 
Chem.2022 Sep 17; 298(11):102510) 

these proteins was estimated by means of different stress inducer and conditions. 
Additionally, comparative studies of reactive oxygen species concentration and calcium level 
were performed. Then cell differentiation and cell viability in different types of cells as well 
as expression level of the antioxidant protein in different types of L. major cells is discussed 
in this chapter. 

3.2.2. Expression of LmChaC2 at different life stages: 

To determine whether either of the GSH degrading enzymes (LmChaC2a or LmChaC2b) 
expression are particular life-cycle stage 
specific or it is expressed throughout all life 
stages, we performed semi-quantitative PCR 
and Western blot experiments. Semi-qPCR 
data from amastigotes derived from 
Leishmania infected mice and promastigotes 
reveals that the band of both the genes 
(LmChaC2a and the LmChaC2b) were 
appeared in the agarose gel (Fig.28A). Then 
Western blot experiments from axenic 
amastigotes and promastigotes confirmed that 
both LmChaC2a and LmChaC2b were 
expressed in both amastigotes and 
promastigotes stages (Fig.28B). Then to 
identify the intracellular expression profile of 
LmChaC2a or LmChaC2b throughout different 
phases of promastigote stages, real time 
quantitative PCR (qRT-PCR) and Western 
blot analysis was performed (Fig.29, A and 
D). These data suggested that LmChaC2a 
expression level remains unchanged 
throughout all phases, whereas expression of 
LmChaC2b was significantly increased (~1.5 

fold) during stationary phases but did not changed significantly during lag and log phases of 
promastigote stages. 

3.2.3. Expression of LmChaC2 under different stressed condition: 

In human ChaC1 protein is induced under stress condition such as ER stress and sulfur-
limited stress, whereas ChaC2 protein is constitutively expressed (111,134). To determine the 
constitutive or inducible expression pattern of either LmChaC2 proteins within parasites, 
different stress inducing agent such as tunicamycin, which is an ER stress inducer and H2O2, 
which is an oxidative stress inducing agent were used to treat the Leishmania parasite. Unlike 
human, qRT-PCR and Western blot data suggested that even after the treatment of 1 mM of 
tunicamycin for about 1 hour could not significantly influence either LmChaC2a or 
LmChaC2b protein expression in the parasites (Fig.29, B and D). Even after the treatment of 
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Fig.29: LmChaC2 expression under different conditions. (A) The measurement of mRNA abundance 
was determined using quantitative real-time PCR at different stages of growth of the promastigotes. pH 5.6 
denoted that the stationary phase promastigotes those were incubated for 24 h at acidic pH 5.6 (pH of 
phagolysosome). (B) The quantification of mRNA abundance in the promastigote stage of parasites was 
determined by qRT-PCR in presence of H2O2 as oxidative stress inducer and ER stress inducer- 
tunicamycin. (C) The measurement of mRNA transcript in the promastigote stage of parasites, which were 
incubated at sulphur deficient media for 12, 24, 36 and 48 hrs. (D) Gene expression was determined by 
Western blot analysis in presence of sulfur limited media (48 h), H2O2 (2 mM for 4 hrs) or tunicamycin (1 
mM for 1 h). All the data are representative of at least three independent experiments. (Adapted from Das et 
al, J Biol Chem.2022 Sep 17; 298(11):102510) 

maximum 2 mM H2O2 for 4 hrs could not still influence the expression level of either 

protein. GSH act as a sulfur reservoir within the cells and its degradation provides sulfur to 
the cells. Therefore, we investigated the impact of sulfur-deficient media upon the expression 
of either LmChaC2 proteins. qRT PCR data reveals that LmChaC2b transcription level was 
significantly increased up to 3.5 folds after 48 hrs of incubation of the Leishmania in sulfur 
limited media. On the other hand, LmChaC2a mRNA levels did not alter significantly 
(Fig.29C). Western blotting data confirmed that LmChaC2b protein expression level was 
significantly elevated after 48 hrs incubation but LmChaC2a expression level remains 
unaltered (Fig.29D). These findings suggest that LmChaC2a expression was constitutive, 
whereas LmChaC2b expression was sulfur stress-dependent.  
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3.2.4. CRISPR/Cas9 mediated gene replacement of LmChaC2 alleles: 

To investigate the precise physiological function of LmChaC2a and LmChaC2b in Leishmania 
parasites, CRISPR/Cas9 genome editing method was employed for knocking out the genes 
(Fig.22). LmChaC2a and LmChaC2b knockout strain was prepared in the previously 

constructed Cas9 protein expressing 
L. major cells. LmChaC2a and 
LmChaC2b genes were no longer 
expressed in null mutant cells (KO), 
which were confirmed by PCR 
analysis from genomic DNA 
(gDNA) and Western blotting 
(Fig.30, A and B). 

3.2.5. Variation in LmChaC2 
expression in various cell lines: 

By transfecting pXG-B2863/ 
LmChaC2a and pXG-
B2863/LmChaC2b construct in wild 
type (CT) cell line, ChaC2a 
overexpressed (OE2a) and ChaC2b 
overexpressed (OE2b) cell lines were 
prepared respectively. Western 
blotting showed that in comparison 
to CT cell lines, the OE2a and OE2b 
cell lines produced more LmChaC2a 

and LmChaC2b proteins, respectively. Then pXG-B2863/ LmChaC2a construct was 
transfected into KO cells to prepare ChaC2a complement (CM2a) cell line and pXG-
PHLEO/LmChaC2b plasmid was transfected into null mutant cells to prepare ChaC2b 
complement (CM2b) cell line, which expressed either LmChaC2a or LmChaC2b protein 
respectively in comparable amount to CT cells. Finally, pXG-PHLEO/LmChaC2b construct 
was transfected into CM2a cells to develop ChaC2a & ChaC2b double complemented (CM) 
leishmanial cell lines, which expressed both LmChaC2a and LmChaC2b proteins almost same 
amounts compare to control cells (Fig.30B). 

3.2.6. Comparative analysis of intracellular GSH and T(SH)2 content: 

Higher expression of GSH degradation enzymes in the cells can consume large amount of 
intracellular GSH. On the other hand, the amount of GSH as well as T(SH)2 could be 
increased in the cells without any glutathione degrading proteins. So we examined at whether 
the intracellular GSH and T(SH)2 level in the KO, OE2a, OE2b, CM2b and CM2a cells had 
changed in comparison to CT and CM cells. By injecting comparable amount of lysate into 
HPLC, we found that the intracellular GSH content was approximately two fold higher and 
T(SH)2 contents was ~4 times greater in the KO cells than the CT cells (Fig.31). This result 

Fig.30: Generation of stable knockout parasite for both 
LmChaC2a and LmChaC2b alleles by CRISPR/Cas9 based 
editing. (A) Agarose gel of PCR amplified DNA for 
LmChaC2a and LmChaC2b genes. Lanes 1/4/6 and 2/5/7 
represent PCR with gDNA from wild type and KO parasite 
respectively with external primers 16 and 17 (5’ and 3’ 
flanking region) (lanes 1-2) for both genes, with internal 
primer of LmChaC2a gene (lanes 4-5) and LmChaC2b gene 
(lanes 6-7). The expected size of LmChaC2a-LmChaC2b 
region, PURO and BLAST gene PCR amplified products are 
3.2, 2.4 and 2.3 Kb, respectively. The expected size of PCR 
amplified product with internal primers of LmChaC2a and 
LmChaC2b are 714 bp and 972 bp, respectively. (B) Western 
blot analysis was performed for the confirmation of generated 
cell lines such as CT, OE2a, OE2b, KO, CM2a, CM2b and CM 
cell lines using anti-LmChaC2a (Rabbit) anti-LmChaC2b 
(Rabbit) and anti-α-tubulin (Mouse) primary antibody. 200 µg 
of L. major cell lysate were used for Western blotting 
analysis. (Adapted from Das et al, J Biol Chem.2022 Sep 17; 
298(11):102510) 
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Fig.31: Intracellular GSH and T(SH)
2
 quantification by 

HPLC. (A) HPLC Peaks of GSH in different cell lines, (B) 
HPLC Peaks of T(SH)2 in different cell lines, (C) Bar 
diagram depicts the GSH and T(SH)2 level in CT, OE2a, 
OE2b, KO, CM2a, CM2b and CM promastigote cells. 2x108 
promastigotes were taken for making cell lysate. The lysate 
was centrifuged at 13000 g for 10 mins at 4°C and then the 
supernatant was filtered through 0.22µm Millipore filter 
paper. 40 µl samples were injected to the HPLC system on a 
SunfireTM C18 column (5 µm 4.6 x 250 mm, Waters) and a 
mobile phase of 2% (v/v) aqueous perchloric acid at 1.0 
ml/min. The concentration of standard Cys-Gly, 5-
oxoproline, GSH and T(SH)2 are 1.0 mM, 1.0 mM, 1.0 mM 
and 2.77 mM, respectively. All the data are representative of 
at least three independent experiments. (Adapted from Das et 
al, J Biol Chem.2022 Sep 17; 298(11):102510) 

was confirmed by the flow cytometry 
experiments where KO cells 
displayed greater concentration of 
intracellular GSH than CT, CM, 
OE2a, OE2b, CM2b or CM2a cell lines. 
The decreased order of intracellular 
glutathione accumulation was as 
expected: KO > CM2a > CM2b > CT 
or CM > OE2a > OE2b cells (Fig.32). 

3.2.7. Comparative study of oxidative 
stress among different cell lines: 

Increased reactive oxygen species 

(ROS) level within the cell are 
usually triggered by cellular GSH 
and T(SH)2 depletion. A chemically 
reduced derivative of fluorescein 
known as 2', 7’-
dichlorodihydrofluorescein diacetate 
(H2DCFDA) is employed as a 
biomarker for reactive oxygen 
species (ROS) in cells. Therefore, to 
assess the intracellular oxidative 
stress in CT, CM, OE2a, OE2b, CM2a, 
KO and CM2b cell lines at late log 
phase, H2DCFDA was used. Flow 
cytometric data indicates that in 

comparison to the CT, OE2a, OE2b, CM2b, CM2a and CM cell lines, intracellular ROS level 
was lower in null mutant population (Fig.33A). From these data we can conclude that by 
accelerating the breakdown of GSH in the Leishmania parasite, the LmChaC2 proteins were 
able to increase endogenous ROS production. The disruption of intracellular Ca2+ 
homeostasis is associated with the production of ROS and it is now widely accepted that 
intracellular ROS play a crucial role in regulating intracellular Ca2+ homeostasis (173). In 
KO, OE2a, OE2b, CM, CT, CM2a and CM2b cell lines, intracellular Ca2+ levels were assessed 
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Fig.32: Flow cytometric measurement of intracellular GSH level. Intracellular GSH concentration was 
measured in CT, OE2a, OE2b, KO, CM2a, CM2b and CM promastigote cells by intracellular GSH Detection 
Assay Kit (Abcam). 106 CT, OE2a, OE2b, KO, CM2a, CM2b and CM promastigote cells were taken and after 
washing with 1x PBS spin down at 1500g for 6 minutes. 5 μl of 200X Thiol Green Dye was mixed into 1 
ml of cell suspension and incubated at 22°C for 10-15 minutes, then washed the cells at 1000 rpm for 4 
mins and re-suspended in 1ml of assay buffer. All data are representative of at least three independent 
experiments. (Adapted from Das et al, J Biol Chem.2022 Sep 17; 298(11):102510) 

Fig.33: Characteristics of control (CT), ChaC2a 
overexpressed (OE2a), ChaC2b overexpressed 
(OE2b), knockout (KO), ChaC2a complement 
(CM2a), ChaC2b complement (CM2b) and 
ChaC2a & ChaC2b complement (CM) cells. (A) 
Flow cytometric measurement of intracellular 
H2O2 level by H2DCFDA. (B) The intracellular 
calcium level was quantified by the flow 
cytometric analysis using Fluo4 AM. (C) 
Proportion of cell death (PI positive staining) was 
measured in late log phase population by flow 
cytometric analysis. (D) Metacyclic (PNA 
negative) population in late log phase 
promastigotes was measured by flow cytometry 
after the isolation using PNA. The gating on the 
dot-plots corresponds to different cell sizes and 
forward-angle light scatter (FSC) intensities 
(FSClow and FSChigh). FSClow (denoted by small 
box area) represents mainly metacyclic (PNA-) 
population. (Adapted from Das et al, J Biol 
Chem.2022 Sep 17; 298(11):102510) 

using a flow cytometry experiment using the calcium sensing cell permeant fluorescent Fluo4 
AM dye which is excited at 494 nm wavelength. The intensity of green fluorescence was 
estimated by flow cytometry which indicates that KO cells showed almost two fold lower 

intensity compared to CT cells. All of these oxidative stress related experiments indicating 
that knockout of LmChaC2 genes shielded the cells from oxidative stress induced cytosolic 
Ca2+ elevation. The increased order of cytosolic Ca2+ accumulation was KO < CM2a < CM2b 
< CT or CM < OE2a < OE2b cells (Fig.33B). 

3.2.8. Cell viability in late log phase cell lines: 

ROS homeostasis disruption and a surge in cytosolic Ca2+ both can lead to cell death. In 
order to determine whether the deletion of LmChaC2a and LmChaC2b genes protected the 
cells against oxidative stress-mediated cell death, we used propidium iodide (PI) (Fluorescent 
dye for staining nucleic acids of non-lived cells) to compare the proportion of viable parasites 
(PI negative) among OE2b, OE2a, CM2a, KO, CM2b, CT and CM cell lines. Data from flow 
cytometry showed that the majority of the population of null mutant parasites was PI 
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Fig.34: Expression profile of LmAPX in different variants of L. 
major. (A) Comparative studies of LmAPX mRNA abundance among 
CT, OE2a, OE2b, KO, CM2a, CM2b and CM promastigote cells were 
measured by qRT PCR. (B) Western blotting analysis was performed 
by using anti-LmAPX and anti-α-tubulin antibody, where 200 µg of L. 
major cell lysate were loaded. (C) Bar diagram represents the 
percentage of band intensities in B. All data are representative of at 
least three independent experiments. (Adapted from Das et al, J Biol 
Chem.2022 Sep 17; 298(11):102510) 

negative. But a greater proportion of PI-positive cells were discovered in the OE population 
which had lower levels of GSH due to the excess production of LmChaC2 proteins. These 
results indicated that LmChaC2 gene deletion provided the protection of the cells from cell 
death during late log phase (Fig.33C). 

3.2.9. Comparative studies of metacyclogenesis among cell lines: 

Alteration of the ROS level can lead to the change in metacyclogenesis process 
(differentiation of the cells from non-infective procyclic stages to non-dividing infective 
metacyclic stages). To evaluate whether the absence of LmChaC2 proteins prevented the 
oxidative stress-induced metacyclogenesis, metacyclic stages of parasites were isolated. We 
were succeeded to differentiate metacyclic form of promastigotes from CM2b, OE2a, OE2b, 
CM, CT, CM2a, and KO late log phase cell cultures by the process of negative agglutination 
response with peanut agglutinin (PNA). Procyclic parasites easily agglutinate but metacyclic 
promastigote forms do not interact with peanut agglutinin because of developmental 
alterations in oligosaccharides on the lipophosphoglycan, which is terminally exposed (174). 
Main surface glycoconjugate and lipophosphoglycan goes through species-specific changes 
at the time of metacyclogenesis. An increase in repeat units results in an expanded 
glycocalyx which shields metacyclic parasites from lysis through complement in mammalian 
hosts. Comparing the KO cell population to OE2a, CM, OE2b, CT, CM2a or CM2b cells, a 
quantitative flow cytometric study of PNA agglutination suggest that the KO cell population 
had less number of metacyclic (PNA-) parasites (Fig.33D). These findings strongly indicated 
that LmChaC2 gene deletion prevents procyclic (non-infectious stage) promastigote cells to 
metacyclic (infectious stage) promastigotes cell differentiation. 

3.2.10. Variation in the expression of antioxidant gene LmAPX in different cell lines: 

It has been discovered that oxidative stress causes the antioxidant gene, ascorbate peroxidase 
(LmAPX) to be upregulated in the Leishmania parasite (175). We used quantitative RT-PCR 

and Western blotting 
experiments to detect 
LmAPX expression profile 
in CM2b, KO, OE2a, CT, 
CM2a, CM and OE2b cells 
due to the possibility that 
the reductive environment 
may have reduced the 
expression of the LmAPX 
gene in the parasite. Results 
from qRT-PCR indicated 
that null mutants exhibit 
approximate two fold lower 
levels of LmAPX mRNA 
expression than CT or CM 
cells (Fig.34A). Ascorbate 
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peroxidase was expressed in the following order: KO < CM2a < CM2b < CT or CM < OE2a < 
OE2b cells. These findings were subjected to a Western blot analysis for additional validation 
and the outcomes were strikingly comparable to the qRT-PCR data (Fig.34, B and C). These 
findings collectively suggested that LmAPX was suppressed in a reducing milieu. 

3.2.11. Discussion 

In the previous chapter, biophysical function of LmChaC2 proteins in Leishmania parasite is 
well documented. Consistent with the prior findings to know the exact regulatory mechanism 
of expression inside the parasite, we investigated the expression in promastigote as well as 
infected mice-derived amastigote parasites. From semi-qRT PCR and Western blotting 
results, we concluded that both the proteins are expressed in both amastigote and 
promastigote stages. In addition, LmChaC2b expression was induced almost 3.5 fold in 
sulfur-limited condition whereas constitutive expression was observed in case of LmChaC2a.  
Required for T(SH)2 biosynthesis, GSH is an important thiol small molecule for 
detoxification of ROS and protection against oxidative stress. At par with this our results 
show, when GSH degrading enzymes were deleted from the parasite genome, KO cells 
showed higher intracellular GSH/T(SH)2 concentration and subsequently lower level of 
oxidative stress, free intracellular Ca2+ ion and decreased cell death during late log phase. In 
addition, lower proportion of infective metacyclic cells were present in LmChaC2 knock out 
cell lines compared to CT, CM, CM2a, CM2b, OE2a and OE2b cell lines. From this observation 
it is clear that deletion of LmChaC2 prevented the cell differentiation from the non-infective 
procyclic to infective metacyclic stages. Another observation is that the expression level of 
antioxidant protein (LmAPX) in null mutant is lower than CT or CM cells suggesting that the 
reducing environment might be repressed the expression of antioxidant gene in parasite. So 
far we have discussed about the regulation and expression of LmChaC2 proteins as well as 
comparative studies in metacyclogenesis and cell death in late log phase. In the next chapter, 
we are going to discuss about the potential biological function of LmChaC2 proteins in GSH 
homeostasis and disease progression. 

 



 

 

 
 
 
 
 

CHAPTER   3 
 
 
 
 
 

    

“Role of LmChaC2 proteins in 
GSH homeostasis and disease 
progression” 
 



 

61 

 

 
 
 

“Role of LmChaC2 proteins in GSH homeostasis and 
disease progression” 

 
 

 

3.3.1. Background 

3.3.2. Growth curve analysis 

3.3.3. Cell viability in stationary phase cell lines 

3.3.4. In vitro Leishmania infection 

3.3.5. In vivo Leishmania infection 

3.3.6. Discussion 

62 

62 

64 

64 

65 

66 

 
 

RESULTS (Chapter 3) 



RESULTS: CHAPTER 3 
 
 

62 
 

3.3.1 Background 

The important low molecular mass tripeptide thiol or glutathione (glutamate, cysteine and 
glycine) serves several functions in the cells. Among those one of the important roles of 
glutathione is sulfur storage (91). When GSH is getting degraded by GSH degrading 
enzymes, essential sulfur nutrient will be released in the form of sulfur containing amino 
acids such as cysteine. Moreover, GSH degradation provides essential amino acids like 
cysteine, glycine and glutamic acid which are required for the synthesis of protein. GSH 
plays a central role in redox balance maintenance in higher eukaryotes as well as some 
prokaryotes. In trypanosomatids, maximum amount of glutathione is converted into a unique 
low molecular mass dithiol - N1, N8-bis(glutathionyl)spermidine or trypanothione (T(SH)2) 
that plays the main role in redox homeostasis instead of GSH in this organisms and 
trypanothione reductase (TR) keeps this di-thiol in reduced form. T(SH)2 have more reducing 
efficiency than GSH although redox potential is comparable of this thiols. The single enzyme 
that links these parasites' NADPH and thiol-regulated redox systems is called TR (164). It is 
well known that GSH depletion is a potent marker of apoptosis and excessive as well as 
lower level of GSH is detrimental for the cell survival (99,100,176). In Leishmania donovani, 
growth is arrested after the treatment of buthionine sulfoximine (BSO). BSO is an potent 
inhibitor of γ-glutamylcysteine synthetase, which is an essential enzyme for GSH synthesis 
(177). By supplying extracellular GSH to L. infantum, the intracellular thiol concentration 
were raised (178). Glutamylcysteine synthase was knocked down by RNA interference in T. 
brucei but was rescued by GSH supplementation (72). These observations strongly indicated 
the presence of GSH transporter in these organisms.  
Previous chapter have shown that the LmChaC2 enzyme specifically degrade only GSH and 
LmChaC2-deleted cells displayed increased intracellular GSH/T(SH)2 concentrations which 
resulted in lower levels of oxidative stress, intracellular Ca2+ ions, decreased cell death and 
metacyclogenesis in late log phase. These results strongly indicated that the proteins might 
have an important role in GSH homeostasis. So the function of LmChaC2 proteins in GSH 
homeostasis through growth curve analysis among different cell lines in different types of 
sulfur limited conditions and in vitro as well as in vivo disease development by different 
LmChaC2 containing cell types will be discussed in this chapter.  

3.3.2. Growth curve analysis: 

Growth curve analysis was carried out to determine whether the availability or unavailability 
of exogenous GSH has any impact on the growth of null mutants on sulfur-limited medium. 
Growth curve were analyzed among different varieties of cell lines in different environmental 
conditions: a) fully sulfur-deficient media, b) GSH supplemented sulfur limited media, c) 
NAC supplemented sulfur limited media and d) complete nutrient rich media. 

a) Fully sulfur-deficient media: 
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Fig.35: Comparative analysis of the 
growth profile among CT, OE2a, OE2b, 
KO, CM2a, CM2b and CM 
promastigotes. (A) 106 mid-log phase 
promastigote parasites were inoculated 
in 5ml fully sulfur deficient M199 media 
(Himedia-AT1076) containing 10% 
FBS. (B) 106 mid-log phase promastigote 
parasites were seeded in 5ml of GSH 
supplemented (4 mg/ml) sulfur deficient 
M199 media containing 10% FBS. (C) 
106 mid-log phase cells were cultured in 
5 ml of N-acetyl cysteine supplemented 
(25 mg/L) sulfur deficient M199 media 
containing 10% FBS. (D) 106 mid-log 
phase promastigotes were inoculated in 
10 ml normal M199 media containing 
10% FBS. *Statistically significant value 
of less than 0.05. (Adapted from Das et 
al, J Biol Chem. 2022 Sep 17; 
298(11):102510) 

Sulfur is an essential biomolecule for building sulfur containing amino acids and 
vitamins (thiamine and biotin). All the cell types were cultured in sulfur limited 
media with the 106 inoculum. As expected, the growth curve data showed that none of 
the cell types could proliferate in sulfur-limited medium (Fig.35A). 

b) GSH supplemented sulfur limited media: 

As GSH degradation supplies sulfur to the cells, next we measured the growth curve 
in the presence of GSH as a sulfur source. After viable cell counting, growth curve 
analysis indicates that LmChaC2 expressing cell lines such as CT, OE2a, OE2b, CM2b, 
CM2a or CM cells successfully grew when extracellular GSH is present. But 
interestingly null mutant population failed to grow even in the presence of externally 
provided GSH (Fig.35B). These findings imply that leishmanial ChaC protein 
enables the growth of this parasite in the presence of GSH as solely sulfur source. 

c) NAC supplemented sulfur limited media: 

An acetylated modified cysteine compound, N-acetyl cysteine (NAC) is act as a 
precursor of amino acid cysteine and GSH. So, next we investigated the growth rates 
of the null mutants in NAC supplemented sulfur limited media. It was interestingly 
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discovered that null mutants could grow like other cell lines 
in NAC containing sulfur limited media (Fig.35C). These 
finding indicates that when NAC was utilized as the sulphur 
source, KO cell was able to grow by de novo synthesizing all 
essential sulfur containing component such as GSH, T(SH)2 
and amino acids. 

d) Complete nutrient rich media: 

Then to investigate the function of LmChaC2 proteins in 
Leishmania parasite, 106 parasite cells were inoculated and 
grown in 10 ml of complete nutrient rich M199 media. 
Growth curve suggested that in comparison to CM, CM2b, 
OE2a, OE2b or CT promastigote cells, LmChaC2 null mutant 
cells and CM2a cells had faster growth rates. Although the 
growth rate of KO cells were higher but they failed to 
survive for a longer period in the late stages of culture media 
unlike OE2b, CT, CM2b or CM cell lines (Fig.35D). This 
finding strongly suggests that LmChaC2b protein is important 
for the parasites to survive for an extended period of time 
under harsh condition. 

3.3.3. Cell viability in stationary phase cell lines: 

Consistent with the previous finding from growth analysis by 
cell counting, next we investigated the cell viability by flow 
cytometry in stationary culture phase among all variant of 
cell lines. Flow cytometric studies suggested that KO cells 
possessed 75% PI positive cells in comparison with 18% in 
CT and 20% in CM in stationary phase, which is about 4 fold 
higher dead cells in LmChaC2 null mutant than CT and CM 
cells. This result clarifies the rapidly declined growth rate of 
KO cells compared to CM or CT cells (Fig.36). 

3.3.4. In vitro Leishmania infection: 

Leishmania as intracellular obligatory parasite mostly prefers 
to infect phagocytes as a host cell. Macrophage is one of the 

Fig.36: Cell viability in stationary phase cell lines. (A) Flow 
cytometric measurement of dead cells (PI positive staining cells) 
percentage was analyzed by flow cytometry at late stationary phase 
population. (B) Bar diagram represents the percentage dead cells 
among CT, OE2a, OE2b, KO, CM2a, CM2b and CM promastigote cells. 
*Statistically significant value of less than 0.05. (Adapted from Das 
et al, J Biol Chem.2022 Sep 17; 298(11):102510) 
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Fig.37: In vitro Leishmania infection assay. 
(A) The number of Leishmania inside each 
infected macrophage was quantified. For each 
instant, 200 macrophages were taken for 
counting. (B) The percentage of macrophages 
that were infected with different LmChaC2 
variants of parasites. For each instant and cell 
type, 200 infected macrophages were quantified. 
*Statistically significant value of less than 0.05. 
(Adapted from Das et al, J Biol Chem.2022 Sep 
17; 298(11):102510) 

Fig.38: In vivo Leishmania infection 
assay. (A) Infection in BALB/c mice 
model. Footpad swelling of mice with 
different LmChaC2 mutants was noticed 
for three groups (8 mice/group). (B) 
Parasite burden in left hind footpad of mice 
was measured after three months post 
infection. *Statistically significant value of 
less than 0.05. (Adapted from Das et al, J 
Biol Chem.2022 Sep 17; 298(11):102510) 

phagocytes, which is readily infected by the L. major parasites. We focused on the 
Leishmania promastigotes' infectivity rate to infect macrophages because L. major cells 

multiply in host macrophage cells. We investigated the degree of phagocytosis among CM, 
OE2a, CT, OE2b, KO, CM2a and CM2b cells. Lower interaction or adhering rates were 
observed in KO promastigotes in comparison to OE2a, OE2b, CT, CM2a, CM2b or CM cells. 
After 48 hours of incubation, the number of LmChaC2 null mutant parasites was still lower 
compared to the control cells in the macrophages. Presence of the lower amount of infective 
metacyclic promastigotes in KO parasites could be the possible explanation of the reduced 
infection level (Fig.37A). Furthermore, the proportion of macrophages harboring KO mutant 
parasites was also noticeably lower compared to the CT and CM cell lines (Fig.37B). 

3.3.5. In vivo Leishmania infection: 

To identify whether the Leishmania major LmChaC2 knock out mutant are capable to 
develop infections in mice model, we studied in vivo infection assay. 5 x 106 stationary phase 
promastigotes cells were injected into BALB/c mice in left footpad to investigate the in vivo 
infection. Here we found that in comparison to LmChaC2 knock out cells, CT and CM 
promastigotes could cause a severe disease in BALB/c mice. On the other hand, OE2a and 

OE2b promastigotes displayed very little virulence in an infection model in vivo (Fig.38A). 
This data reveals that the level of intracellular GSH content must be precisely controlled for 
the leishmanial infection. To further validate the observations, we measured the parasite 
burden in OE2a, OE2b, CT, KO, CM2a, CM2b and CM after 12 weeks of leishmanial infection. 
In contrast to the KO and OE cell lines, the higher degree of parasite burden was found in CT 
and CM cells (Fig.38B). Altogether, these results suggested that a fine-tuning of the amount 
of intracellular GSH content is crucial for Leishmania infection. 
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3.3.6. Discussion 

In the previous chapter, the requirement of LmChaC2 proteins in intracellular GSH or 
T(SH)2 concentration regulated oxidative stress induced cell death during late log phase and 
infective metacyclic cell differentiation has been well defined. LmChaC2 null mutant cells 
has shown less number of dead cells in late log phase, although the fate of the knockout cells 
in the stationary phase was unknown. Growth curve analysis showed that although the CT 
cells growth rate was slower than KO parasite, CT promastigotes sustain for the long time in 
aged media in comparison to KO cells. This observation suggests that under difficult growth 
conditions, slower growth was necessary for long-term survival. Now the question arises 
about the connection between slower growth rate and long term survival. One explanation is 
that the KO promastigotes' high replication rate might use the glycolysis pathway rather than 
the citric acid cycle to produce more NADPH and partially oxidized intermediates for 
synthesis of excessive amounts of DNA, RNA or proteins and that would quickly deplete all 
essential ingredients of the media. In line with the earlier concept, Leishmania promastigotes 
in dividing procyclic stages uses high glucose concentrations, maintaining controlled flux 
into the citric acid cycle with concurrent generation of NADH by emitting partially oxidized 
intermediates like acetate, alanine and succinate into the culture media (179). With regard to 
amastigote stages, scientists had demonstrated through heavy water labeled experiments that 
the quiescent metabolic state of Leishmania in murine lesion may induce a intrinsic defense 
to various stresses (nutrient, temperature and pH) and is crucial for slow but consistent 
replication as well as survival of the parasite (57,180). Growth curve analysis in 
supplemented sulfur deficient media indicates that LmChaC2-expressing cells can easily 
proliferate in GSH supplemented sulphur depleted media but null mutants failed to survive, 
suggesting that LmChaC2 plays a pivotal role for cell survival when GSH is used as solely 
sulphur-source. Again in vivo and in vitro infection analysis suggests that LmChaC2 proteins 
regulated GSH level plays a crucial role in the infectivity and survivability of the parasite 
within BALB/c mice. Altogether it is concluded that LmChaC2 proteins aided GSH 
homeostasis is required for slower growth and long-term viability, which is important for 
disease progression in mice model. 
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Fig.39: Schematic diagram 
depicts the importance of 
LmChaC2 proteins in the 
parasites. LmChaC2 enzyme 
is essential for GSH 
homeostasis maintenance, 
produces essential amino 
acids for protein synthesis 
and long term survival as 
well as chronic infection. 

CONCLUSION & PERSPECTIVE 
 
Although it is widely acknowledged that GSH is necessary for Leishmania to survive but it is 
still unclear whether the GSH homeostasis is required for the survival of the parasites. For 
the first time, we have demonstrated the importance of LmChaC2-mediated controlled GSH 
degradation in chronic infection. Here, we explain the following key points: i) we showed 
that two ChaC proteins (LmChaC2a and LmChaC2b) of different molecular masses can 
degrade GSH to generate 5-oxoproline and Cys-Gly dipeptide in both promastigote and 
amastigote phases of the Leishmania parasites; ii) LmChaC2b (38 kDa) has a considerably 
higher catalytic efficiency than the constitutively expressed protein LmChaC2a (28 kDa); iii) 
under sulphur restriction, the LmChaC2b expression was upregulated; iv) null mutant data 
suggesting the LmChaC2 proteins regulate the concentration of GSH/T(SH)2 in the cell as 
well as intracellular calcium concentration, cell differentiation from noninfective procyclic to 
infective metacyclic stages and cell death; v) requirement of LmChaC2b protein for the long 
survival of the parasite in late stationary culture and is crucial for the development of disease. 
Survival of the parasite in late stationary phase may depend on the LmChaC2 mediated 
catalysis of GSH to form Cys, Glu, and Gly amino acids. Prior research shows that the 
overall thiol concentration did not significantly alter throughout the several logarithmic 
growth phases in the cells but a 6-fold decrease in thiol concentration was noticed after the 
entry of the parasite into the stationary phase (181). Similar to this, the T(SH)2 concentration 
does not change during the various logarithmic growth phases in T. cruzi, L. major and L. 
donovani but drops quickly during the stationary phase culture (166). Our findings 
demonstrated that stationary phase culture and sulfur-limited medium induce the production 
of LmChaC2b protein. Therefore, when the nutrients are depleted during late stationary phase 
culture, catalytically effective LmChaC2b protein may be responsible for delivering Cys, Glu, 
and Gly from GSH degradation for critical protein synthesis (Fig.39). 

In the early phases of host-Leishmania interactions, the parasite's T(SH)2 and redox proteins 
effectively control redox homeostasis to endure the oxidative burst (182). Since CT cells are 
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substantially more virulent than LmChaC2b overexpressed cell lines which contain very little 
T(SH)2, suggesting that T(SH)2 is crucial for the progression of disease. On the other hand, 
KO mutants had 4-fold excess T(SH)2 also displayed less virulent characteristics than CT. 
This could imply that an excessive amount of T(SH)2 accumulation could harm the parasite 
itself. Several previous studies demonstrate the harmful consequences of excess GSH level in 
unicellular eukaryotes and mammalian cell (176,183). By adding NAC or overexpressing of 
glutamate cysteine ligase can alter the elevated GSH level mediated redox balance, which 
induces the reductive stress linked to mitochondrial dysfunction (184). Other studies 
demonstrated that too much GSH inhibits the growth of the intracellular Mycobacterium 
tuberculosis parasite. However its mutant variant that is defective in excess GSH uptake 
grew better within the host cell (macrophage) (185,186). From their observations, they 
strongly proposed that this pathogen is subjected to reductive stress inside the phagocytic 
host. We demonstrated that KO mutant which is deficient in the breakdown of GSH were 
unable to display a serious disease manifestation in contrast to CT promastigotes. These 
results suggest that glutamate/cysteine/glycine generation from glutathione recycling may be 
important for the parasite and necessary for protein synthesis (187). 
In human, ChaC1 shows ~10-20 times more catalytic activity than ChaC2 and here we have 
shown that LmChaC2b protein exhibit almost 17 times more catalytic efficiency than 
LmChaC2a in Leishmania parasite. It is still unclear which amino acid residues in these 
proteins are responsible for this variation in catalytic efficiency. Thus further work is needed 
to identify those specific amino acid residues that will be elucidating this mystery.  
Furthermore, LmChaC2a is constitutively expressed and LmChaC2b protein is inducibly 
expressed in sulfur limited media. So extensive molecular study is needed to explore how 
this sulfur stress induces the expression of LmChaC2b in this particular situation. 
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The ChaC family of γ-glutamyl cyclotransferases is conserved
throughout all Kingdoms and catalyzes the degradation of GSH.
So far, the ChaC family proteins in trypanosomal parasites are
missing in the literature. Here, we report two members of the
ChaC family of γ-glutamyl cyclotransferases (LmChaC2a and
LmChaC2b) in the unicellular pathogen Leishmania. Activity
measurements suggest that these proteins catalyze degradation
of GSH but no other γ-glutamyl peptides. Recombinant
LmChaC2a protein shows �17-fold lower catalytic efficiency
(kcat � 0.9 s−1) than LmChaC2b (kcat � 15 s−1), although they
showed comparable Km values (�1.75 mM for LmChaC2a and
�2.0 mM for LmChaC2b) toward GSH. qRT-PCR and Western
blot analyses suggest that the LmChaC2a protein was found to be
constitutively expressed, whereas LmChaC2b was regulated by
sulfur stress. To investigate its precise physiological function in
Leishmania, we generated overexpressed, knockout, and com-
plement cell lines. Flow cytometric analyses show the presence
of a higher intracellular GSH concentration and lower intra-
cellular ROS level, indicative of a more reductive environment
in null mutants. We found LmChaC2-expressing cells grow in
GSH-containing sulfur-limited media, while the null mutants
failed to grow, suggesting that LmChaC2 is crucial for cell
growth with GSH as the only sulfur source. Null mutants,
although reach the stationary phase rapidly, display impaired
long-term survival, indicating that LmChaC2-mediated GSH
degradation is necessary for prolonged survival. In vivo studies
suggest that LmChaC2-dependent controlled GSH degradation
promotes chronic infection by the parasite. Altogether, these
data indicate that LmChaC2 plays an important role in GSH
homeostasis in Leishmania.

Generally, GSH displays extreme diverse roles in prokary-
otic and eukaryotic cells including mitochondrial iron-sulfur
biogenesis (1), elimination of oxidative stress, metal and
xenobiotic detoxification, redox buffer, storage and transport
of sulfur (2, 3), and its capacity to regulate protein function by
glutathionylation (4).

In addition, GSH also regulates immune cell functions, like
initiating the Th1 or Th2 immune responses by controlling the
antigen-processing machinery in antigen-presenting cells (5).

Furthermore, the depletion of GSH is one of the markers of
apoptosis (6) and low GSH concentration, are closely associ-
ated with several diseases (7). On the other hand, excessive
GSH levels are also detrimental to the cell (8–10). It is well
known that GSH synthesis and degradation play a significant
role in maintaining GSH homeostasis (11, 12).

Protozoan parasites, trypanosomatids, have several unique
features; one of them is trypanothione [T(SH)2] based redox
metabolism. A massive amount of reactive oxygen species
(ROS) is produced by activated macrophages as initial line of
defense against the parasites (13, 14). Surviving parasite is able
to tolerate the ROS during its life cycle by recruiting a number
of antioxidant molecules including unique redox proteins and
low molecular weight thiols (15). The main ROS detoxification
system in trypanosomatids is a chain of reactions where try-
paredoxin reduces 2-Cys-peroxiredoxin and GSH peroxidase–
like enzymes sequentially after receiving reducing equivalents
from trypanothione (a GSH-spermidine conjugate) (16–18).
While the GSH biosynthesis steps of the parasite are common
to mammals, the T(SH)2 biosynthesis pathways are only pre-
sent in trypanosomatids (19, 20). Both γ-glutamylcysteine
synthetase and GSH synthetase in the parasite’s GSH biosyn-
thesis pathway are known (21, 22), whereas the breakdown of
GSH to amino acids is completely unknown in this parasite.

ChaC (cation transport regulator-like protein) is the third
gene of CHA operon in Escherichia coli and is supposed to
function as a γ-glutamyl cyclotransferase (23). The activity of
ChaC protein toward the reduced form of GSH involves the
cleavage of γ-glutamyl bond of GSH with subsequent pro-
duction of 5-oxoproline and Cys-Gly (24). Human ChaC1
protein has been shown to be induced under endoplasmic
reticulum (ER) stress condition in the cells (25, 26). Two ChaC
homologs, ChaC1 and ChaC2, are found in higher eukaryotes,
where constitutively expressed ChaC2 protein displays �10 to
20 times reduced catalytic efficiency compared to inducibly
expressed ChaC1 protein (27).

We have found two putative ChaC-like proteins of
different molecular weights (237 amino acids and 323 amino
acids) in tandem array within Leishmania major genome
database. Those putative ChaC-like proteins are present in
the genome database of all trypanosomal parasites. Although
the eukaryotic ChaC1 and ChaC2 are the GSH-degrading
enzymes (26, 27), the potential functions of leishmanial* For correspondence: Subrata Adak, adaks@iicb.res.in.
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putative ChaC proteins have not yet been explored. In this
article, we characterize the two ChaC proteins from
L. major (LmChaC2a and LmChaC2b), which catalyze the γ-
glutamyl bond cleavage of the GSH to produce Cys-Gly and
5-oxoproline. Surprisingly, our data revealed that the
LmChaC2b (larger protein) showed �17 fold more catalytic
activity compared to the LmChaC2a (smaller protein).
Although LmChaC2b protein expression was significantly
increased in sulfur-limited media and stationary phase cul-
ture, LmChaC2a protein is constitutively expressed. In
addition, we demonstrate for the first time that the growth
rate of null mutants is very high but they display impaired
long-term survival in the aged culture and reduced patho-
genicity in macrophage and BALB/c mice.

Results

Sequence analysis of LmChaC2a and LmChaC2b proteins

Two putative LmChaC sequences in tandem array (sys-
tematic name: LmjF.22.1190 and LmjF.22.1200) within
L. major genome database (https://tritrypdb.org/tritrypdb/
app) have been identified as ORF, comprising of 237 and 323

residues, respectively. Multiple sequence alignment revealed
that the shorter version (237 amino acids) and the longer
version of putative LmChaC proteins (323 amino acids) bear
32% and 35% identity with the human ChaC1, respectively
(Fig. 1). On the other hand, the shorter version and the longer
version of putative LmChaC protein have about 40% and 45%
identity with the human ChaC2, respectively (Fig. 1). Signature
YGSL/I motif and catalytic glutamate residue were present in
both genes, confirming that both proteins belong to the ChaC
family of γ-glutamyl cyclotransferase proteins. As higher
sequence identity is observed with human ChaC2 protein, we
have denoted the shorter version (237 amino acids) as
LmChaC2a and the longer version (323 amino acids) as
LmChaC2b.

Biochemical characteristics of LmChaC2a and LmChaC2b
proteins

To identify the biochemical properties of LmChaC2a and
LmChaC2b proteins, both the full length proteins were
expressed in E. coli cells. Purified LmChaC2b and LmChaC2a

proteins migrated to positions in the gel as predicted by

Figure 1. Sequence analysis of ChaC family of γ-glutamyl cyclotransferases from Leishmania major. Amino acid sequence of LmChaC2a and LmChaC2b
were aligned with human ChaC1 and ChaC2. *indicates identical residue. Dashes indicate variations in sequence length among aligned proteins. Underline
denotes active site residues.
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theoretical relative molecular weight of 38 kDa (Fig. 2A, lane 4)
and 28 kDa protein (Fig. 2A, lane 9), respectively. Products of
the assay mixture were identified by HPLC after the enzymatic
reaction of these LmChaC2 family proteins on GSH. When
these proteins are present in assay mixture, peaks of GSH
disappeared and new peaks for 5-oxoproline and Cys-Gly
dipeptide emerged (Fig. 2B). Production of 5-oxoproline
from GSH degradation confirmed the γ-glutamyl cyclo-
transferase activity of the LmChaC family proteins. Both
LmChaC2a and LmChaC2b proteins follow standard
Michaelis–Menten kinetics with respect to the substrate
(GSH) (Figs. 2C and S1). The Km values for GSH were very
similar between LmChaC2a and LmChaC2b proteins: 1.75 ±
0.08 mM for LmChaC2a and 2.0 ± 0.15 mM for LmChaC2b.
These Km values were comparable with human as well as
mouse ChaC protein (27). Our experimental Km value of
recombinant LmChaC2 proteins is high with respect to

intracellular concentration of GSH (0.21 mM in promastigotes
and 0.39 mM in amastigotes stage (28)). One possible reason is
that either the Km value of natural LmChaC2 within intracel-
lular environment might be lower compared to experimental
value of recombinant protein or the previous determinations
of intracellular GSH concentrations may not be sufficiently
reliable. Although Km of both proteins are similar but
LmChaC2a proteins show �17-fold lower catalytic efficiency
(kcat = 0.9 ± 0.1 s−1) than LmChaC2b (kcat = 15 ± 1.8 s−1). To
evaluate the relative activities of the LmChaC2 proteins toward
different γ-Glu-dipeptides, T(SH)2, and GSSG, we estimated
their γ-glutamyl cyclotransferase activity by measuring the
5-oxoproline concentration (Figs. 2D and S2). The results
showed that both enzymes showed activity toward GSH
(Fig. 2B) but no activity toward the other γ-Glu-amino acids as
well as GSSG and T(SH)2 (Figs. 2D and S2). These results
suggest that both LmChaC2 proteins serve as γ-glutamyl

Figure 2. Biochemical characteristics of LmChaC2a and LmChaC2b. A, SDS-PAGE. Lanes: 1, -IPTG (LmChaC2b); 2, +IPTG (LmChaC2b); 3, lysate (LmChaC2b);
4, purified LmChaC2b protein; 5, molecular weight marker; 6, −IPTG (LmChaC2a); 7, +IPTG (LmChaC2a); 8, lysate (LmChaC2a); and 9, purified (LmChaC2a). B, the
LmChaC proteins display enzymatic activity specifically toward GSH producing 5-oxoproline and Cys-Gly. Assay mixture was analyzed using HPLC system on
a Sunfire C18 column (5 μm 4.6 × 250 mm, Waters) and a mobile phase of 2% (v/v) aqueous perchloric acid at 1.0 ml/min flow rate. C, GSH-dependent
oxoproline production. All values were derived from time-dependent oxoproline production curve at different concentration of GSH in SI Fig. S1. The
initial velocity of LmChaC2a and LmChaC2b was calculated within 5 min and 2 min incubation period, respectively. D, LmChaC activity in the presence of
different γ-glutamyl dipeptides, GSSG and T(SH)2. The concentrations of T(SH)2, GSSG, γ-Glu- Lys, γ-Glu-Cys, LmChaC2a, and LmChaC2b used were 10 mM,
10 mM, 10 mM, 10 mM, 3.57 μM, and 0.26 μM, respectively.
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cyclotransferases acting specifically on GSH degradation but
no other γ-glutamyl peptides.

Regulation of LmChaC2a and LmChaC2b proteins in
Leishmania parasite

Earlier researchers have reported that the human ChaC1
expression was induced by ER stress or sulfur starvation,
whereas human ChaC2 was constitutively expressed (25, 27).
To identify whether GSH degrading enzymes, LmChaC2a and
LmChaC2b, are constitutively or inducibly expressed in the
parasite, we performed semi–quantitative real-time PCR
(sqRT-PCR) and Western blot analyses. The results suggested
that both the LmChaC2a and the LmChaC2b were expressed in
the promastigote as well as the amastigote stages (Fig. 3, A and
B). qRT-PCR analysis data suggested that LmChaC2b expres-
sion does not change significantly during the log phase of
growth but increases 1.5 times during stationary phase with or
without treatment with acidic pH 5.6 (Fig. 3C). However,
treatments with neither tunicamycin (ER stress-inducing agent)
nor H2O2 (oxidative stress inducer) could significantly influ-
ence the expression of either of the proteins (Fig. 3D). The
breakdown of GSH also provides sulfur for the cells. Therefore,
we used qRT-PCR and Western blot analysis to investigate the
effect of sulfur-limited media on the expression of LmChaC2a

and LmChaC2b (Fig. 3, E and F). We found that LmChaC2b

transcription was significantly increased (3.5-fold) in sulfur-
limited media up to 48 h (Fig. 3E), but after 48 h, the level of
LmChaC2b started decreasing (data not shown), whichmight be
caused by a decrease in cell viability. On the other hand, there
was no significant change in themRNA levels of LmChaC2a.We
also assessed the protein expression levels by using Western
blot technique where LmChaC2b expression increased signifi-
cantly at 48 h incubation in sulfur-limited media but LmChaC2a

level remained constant (Fig. 3F). These results indicate that
LmChaC2a protein was constitutively expressed, whereas
LmChaC2b was controlled by sulfur stress.

Characterization of control (CT), ChaC2a overexpressed (OE2a),
ChaC2b overexpressed (OE2b), knockout (KO), ChaC2a
complement (CM2a), ChaC2b complement (CM2b), and ChaC2a
& ChaC2b double complement (CM) cells

To investigate the LmChaC2a and LmChaC2b function in
L. major, CRISPR/Cas9 gene editing technique was used
(Fig. 4A) to knock the genes out. PCR analysis from genomic
DNA (gDNA) and Western blotting confirmed that null
mutant cells (KO) no longer expressed LmChaC2a or
LmChaC2b gene (Fig. 4, B and C). The OE2a and OE2b cell lines
expressed higher amounts of LmChaC2a and LmChaC2b pro-
teins compared to CT cell line, respectively. Western blot
analysis demonstrated that the CM2a cell line expressed only
LmChaC2a protein, whereas CM2b cell line expressed only
LmChaC2b protein. The double complemented (CM) leish-
manial cell lines expressed both the proteins in amounts
comparable to control cells. Next, we investigated whether the
levels of intracellular GSH and T(SH)2 were changed in the
OE2a, OE2b, KO, CM2a, and CM2b cells compared to CT and

CM cells (Figs. 4D and S3). HPLC analysis suggested that KO
cells had �2- and �4-fold higher intracellular GSH and
T(SH)2 content compared to CT cells, respectively. Flow
cytometry results confirmed that KO cells had higher amount
of intracellular GSH (Fig. 4E) compared to CT, OE2a, OE2b,
CM2a, CM2b, or CM cell lines. As expected, the order of
intracellular GSH accumulation was KO > CM2a > CM2b >
CT or CM > OE2a > OE2b cells.

Figure 3. mRNA and protein expression of LmChaC2a as well as
LmChaC2b in the promastigote and the amastigote stages of parasite.
A, agarose gel analysis of PCR-amplified products from cDNA of LmChaC2a
and LmChaC2b. Lane 3 shows the molecular mass marker, lanes 1 and 2,
correspond to PCR product from cDNA of promastigotes with LmChaC2a
and LmChaC2b specific primers, respectively. Lanes 4 and 5, correspond to
PCR product from cDNA of purified intracellular amastigotes using
LmChaC2a and LmChaC2b specific primers, respectively. B, the lysate of
promastigotes and the axenic amastigotes (A. Amastigotes) stages of
L. major was used for Western blotting. Rabbit anti-LmChaC2a and anti-
LmChaC2b antibody are used in Western blot analysis. C, the measurement
of gene transcript abundance was analyzed by using quantitative real-time
PCR (qRT-PCR) at different stages during growth of promastigotes. pH 5.6
denoted stationary phase promastigotes those were incubated at acidic pH
5.6 (pH of phagolysosome) for 24 h. D, the measurement of mRNA abun-
dance in promastigotes stage of parasite was analyzed by using qRT-PCR in
presence of H2O2 and ER stress inducer tunicamycin. E, the measurement of
mRNA transcript in promastigotes stage of parasite, which incubated at
sulfur-limited media up to 48 h. F, gene expression was analyzed by
Western blot in presence of sulfur-limited media (for 48 h), H2O2 (2 mM for
4 h), or tunicamycin (1 mM for 1 h). All the data are representative of at least
three independent experiments. *Statistically significant value of less than
0.05. cDNA, complementary DNA; ER, endoplasmic reticulum.
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Depletion of cellular GSH and T(SH)2 often leads to an
increased level of ROS within the cell. To evaluate the intra-
cellular ROS concentration in CT, OE2a, OE2b, KO, CM2a,
CM2b, and CM late log phase cell lines, we used DCFDA
(fluorescent probe). The intracellular ROS level in the KO
population was lower compared to the CT, OE2a, OE2b, CM2a,
CM2b, and CM cells, indicating that the LmChaC2 proteins
were able to enhance the endogenous ROS generation by
degradation of GSH in the Leishmania parasite (Fig. 5A). The
importance of intracellular ROS in maintaining intracellular
Ca2+ homeostasis is now widely acknowledged. We measured
intracellular Ca2+ levels in OE2a, OE2b, CT, KO, CM2a, CM2b,
and CM cell lines by flow cytometry assay using the calcium
sensor, Fluo 4AM dye (Fig. 5B). The intensity of the green
fluorescence of Fluo 4AM dye for the KO cells was at least two
folds lower than that in the CT cells, suggesting that deletion of
LmChaC2 genes protected the cells against oxidative stress–
mediated increase of cytosolic Ca2+ (Fig. 5B). The order of
elevation of cytosolic Ca2+ accumulation was KO < CM2a <
CM2b < CT or CM < OE2a < OE2b cells. Cell death can result
from disruption of ROS homeostasis and an increase in cyto-
solic Ca2+. To investigate whether depletion of LmChaC2a and
LmChaC2b genes shielded against oxidative stress–induced cell
death, we compared the percentage of viable (propidium iodide
[PI] negative) parasites among OE2a, OE2b, CT, KO, CM2a,
CM2b, and CM late log phase cell lines by flow cytometry assay
using the PI dye (Fig. 5C). Flow cytometry data revealed that the
majority of the null mutant parasite population was PI negative
(Fig. 5C), while higher amount of PI positive cells was found in
the OE population, where excess amounts of LmChaC2 pro-
teins had resulted in reduced amount of GSH. These results

suggested that deletion of LmChaC2 genes protected cells
against cell death at late log phase cell lines. We next tested
whether deletion of LmChaC2 proteins inhibits the oxidative
stress–induced cell differentiation from procyclic (noninfective
stage) to nondividing metacyclic (infective stage) promasti-
gotes. By negative agglutination reaction with peanut agglutinin
(PNA), we were able to isolate metacyclic promastigotes from
OE2a, OE2b, CT, KO, CM2a, CM2b, and CM late log phase cell
cultures (PNA). While procyclic parasites readily agglutinate,
metacyclic promastigotes, due to developmental changes in
terminally exposed oligosaccharides on the lipophosphoglycan,
do not interact with peanut agglutinin (PNA-) (29). Interest-
ingly, a quantitative analysis of PNA agglutination by flow
cytometry revealed that KO cell population consisted of lower
metacyclic (PNA-) parasites compared to OE2a, OE2b, CT,
CM2a, CM2b, or CM cells (Fig. 5D). These results strongly
suggested that deletion of LmChaC2 genes prevent the cell
differentiation from procyclic (noninfective stage) to metacyclic
(infective stage) promastigote cells.

Deletion of LmChaC2a and LmChaC2b alleles leads to
decreased expression of the antioxidant gene LmAPX

The upregulation of antioxidant gene, ascorbate peroxidase
(LmAPX), in the Leishmania parasite by oxidative stress has
been reported (30). To examine the possibility that LmAPX
gene expression in parasite was downregulated by reductive
environment, we performed qRT-PCR and Western blot to
measure LmAPX in KO, OE2a, OE2b, CT, CM2a, CM2b, and
CM cells. qRT-PCR results suggested a lower expression of
LmAPX (2-fold) mRNA in null mutants compared to CT or

Figure 4. Generation of stable KO strain for both LmChaC2a and LmChaC2b alleles by CRISPR/Cas9 based editing. A, schematic representation of the
LmChaC2a and LmChaC2b locus and the plasmid constructs used for gene replacement. B, agarose gel analysis of PCR amplified products of LmChaC2a and
LmChaC2b genes. Lanes 1/4/6 and 2/5/7 correspond to PCR with gDNA from WT and KO mutants, respectively, with primers external (50 and 30 flanking
region) (lanes 1–2) of both genes, internal of LmChaC2a gene (lanes 4–5) and internal of LmChaC2b gene (lanes 6–7). The expected size of the LmChaC2a-
LmChaC2b genes, PURO, and BLAST gene PCR product are 3.2, 2.4, and 2.3 Kb, respectively. The expected size of the PCR product with internal primers of
LmChaC2a and LmChaC2b are 0.714 and 0.972 Kb, respectively. C, Western blot analysis was done by using anti-LmChaC2a, anti-LmChaC2b, and anti-α-tubulin
antibody. 200 μg of L. major lysate were used for Western blotting. D, intracellular GSH and T(SH)2 measurement by HPLC system. Cell lysate was making
from 2 × 108 promastigotes at 4 �C and then the supernatant was filtered through 0.22 μmMillipore filter paper. Forty microliters sample was injected to the
HPLC analysis using C18 HPLC column (Sunfire C18 5 μm 4.6 × 250 mm Column, Waters) with a 2% (v/v) aqueous solution of perchloric acid used as the
mobile phase with 1 ml/min flow rate at 210 nm. Peak of GSH and T(SH)2 were appeared at �12 and �52 min, respectively (HPLC chromatogram was
shown in SI Fig. S3). GSH and T(SH)2 were identified with authentic standards. The intracellular concentration of GSH and T(SH)2 was measured from
standard curve. E, flow cytometric determination of intracellular GSH by intracellular GSH Detection Assay Kit (Abcam). All the data are representative of at
least three independent experiments. *Statistically significant value of less than 0.05. gDNA, genomic DNA.
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CM cells (Fig. 5E). The order of ascorbate peroxidase
expression was KO < CM2a < CM2b < CT or CM < OE2a <
OE2b cells. Western blot analysis was performed (Fig. 5, F and
G) to further validate these data, and the results were
remarkably similar to qRT-PCR data. Altogether, these results
indicated that LmAPX was repressed under reducing
environment.

GSH homeostasis is essential for slow growth and long-term
survival of L. major promastigotes

The intracellular thiols were increased by providing extra-
cellular GSH in Leishmania infantum (31) and GSH supple-
mentation rescued an RNAi knockdown of γ-glutamylcysteine
synthetase in Trypanosoma brucei (32), indicating that GSH
transporter is present in this type of parasite. To investigate

Figure 5. Characteristics of control (CT), ChaC2a overexpressed (OE2a), ChaC2b overexpressed (OE2b), KO, ChaC2a complement (CM2a), ChaC2b
complement (CM2b), and ChaC2a & ChaC2b complement (CM) cells. A, flow cytometric determination of intracellular ROS by DCFDA. B, the intracellular
Ca2+ level was measured by flow cytometric method using Fluo 4AM. C, percentage of death cells (PI positive staining) was measured in the late log phase
population by flow cytometric analysis. D, metacyclic (PNA negative) population in the late log phase cells were analyzed by flow cytometry after their
purification using PNA. The gating on the dot-plots corresponds to different cell sizes and forward-angle light scatter (FSC) intensities (FSClow and FSChigh).
FSClow (denoted by small box area) represents mainly the metacyclic (PNA−) population. E, comparative studies of mRNA abundance of LmAPX among CT,
OE2a, OE2b, KO, CM2a, CM2b, and CM promastigotes were analyzed by using quantitative real-time PCR. F, Western blot analysis was done by using anti-
LmAPX and anti-α-tubulin antibody. Two hundred micrograms of L. major lysate were used for Western blotting. G, bar diagram depicted as the per-
centage of band intensities in panel (F). All the data are representative of at least three independent experiments. *Statistically significant value of less than
0.05. PI, propidium iodide; ROS, reactive oxygen species.
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whether growth of null mutants in sulfur-limited media is
affected by absence or presence of external GSH, growth curve
analysis was performed. As expected, the growth curves
showed that none of cell lines could grow in sulfur-limited
media (Fig. 6A). While the KO population could not grow in
GSH-containing sulfur-limited media, the OE2a, OE2b, CT,
CM2a, CM2b, or CM cell line expressing ChaC family proteins
grew very efficiently in presence of extracellular GSH (Fig. 6B).
These results suggest that ChaC family protein in Leishmania
helps to grow when GSH was used as the only sulfur source.
Next, we examined whether null mutants can grow in N-acetyl
cysteine (NAC) containing sulfur-limited media. Interestingly,
it was observed that null mutants were able to grow in NAC
containing sulfur-limited media (Fig. 6C). These results indi-
cate that the KO cell can synthesize de novo GSH, T(SH)2, and
other sulfur containing amino acid when NAC was used as the
sulfur source. To investigate the role of ChaC2 proteins in the
parasite, Leishmania were grown in normal nutrient-rich
media. KO and CM2a cells had higher growth rates
compared to OE2a, OE2b, CT, CM2b, or CM promastigotes
(Fig. 6D). KO cells were grown faster but the parasite could not
survive for longer time in the aged culture media compared to
OE2b, CT, CM2b, or CM cell lines. These results indicate that
LmChaC2b protein is required for long-time survival under
unfavorable growth condition. According to flow cytometry
(Fig. 6E) studies, KO cells contained 4-fold (75%) more dead
cells (PI-positive cells) than CT (18%) or CM (20%) cells at late
stationary phase culture. These results provide an explanation
why the growth rate of KO cell was declined rapidly compared
to CT cells.

LmChaC2 is crucial for disease development

L. major cells, after infection, grow in host macrophage cells;
therefore, we concentrated on the infectivity rate of Leish-
mania promastigotes with the macrophages. We examined to
what extent OE2a, OE2b, CT, KO, CM2a, CM2b, and CM cells
were phagocytosed by the host cells (macrophages). The
interaction rates of the KO promastigotes with macrophage
were lower compared to those of OE2a, OE2b, CT, CM2a,
CM2b, or CM cells (Fig. 7A). Number of KO parasites in the
infected macrophages was still lower compared to control cells
when checked after 48 h of incubation. The lower level of
infection in KO parasites might be due to lower number of
infective metacyclic promastigotes. Additionally, the percent-
age of macrophages infected with null mutants was also
significantly low compared to the CT and CM cell lines
(Fig. 7B). We discovered that, in contrast to null mutants, CT
and CM promastigotes in the BALB/c mice model could
develop a severe disease (Fig. 7C). On the other hand, the OE2a
and OE2b promastigotes were showing very negligible viru-
lence in vivo infection model, revealing a fine tuning of the
amount of intracellular GSH content is crucial for Leishmania
infection. To strengthen the aforementioned results, we
measured OE2a, OE2b, CT, KO, CM2a, CM2b, and CM parasite
burden at 12 weeks post infection (Fig. 7D). Optimum level of
parasite burden was present in CT and CM cells compared to

KO and OE cell lines. These data confirmed the importance of
LmChaC2 protein–mediated intracellular GSH homeostasis in
parasite infection.

Discussion

It is well known that GSH is essential for Leishmania sur-
vival, but it is still unknown whether GSH homeostasis in the
parasite is required for survival or not. In this article, we have
shown for the first time that LmChaC-dependent controlled
GSH degradation is crucial for chronic infection. Here, we
discuss the following salient points: (a) we demonstrate that

Figure 6. Comparative studies of the growth profile among CT, OE2a,
OE2b, KO, CM2a, CM2b, and CM promastigotes. A, 106 mid-log phase
promastigotes were seeded in 5 ml sulfur-deficient M199 media (Himedia-
AT1076) supplemented with 10% FBS. B, 106 mid-log phase promastigotes
were seeded in 5 ml sulfur-deficient M199 media supplemented with 10%
FBS in presence of 4 mg/ml GSH. C, 106 mid-log phase cells were inoculated
in 5 ml sulfur-deficient M199 media supplemented with 10% FBS (Gibco) in
presence of 25 mg/L N-acetyl cysteine. D, 106 mid-log phase promastigotes
were seeded in 10 ml normal M199 media supplemented with 10% FBS.
E, percentage of death cells (PI positive staining) was measured by flow
cytometric analysis during the late stationary phase population. *Statisti-
cally significant value of less than 0.05. FBS, fetal bovine serum; PI, propi-
dium iodide.
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both the promastigote and the amastigote stages of Leish-
mania parasites express two ChaC proteins of different mo-
lecular weights (LmChaC2a and LmChaC2b), which can
degrade GSH to produce 5-oxoproline and Cys-Gly dipeptide;
(b) the constitutively expressed LmChaC2a (28 kDa) protein
has a much lower catalytic efficiency than LmChaC2b (38 kDa);
(c) the expression of the LmChaC2b gene was induced under
sulfur limitation; (d) the results from null mutants suggest that
LmChaC2 proteins control intracellular GSH/T(SH)2 con-
centration, level of oxidative stress, Ca2+ concentration, dif-
ferentiation from noninfective procyclic stage to nondividing
infective metacyclic stage and cell death; (e) LmChaC2b gene is
required for the long-term parasite survival during stationary
phase culture and plays a key role for disease development.
Taken together, our data suggest that GSH homeostasis is
pivotal for the long-term parasite survival during stationary
phase culture and disease development in mice.

Generally, trypanosomatids lack genes like GSH reductase
(GR) as well as thioredoxin reductase (TrxR) (33–35), which are
essential for maintaining the intracellular thiol redox homeo-
stasis through the GSH/GR and thioredoxin/TrxR systems in
most eukaryotic organisms. On the other hand, trypanosoma-
tids possess a unique pathway of redoxmetabolism that is based
on the low molecular mass dithiol trypanothione [bis(gluta-
thionyl) spermidine], T(SH)2 (18) and T(SH)2 reductase (36).
Therefore, the three main functions of GSH in Leishmania
parasite are (a) being an essential component in T(SH)2
biosynthesis, (b) S-glutathionylation of protein and drugs, and
(c) providing cysteine, glycine, and glutamate by degradation. In
the GSH cycle of host and parasite, the first two steps for the

biosynthesis of GSH from Glu, Cys, and Gly are common in
both the organisms. In this article, we showed that the GSH can
be degraded by the GSH-specific ChaC-family of γ-GCT (γ-
glutamyl cyclotransferase) enzymes to produce cysteinyl-
glycine and 5-oxoproline. Like host genes, the Leishmania
genome sequence have putative 5-oxoprolinase (LmjF.18.1040)
and putative M20/M25/M40 family dipeptidase (LmjF.33.1610)
genes. The GSH degradation products 5-oxoproline and
cysteinyl-glycine are cleaved by 5-oxoprolinase and di-
peptidases, respectively, to yield Glu, Cys, and Gly. In contrast
to host, parasite’s genome lacks γ-glutamyl transpeptidase
(GGT) gene, which has a transpeptidation activity and is
involved in the process by which γ-glutamyl group is trans-
ferred to the amino acid to produce γ-glutamyl amino acid and
cysteinyl-glycine (37). In addition, γ-GCT (C7orf24) and γ-
glutamyl amine cyclotransferase (GGACT) are found in
mammalian cells; the former enzyme reacts with various γ-
glutamyl amino acids to produce 5-oxoproline and amino acids
(38) and the latter reacts with γ-glutamyl amine to produce 5-
oxoproline and amine (39). However, two parasite specific
unique enzymes, glutathionyl-spermidine synthetase and
T(SH)2 synthetase can consumeGSH in presence of spermidine
and produce T(SH)2, which controls the intracellular redox
environment in parasite.

Required for T(SH)2 biosynthesis, GSH is an important thiol
small molecule for detoxification of ROS and protection
against oxidative stress. At par with this, our results show,
when GSH degrading enzymes were deleted from the parasite
genome, KO cells showed higher intracellular GSH/T(SH)2
concentration and subsequently lower level of oxidative stress,

Figure 7. In vitro and in vivo infection with CT, OE2a, OE2b, KO, CM2a, CM2b, and CM promastigotes. A, the number of Leishmania within each infected
macrophage was counted. For each time point, 200 macrophages were counted. B, the percentage of macrophages infected with different LmChaC2a and
LmChaC2b variants of parasites. For each time point and cell type, 200 infected macrophages were analyzed. C, infection in BALB/c mice. Footpad swelling of
different LmChaC2a and LmChaC2b variants was observed for the three groups (8 mice/group). D, parasite burden in the footpad after 12 weeks post
infection. *Statistically significant value of less than 0.05.
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free intracellular Ca2+ ion and cell death during late log phase.
Albeit CT cells had lower growth rate compared to KO pro-
mastigotes in nutrient enriched normal media (Fig. 6D), CT
parasite survive for longer time in the aged culture media
compared to KO cell lines, indicating that slower growth was
required for long-term survival under unfavorable growth
condition. This raises the question as to why slower growth
rate was required for long-term survival. One possible expla-
nation is a high rate of replication, as observed in the KO
promastigotes, might exploit glycolysis pathway rather than
tricarboxylic acid cycle and generate more NADPH and
partially oxidized intermediates for the synthesis of excessive
amount of DNA, RNA, and proteins and consequently deplete
rapidly all essential nutrients from media. Consistent with
previous concept, procyclic dividing stage of Leishmania
promastigotes uses high glucose concentrations, at the same
time maintaining controlled flux into the tricarboxylic acid
cycle with concomitant production of NADH by secreting
partially oxidized intermediates, such as acetate, succinate, and
alanine into the culture medium (40). In case of intracellular
amastigote stage, a group of researchers had shown from their
heavy water labeling experiments that metabolically quiescent
state in Leishmania parasites in murine lesions may underlie
the intrinsic resistance to many stresses (temperature, pH, and
nutrient) and is important for slow but constant replication
and persistence of the parasite (41, 42). We report here a
beneficial role of LmChaC2 proteins in promastigote stage of
parasites; LmChaC2-dependent degradation of GSH to Cys,
Glu, and Gly may be required for survival in stationary phase
culture. Earlier work reports no significant change in the total
intracellular thiol concentration during various logarithmic
growth phases, but a 6-fold decrease in thiol level is observed
as the parasites enter the stationary phase (43). Similarly, the
T(SH)2 concentration (1–2 mM) remains unaltered during the
different logarithmic growth phases of the insect stages of
Trypanosoma cruzi, L. major, and Leishmania donovani but
decreases rapidly during the stationary phase culture (28). Our
results showed that LmChaC2b protein was induced during
stationary phase culture and sulfur-limited media (Fig. 3, C, E,
and F). Thus, catalytically efficient LmChaC2b protein might be
responsible for supplying Cys, Glu, and Gly from GSH that
could be utilized for essential protein synthesis during sta-
tionary phase, when those nutrients become limited.

T(SH)2 and redox proteins of the parasite regulate efficiently
the redox homeostasis and withstand the oxidative burst
during the early stages of host-Leishmania interactions (44).
The virulence of LmChaC2b overexpressed cell lines (having
negligible amount of T(SH)2) is much lower compared to CT
cells, indicating that T(SH)2 plays an important role in disease
development. On the other hand, KO mutants (4-fold excess
T(SH)2) too have shown lower virulent property than CT. This
may suggest that excessive T(SH)2 production might as well be
harmful to parasite itself. Several other reports have shown
deleterious effects of excessive GSH in both mammalian cells
and unicellular eukaryotes (8, 9). Increasing GSH concentra-
tion by using either addition of NAC or genetic manipulation
study (i.e., overexpression of glutamate cysteine ligase catalytic

subunit (GCLC)/glutamate cysteine ligase modifier subunit
(GCLM)) affects the redox status that promotes reductive
stress associated with mitochondrial dysfunction (10). Other
reports showed that excess GSH is inhibitory to the growth of
intracellular human pathogen Mycobacterium tuberculosis
(45) while its mutant, defective in the uptake of excess GSH,
had grown better inside the macrophages (46). They strongly
suggested from their observations that this pathogen is
exposed to reductive stress within the phagocytic host. In this
article, we show that KO mutants defective in the degradation
of GSH could not manifest a severe disease, compared to CT
promastigotes (Fig. 7C). These findings suggest that the gen-
eration of cysteine/glutamate/glycine from the recycling of
GSH could be vital for protein synthesis and is of significance
to the parasite.

Experimental procedures

Materials

Leishmania strain bank of our Institute provides L. major
(strain 5ASKH) cells. All chemicals were procured from Sigma
or sources reported previously (47–50).

Ethics statement

Our institutional animal facility provided all BALB/c mice
and rabbits and was taking care of all animals. The research
project was approved by the IICB Animal Ethical Committee
(Registration No.147/1999, CPCSEA). Our institutional animal
facility was registered with the Committee for the Purpose of
Control and Supervision on Experiments on Animals
(CPCSEA), Government of India. The BALB/c mice and rab-
bits were handled according to their guidelines.

Cloning of LmChaC2a and LmChaC2b
By using QIAamp DNA mini kit, gDNA from promastigotes

stage of L. major was purified. Primer 1 and primer 2
(Table S1) were used to amplify 714-bp containing LmChaC2a

ORF fragment by PCR. The PCR product was digested and
cloned using NdeI/BamHI restriction enzymes in the pET28a
vector. DNA sequencing was carried out to confirm the ORF.
The entire LmChaC2b ORF was similarly amplified by PCR
using primer 3 and primer 4 (Table S1) to generate a 972 bp
fragment that was digested and cloned into the pET16b vector
between NdeI/BamHI restriction sites and confirmed the ORF
by DNA sequencing.

Expression and purification of LmChaC2a and LmChaC2b
Recombinant pET28a/LmChaC2a and pET16b/LmChaC2b

construct were transformed into E. coli BL21 (DE3) and E. coli
C41 (DE3) cells to express LmChaC2a and LmChaC2b proteins,
respectively. Recombinant pET28a/LmChaC2a and pET16b/
LmChaC2b transformed cells were inoculated in separate 50 ml
LB broth for overnight at 37 �C in the presence of kanamycin
(50 μg/ml) and ampicillin (200 μg/ml), respectively. Following
overnight growth, cultures were transferred separately into the
500 ml of terrific broth in the presence of respective drug and
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incubated at 37 �C. About 0.5 mM IPTG was added after
attaining the absorbance 0.5 to 0.8 at 600 nm and bacteria
were induced for 16 h at 16 �C. Then, the induced cells were
harvested by centrifuging at 6000 rpm for 7 min and after
washing the pellet with PBS, pellet was resuspended in lysis
buffer containing 50 mM potassium phosphate buffer (pH 6.0),
100 mM sodium chloride, glycerol (10%), β-mercaptoethanol,
lysozyme (1 mg/ml), imidazole (20 mM), protease inhibitor
cocktail without EDTA (Thermo Scientific), and PMSF
(1 mM). The complete cell lysis was performed by frequent
vortexing, followed by sonication for 20 s pulse and 40 s gap,
repeated for 18 times in ice (Ultrasonic homogenizer, model-
U250, Takashi). The whole lysate was centrifuged at
14,000 rpm for 1 h and supernatant was loaded into a pre-
equilibrated Ni2+-NTA column. To obtain the protein from
the column, elution buffer was used that contains 250 mM
imidazole. Dialysis was performed thrice for removing
maximum amount of imidazole from the protein for further
analysis. The 10% SDS-PAGE was run to confirm the purity
and molecular weight of the proteins.

Activity measurement by HPLC

Ten micrograms of LmChaC2a or 1.0 μg of LmChaC2b were
incubated with 10 mM γ-Glu-Cys, γ-Glu-ε-Lys, GSSG, T(SH)2,
or GSH in 100 μl of reaction mix containing 50 mM Tris–HCl
buffer (pH 8) to examine the γ-GCT activity of the LmChaC
proteins. Up to 60 min of incubation at 37 �C, reactions were
terminated by heat denaturation at 95 �C for 5 min. Then,
denatured proteins were removed by centrifugation at
14,000 rpm for 30 min before injection of the sample in HPLC
(Waters). Twenty microliters of the reaction mixture were
injected to analyze the reaction products in HPLC using
reverse phase C18 HPLC column (SunfireTM C18 5 μm 4.6 ×
250 mm column, Waters) and 2% perchloric acid as mobile
phase (flow rate 1 ml/min, wavelength 210 nm). Authentic
standards were used to identify the substrate and all of the
products (Cys-Gly, GSH, and 5-oxoproline). Reaction product
peaks are appeared at 7.1 min, 8.2 min, and 9.9 min, those are
identified as Cys-Gly, oxidized Cys-Gly, and 5-oxoproline,
respectively. The concentration of GSH degradation with time
was measured by the production of 5-oxoproline from stan-
dard curve. Initial velocity of LmChaC proteins was measured
at different concentrations of GSH to determine the Km value
for GSH. In case of time-dependent enzymatic reaction, 100 μg
of LmChaC2a or 10.0 μg of LmChaC2b were incubated in
1.0 ml of 50 mM Tris–HCl buffer (pH 8) at 37 �C with
different concentration of GSH. Hundred microliter aliquots
were withdrawn from the reaction mixture at different time
intervals. Withdrawal sample was quickly terminated by heat
denaturation at 95 �C for 5 min. The enzyme-catalyzed re-
actions in LmChaC proteins exhibited saturation kinetics.
Michaelis–Menten constant (Km) and the turnover number
(kcat) values were calculated by using Michaelis–Menten
enzyme kinetics in scientific statistics software (analysis of
nonlinear regression) GRAPHPAD PRISM 6, GraphPad Soft-
ware, Inc.

Generation of genetically modified T7/Cas9 positive L. major

Genetically modified T7/Cas9 positive L. major was pre-
pared by transfecting the cells with PacI digested linear
pTB007 (Flag::NLS::Cas9::NLSNLS::T7 RNAP) plasmid
(51, 52). Cells were serially passaged and maintained in M199
media (Gibco) with 10% fetal bovine serum (FBS) (Gibco) and
hygromycin B (100 μg/ml) (Roche). PacI digested linear
pTB007 was integrated in the β-tubulin locus of L. major for
T7 RNA polymerase and Cas9 proteins stable expression.
Genetically modified L. major was identified by PCR method
using Cas9 gene specific primer 5 and 6 (Table S1).

Generation of stable KO strain (LmChaC2a + LmChaC2b)
−/− for

both LmChaC2a and LmChaC2b alleles by CRISPR/Cas9-based
editing

CRISPR-Cas9-based editing was performed for KO of both
LmChaC2a and LmChaC2b genes in genetically modified
L. major (strain 5ASKH) promastigote cells (containing T7
polymerase and Cas9). Primer sequences were designed for
KO of both LmChaC2a and LmChaC2b (LmjF.22.1190 and
LmjF.22.1200) genes by using LeishGEdit server (http://
leishgedit.net/). Two repair cassettes bearing the puromycin
and the blasticidin-resistance genes were amplified from
pTPuro_v1 and pTBlast_v1 vectors, respectively, by using
15 ng pT plasmids, 0.2 mM dNTPs, 3% (v/v) dimethyl sulf-
oxide, 2 μM of primers 7 and 8 (Table S1), 1 unit platinum Taq
DNA polymerase high fidelity (Invitrogen) and 1× high fidelity
reaction buffer in 40 μl reaction mixture. PCR steps were
initial denaturation at 95 �C for 5 min, then 40 cycles comprise
of 30 s at 98 �C, 30 s at 65 �C, and 2 min 15 s at 72 �C, and
lastly a final extension of 7 min at 72 �C. Two single-guide
RNA (sgRNA) cassettes targeting the 50 end of LmChaC2a

and the 30 end of LmChaC2b (50 and 30 sgRNA templates) were
amplified by using 0.2 mM dNTPs, 2 μM of primer 9 (primer
G00, sgRNA scaffold), 2 μM of primer 10 (LmChaC2a 50

sgRNA primers) or primer 11 (LmChaC2b 30 sgRNA primers)
(Table S1), and 1 unit platinum Taq DNA polymerase high
fidelity (Invitrogen). PCR steps were initial denaturation for
30 s at 98 �C, followed by 35 cycles of 10 s at 98 �C, 30 s at 60
�C, and 15 s at 72 �C and a final extension step of 10 min at 72
�C. The 1% agarose gel was run to confirm the molecular
weight and purity of the PCR products. Two PCR purified drug
cassettes, 50 sgRNA template, and 30 sgRNA template were
cotransfected into log phase T7/Cas9 positive L. major cells by
electroporation. Electroporation was performed in Bio-Rad
Gene Pulsar apparatus using 450 V and 500 μF capacitance.
The transfected cells were revived for 24 h in Schneider’s
Drosophila insect media (Gibco) at 22 �C. After revival at
Schneider’s Drosophila insect media, cells were transferred in
M199 media (Gibco) supplemented with 15% FBS, 100 μg/ml
hygromycin B, 20 μg/ml puromycin dihydrochloride (Sigma–
Aldrich), and 5 μg/ml blasticidin (Invitrogen) at 22 �C.

Constructionof overexpression system in L.major (OE2a andOE2b)

To amplify LmChaC2a ORF, we used primers 12 and 13
(Table S1). Using primers 14 and 15 (Table S1), entire ORF of
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LmChaC2b was amplified by PCR. The amplified products
were separately inserted into pXG-B2863 vector between SmaI
and BamHI sites to construct recombinant pXG-B2863/
LmChaC2a and pXG-B2863/LmChaC2b. Recombinant pXG-
B2863 vector containing LmChaC2a or LmChaC2b was trans-
fected in L. major by electroporation using 450 V and 500 μF
capacitances with a Bio-Rad Gene Pulsar apparatus. Finally,
200 μg/ml of neomycin was used to maintain all the trans-
fected cells. Western blot analysis was used to confirm over-
expressed cell lines with a rabbit anti-LmChaC2a or rabbit anti-
LmChaC2b antibody (1:100).

Complementation of LmChaC2a gene in KO mutant (CM2a)

Recombinant pXG-B2863 vector containing LmChaC2a was
transfected into the KO cells. Finally, antibiotics neomycin
(200 μg/ml), puromycin (20 μg/ml), and blasticidin (5 μg/ml)
was used to maintain the transfected CM2a promastigotes at 22
�C. LmChaC2a expression was confirmed by Western blot with
rabbit anti-LmChaC2a antibody (1:100).

Complementation of LmChaC2b in KO mutant (CM2b)

The ORF of LmChaC2b was amplified using primer 18 and
19 (Table S1). BamHI site of pXG-PHLEO vector was used to
generate recombinant pXG-PHLEO/LmChaC2b, which was
transfected into the KO cells. Phleomycin (10 μg/ml), puro-
mycin (20 μg/ml), and blasticidin (5 μg/ml) antibiotics was
used to maintain transfected cell lines at 22 �C. LmChaC2b

expression was measured by Western blot using rabbit anti-
LmChaC2b antibody (1:100).

Complementation of both LmChaC2a and LmChaC2b genes in
KO mutant (CM)

LmChaC2b/pXG-PHLEO plasmids were transfected into
CM2a cells. Antibiotics neomycin, phleomycin, puromycin,
and blasticidin (as earlier concentration) was used to maintain
the transfected CM cell lines. Expression of both LmChaC2a

and LmChaC2b proteins were confirmed by Western blot
analysis.

Production of polyclonal antibodies against LmChaC2a and
LmChaC2b proteins

Polyclonal antibodies were generated against the pure re-
combinant LmChaC2a or LmChaC2b by injecting LmChaC2a or
LmChaC2b (20 mg) protein subcutaneously along with
Freund’s complete adjuvant (Sigma) to a 6-month-old female
rabbit, respectively. Next three booster doses of LmChaC2a or
LmChaC2b protein (15 mg) along with incomplete adjuvant
(Sigma) were administered to respective female rabbit at the
interval of 15 days. Two weeks after the last injection, blood
was collected from both the ear of rabbits and serum was
isolated from the blood by centrifugation at 3000 rpm (20 min)
for Western blot analysis.

Western blot analysis

Protein samples were loaded on 10% SDS-PAGE for sepa-
ration on the basis of molecular weight and then transferred
on 0.45 μm nitrocellulose membrane (Merck-Millipore) by wet
transfer for 1 h at 90V with TE series transphor electropho-
resis unit (Hoefer) at 4 �C. The 5% bovine serum albumin
solution was used to block the membrane for 3 h at 37 �C, after
that polyclonal anti-rabbit LmChaC2a or LmChaC2b antibody
was applied for overnight incubation at 4 �C. Then membrane
was washed thrice with 1× Tris-buffered saline with Tween-20
at 5 min interval and membrane was incubated for 2 h with
AP-conjugated anti-rabbit secondary antibody (1:16,000)
(Sigma) or horseradish peroxidase (HRP) conjugate secondary
antibody (1:16,000) (Merck). Anti-α-tubulin antibody (Merck)
and AP or HRP-conjugated antimouse secondary antibody
(1:15,000) (Sigma) was used to detect α-tubulin, which was
measured as a loading control. Clarity Max TM Western ECL
substrate (Bio-rad) and NBT-BCIP (Roche) was applied to
develop the band for HRP conjugate antibody and AP conju-
gated antibody, respectively.

ROS measurement by CM-H2DCFDA

ROS production was measured with CM-H2DCFDA (Invi-
trogen) by flow cytometer. Control, overexpressed, KO, and
complement cells (1 × 107 promastigotes/ml) were washed two
times with 1× PBS at 4000 rpm (4 �C) for 6 min. Then 6 μM
CM-H2DCFDA was applied to the cells for 30 min incubation
at 26 �C in dark with gentle shaking and fluorescent intensity
was measured in the flow cytometer (BD LSR Fortessa) (Exλ-
493 nm; Emλ-527 nm for CM-H2DCFDA).

Intracellular calcium (Ca2+) measurement

Cell permeant calcium indicator Fluo-4/AM (Invitrogen)
was used to measure intracellular Ca2+ concentrations. About
1 × 107 control, overexpressed, KO, and complement cells
were pelleted and washed twice at 4000 rpm for 6 min with
chilled 1× PBS. Then, all the cells were incubated separately
with 6 μM Fluo-4/AM along with 5 μM pluronic acid F127 for
60 min at room temperature (RT). After that cells were washed
twice with fresh media and measured the fluorescence with
flow cytometer (BD LSR Fortessa) (Exλ-494 nm; Emλ-506 nm).

Cell death measurement by flow cytometry

DNA intercalating fluorescence dye PI, only permeable to
nonliving cells, was used to determine cell death. About 107

control, overexpressed, KO, and complement cells were pel-
leted down and washed two times with PBS and resuspended
in 1× PBS containing PI (5 μg/ml) (Calbiochem) and kept at
RT for 15 to 20 min in dark. Fluorescence from the cells was
measured by flow cytometer (BD FACS LSR Fortessa) (Exλ-
488 nm; Emλ-617 nm).

Growth curve measurement

To investigate the growth profile of different type of cells,
106 mid-log phase control, overexpressed, KO, and

ChaC2 proteins from Leishmania major

J. Biol. Chem. (2022) 298(11) 102510 11



complement cells were inoculated in M199 media (10 ml)
(Gibco) supplemented with 10% FBS (Gibco). The growth
rates of promastigotes were measured by counting cells in
Neubauer chamber (hemocytometer) at 24 h interval up to
15 days. To investigate the growth profile of different types of
cells in sulfur deficient M199 media, 1 × 106 mid-log phase
promastigotes were seeded in 5 ml sulfur-deficient M199
media (Himedia-AT1076) supplemented with 10% FBS in the
presence or absence of 4 mg/ml reduced GSH or 25 mg/L
NAC (Sigma).

Intracellular GSH measurement by flow cytometer

Intracellular level of GSH was measured by intracellular
GSH Detection Assay Kit (Abcam). About 106 control, over-
expressed, KO, and complement cells were taken and washed
the cells with twice with 1× PBS at 1500g for 6 min. Five
microliters of 200× Thiol Green Dye was mixed into 1 ml of
cell suspension and incubated at 22 �C for 15 min, then
washed the cells at 1000 rpm for 4 min and resuspended in
1 ml of assay buffer. Fluorescence intensity was measured by
flow cytometer (BD FACS LSR Fortessa) (Exλ-490 nm; Emλ-
525 nm).

Intracellular GSH and T(SH)2 measurement by HPLC

About 2 × 108 promastigotes were taken and washed with
1× Dulbecco0s PBS (Sigma) for two times. Then, the cells were
resuspended in 200 μl extraction buffer containing 0.1 M HCl
and 1 mM EDTA and sonicated for 5 min with vortexing at
every 30 s and freeze thaw cycle for two times to ensure cell
lysis. Supernatant was collected after centrifuging the samples
at 14,000 rpm for 15 min at 4 �C and 40 μl filtered supernatant
was injected for HPLC analysis using reverse phase C18 HPLC
column (Waters) with 2% aqueous solution of perchlorate
used as mobile phase (flow rate 1 ml/min, wavelength 210 nm).
Peak of GSH and T(SH)2 were appeared at 12 min and 52 min,
respectively (Fig. S1). GSH and T(SH)2 peaks were identified
with authentic standards. The intracellular concentration of
GSH and T(SH)2 was measured from standard curve.

Macrophage infection

Murine macrophage cell line RAW 264.7 was adhered on
the coverslips (2 × 106 macrophages/coverslip) and infected
with different LmChaC variant promastigotes cell lines in
0.5 ml of RPMI 1640/10% FBS at 10:1 ratio of parasite to cell in
a condition of 5% CO2 and 37 �C. Parasite entry was deter-
mined after 2 h of infection and intracellular parasite entry was
calculated up to 48 h of post infection. After each time-point,
unphagocytosed cells were removed by PBS wash and imme-
diately fixed with 100% methanol. Finally, cells were stained
with PI and Olympus IX81 microscope was used to visualize
and quantify the parasite entry.

Mice infection

For comparative study of cutaneous infection in mice, 5 ×
106 stationary phase promastigotes of different LmChaC
variant cells were injected subcutaneously in left hind footpads

of 4 to 6 weeks old female BALB/c mice. Daily measurements
of footpad swelling with a slide caliper were used to monitor
the disease’s progression.

Parasite loads in footpad of mice

Limiting dilution assay was performed to determine the
parasite loads in footpad of mice infected with different
LmChaC variants. Section of the footpad tissues were ho-
mogenized in M199 medium and tissue debris were removed
by centrifugation at 500 rpm for 10 min. Then, the supernatant
was centrifuged at 4000 rpm for 10 min to pellet down the
cells. Pellet was resuspended and serially diluted in M199/10%
FBS in a sterile 96-well tissue culture plate. The highest dilu-
tion at which the growth of promastigotes could be appeared
after 10 to 15 days of incubation at 22 �C was used to calculate
the number of visible parasites/mg of tissue.

Measurement of LmChaC2a and LmChaC2b mRNA expression
in promastigotes as well as amastigotes

Semiquantitative reverse transcriptase PCR was performed
to measure LmChaC2a and LmChaC2b in promastigote and
amastigotes L. major cells. RNAqueous-4PCR Kit (Ambion)
was used to extract total RNA from different leishmanial cell
lines according to manufacturer’s protocol. Complementary
DNA (cDNA) was then synthesized from the RNA using Pri-
mescript first cDNA synthesis kit (Takara). Primers 1 and 2
was used to amplify LmChaC2a, whereas LmChaC2b was
amplified using primer 3 and primer 4 to get 714 bp and
972 bp fragment, respectively.

qRT-PCR for measuring LmChaC2a and LmChaC2b mRNA level
in presence of H2O2, tunicamycin, and sulfur-limited media

Real-time PCR was performed to measure LmChaC2a and
LmChaC2b in promastigote after treatment of H2O2, tunica-
mycin, and sulfur-limited media. Isolation of total RNA and
cDNA synthesis were performed using RNAqueous-4PCR Kit
(Ambion) and Primescript first cDNA synthesis kit (Takara),
respectively. Faststart Universal SYBR Green Master (Roche)
was used to perform real-time quantitative PCR on StepOne
Real-Time PCR system (Applied Biosystems) with respective
primers. Using 18S rRNA as the endogenous control, the
mRNA quantification was performed by the comparative CT
method.

Statistical analysis

The mean ± SD of at least three independent experiments
was used to express all results. The Student’s t test or ANOVA
were used to calculate the statistical analysis for the parametric
data using Origin 6.0 software (Microcal software, Inc). The
difference between individual groups was evaluated using post
hoc analysis (multiple comparison t test) after the ANOVA. A
p value of less than 0.05 was accepted statistically significant.
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Recently, we described the PAS domain-containing phosphoglycerate

kinase (PGK) from Leishmania major (LmPAS-PGK) that shows acidic pH

(5.5)-dependent optimum catalytic activity. The PAS domain of LmPAS-

PGK is expected to regulate PGK activity during catalysis, but the mecha-

nism of regulation by PAS domain at the molecular level is uncharacter-

ized. In this work, we have utilized the full-length, PAS domain-deleted,

and mutant enzymes to measure the enzymatic activity in the presence of

divalent cation at various pH values. Catalytic activity measurement indi-

cates that Mg2+ binding through PAS domain inhibits the PGK activity at

pH 7.5, and this inhibition is withdrawn at pH 5.5. To identify the Mg2+

binding residues of the PAS domain, we exploited a systematic mutational

analysis of all (four) His residues in the PAS domain for potential divalent

cation binding. Replacement of His-57 with alanine resulted in depression

in the presence of Mg2+ at pH 7.5, but H71A, H89A, and H111A showed

similar characteristics with respect to the wild-type protein. Fluorescence

and isothermal titration calorimetry studies revealed that H57 is responsi-

ble for Mg2+ binding in the absence of substrates. Thus, the protonated

form of His57 at acidic pH 5.5 destabilizes the Mg2+ binding in the PAS

domain, which is an essential requirement in the wild-type LmPAS-PGK

for a conformational alteration in the sensor domain that, sequentially,

activates the PGK domain, resulting in the synthesis of higher amounts of

ATP.

Introduction

PAS or Per-Arnt-Sim is an abbreviation of Drosophila

period clock protein, vertebrate aryl hydrocarbon

receptor nuclear translocator, and Drosophila single-

minded protein. PAS domain (roughly 100 amino

acids long) is mainly attached to a wide range of effec-

tor domains that have diverse functions in cellular sig-

naling systems [1]. The roles of this domain within

sensory proteins are protein/protein interaction [2-4],

signal transfer [5], and sensing stimuli [6]. PAS domain

is able to bind small molecules or ions, which can

either serve as a direct signal [7-9] or provide a cofac-

tor that allows understanding of signals such as visible

light [10-12], redox potential [13-16], or dissolved gases

[17,18].

Phosphoglycerate kinase (PGK) catalyzes the rever-

sible transfer of the 1-phosphoryl group from 1,3-

Abbreviations

LmPAS-PGK, PAS domain-containing phosphoglycerate kinase from Leishmania major; PAS, Per (Drosophila period clock protein)-Arnt

(vertebrate aryl hydrocarbon receptor nuclear translocator)-Sim (Drosophila single-minded protein); PAS-deleted LmPAS-PGK, 115 amino acid

deleted from N-terminal of LmPAS-PGK; PGA, phosphoglycerate; PGK, phosphoglycerate kinase; PhoQ, a transmembrane histidine kinase

sensor protein controls the phosphate (Pho) regulon.
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bisphosphoglycerate to ADP, to produce ATP and 3-

phosphoglycerate (3-PGA) in the first ATP-generating

step of glycolysis. Besides functioning in glycolysis,

PGK shows moonlighting functions such as elevating

plasma level of angiostatin [19], DNA replication, and

repair [20]. Sequence alignment studies, mutational

analysis, and X-ray crystal structures of various PGKs

reveal that the active-site residues are highly conserved

[21-25]. This enzyme has two equally sized domains of

Rossmann fold topology and an interdomain region.

The first half of PGK domain is responsible for 3-

phosphoglycerate/1,3-bisphosphoglycerate binding, and

the second half of PGK domain is responsible for

nucleotide (ADP/ATP) binding. The interdomain

region contains helices 7, 13, 14, and 15 (residues 169–
185 and 351–394) [25]. After binding of both sub-

strates, the two domains come in close proximity, thus

transiting from an open (without substrate) to sub-

strate-bound closed conformation for catalysis. This

type of mechanism is proposed from the ternary com-

plex of Trypanosoma brucei PGKC with 3-PGA and

MgADP bound [25], and the ternary complex of Ther-

motoga maritima PGK with 3-PGA and MgAMP-PNP

bound [24]. The substrate-bound domain closure

required for catalysis is still not fully understood.

Three isoforms of PGK (PAS-PGK, PGKB, and

PGKC) are found in human pathogen Leishmania spp

[26-29]. PGKB and PGKC enzymes are localized in

the cytosol and the glycosome (single-membrane per-

oxisome-like organelle), respectively. They are

expressed in both the amastigote and the promastigote

forms [26]. On the other hand, PAS-PGK contains an

N-terminal regulatory PAS domain that is connected

to a C-terminal catalytic PGK domain and is present

in the glycosome as well as the lysosome [28]. PAS-

PGK is a monomeric 59-kDa enzyme. Comparative

studies among overexpression, gene knockout, and

complement cell line suggest that PAS domain-con-

taining PGK from Leishmania major (LmPAS-PGK)

plays an important role in cell survival through autop-

hagy. Although the optimum activities of human

PGK, yeast PGK, and leishmanial PGK (B and C) are

at neutral pH, the optimum activity of LmPAS-PGK

is at pH 5.5. Surprisingly, the comparative study

between full-length and PAS domain-deleted enzymes

revealed that the PAS domain of LmPAS-PGK pri-

marily regulates the PGK catalytic activity with

respect to pH changes.

The PAS domain of a transmembrane histidine

kinase sensor protein (PhoQ) has been reported to

bind divalent cations through aspartic and glutamic

acid residues in an acidic patch, forming bridges with

inner membrane phospholipids to maintain PhoQ

repression [7,30]. NMR experiments demonstrate that

the repression of PhoQ can be withdrawn by displace-

ment of divalent cations from this acidic region by

acidic pH [31]. It is still unclear whether cofactor Mg2+

or Mn2+ of LmPAS-PGK binds at PAS domain

involving the same mechanism for repression at neu-

tral pH. In the present study, we specifically used PAS

domain-deleted protein and several His mutants within

the PAS domain to investigate the putative regulatory

role of these histidines in catalysis. Our data show that

the PAS domain-deleted protein as well as the H57A

mutant protein resulted in almost complete loss of

Mg2+- or Mn2+-dependent repression of the enzyme at

neutral pH, and suggest important mechanistic roles of

His-57 in the divalent cation binding of the PAS

domain. Based on these results, a concerted reaction

mechanism for LmPAS-PGK is proposed.

Results

Higher concentration of ATP and ADP acts as

inhibitor

Trypanosoma brucei hexokinase activity is highly sensi-

tive to the substrate ATP or ADP at acidic pH of the

assay, and glycerol 3-P or glycerol 2-P protects the

enzyme from the inactivation by the substrate ATP or

ADP at acidic pH [32]. To investigate whether the

PAS domain of LmPAS-PGK protects the PGK activ-

ity from the inactivation by the substrate ATP or

ADP at acidic pH, we have compared the substrate

(ATP) or the product (ADP)-dependent PGK activity

between full-length and PAS domain-deleted (trun-

cated) enzymes at various pH values (Fig. 1). At both

pH 7.5 and 5.5, full-length enzyme showed saturation

kinetics up to 1 mM ATP and very high concentrations

of ATP inhibited the PGK activity (Fig. 1A). Simi-

larly, the truncated enzyme displayed optimal activity

at 1 mM ATP and inhibition at higher concentration

(Fig. 1B) at both pH 7.5 and pH 5.5. Activity change

during low or high concentration of substrate ATP

was fitted by a substrate inhibition equa-

tion [Y = Vmax*X/(Km + X*(1 + X/Ki))] in PRISM 6

software (GraphPad Software, San Diego, CA, USA).,

generating Vmax (maximum enzyme velocity), Km

(Michaelis–Menten constant), and Ki (dissociation con-

stant for substrate binding in such a way that two sub-

strates can bind to an enzyme) values of both full-

length and PAS domain-deleted (truncated) enzymes at

various pH values. Vmax, Km, and Ki values of both

full-length and truncated enzymes at various pH values

are listed in Table 1. The Ki values were 0.26 mM for

full-length enzyme and 0 44 mM for truncated enzyme
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at pH 5.5, indicating that the Ki values for ATP in

both enzymes were similar in acidic pH. On the other

hand, the Ki values were 1.3 mM for full-length enzyme

and 0.1 mM for truncated enzyme at pH 7.5, suggest-

ing that the Ki value for ATP in the full-length enzyme

was ~ 13 times higher than truncated enzyme at neu-

tral pH. The theoretical values of Vmax and Km from

fitting curves (Table 1) were ~ 2- to 5-fold higher than

experimental values from saturation curve fitting data

up to 1 mM ATP; those were reported earlier [28]. One

possibility for this discrepancy is that the theoretical

values of Vmax and Km from the equation of substrate

inhibition model are considered where the substrate

does not inhibit enzyme activity. In case of product

inhibition study, we used different concentrations of

ADP (in the presence of 1 mM ATP) in the assay mix-

ture at pH 7.5 as well as pH 5.5. Both full-length

(Fig. 1C) and truncated enzymes (Fig. 1D) were inhib-

ited with increasing concentration of ADP. All data

were fitted by using a hyperbolic decay equation using

ORIGIN 6.0 software (Microcal Software, Northampton,

MA, USA) and listed in Table 1. Half-maximal inhibi-

tory concentration values (IC50) were 1.1 mM for full-

length enzyme and 1.3 mM for truncated enzyme at

pH 5.5, indicating that the IC50 value for ADP in both

enzymes was comparable at acidic pH. The IC50 value

of full-length enzyme (0.5 mM) for ADP was in similar

range compared to truncated enzyme (0.9 mM) at pH

7.5. Altogether, these results suggest that the inhibition

constant (Ki) for substrate (ATP) is significantly chan-

ged in PAS domain-containing enzyme compared to

truncated enzyme at pH 7.5, whereas the inhibition

constant (IC50) for product (ADP) is unaltered.

Cofactor Mg2+ acts as an inhibitor of the full-

length LmPAS-PGK

In order to sense the environment, the PAS domains in

numerous sensory proteins are known to bind small

molecules including divalent cations. Several groups of

workers reported that the Salmonellae PhoQ sensor

kinase is directly inhibited when the PAS domain is

bound to cofactor Mg2+ at neutral pH 7.5 [31]. To deter-

mine whether LmPAS-PGK is directly inhibited when

exposed to cofactor Mg2+ at neutral pH 7.5, we com-

pared PGK activity among full-length protein, PAS-

deleted protein, and yeast PGK (lacking PAS domain)

at various pH values (Fig. 2A–C). As observed in the

Mg2+-dependent PGK activity curve at pH 7.5, the cat-

alytic activity of full-length LmPAS-PGK was decreased

with increasing concentration of Mg2+ (Fig. 2A). In

contrast, the PGK activity of the full-length LmPAS-

PGK protein was increased with increasing

concentration of Mg2+ ions at acidic pH 5.5. On the

other hand, both the PAS domain-deleted LmPAS-

PGK (Fig. 2B) and the yeast PGK (Fig. 2C) showed

that the catalytic activity of enzyme is directly propor-

tional to Mg2+ ion at both neutral pH 7.5 and acidic pH

5.5. Together, these results indicate that Mg2+ ions

might be released from PAS domain at acidic pH 5.5

and, subsequently, the Mg2+-induced autoinhibitory

role of PAS domain is repressed in the full-length

LmPAS-PGK at acidic pH 5.5. The Mg2+ cation is gen-

erally not transformed during catalysis, so we can mea-

sure a dissociation constant value (KD) instead of Km

from half-saturation kinetics curve (Fig. 2A–C). In case

of full-length LmPAS-PGK protein, we were unable to

measure the accurate KD value of Mg2+ ion for catalytic

site due to very low value (< 0.01 mM) at pH 7.5,

whereas we can measure the KD value (0.21 mM) of

Mg2+ ion for regulatory site from inhibition kinetics at

pH 7.5. The KD values for truncated enzyme and yeast

PGK at pH 7.5 were 0.10 mM and 0.13 mM, respec-

tively. These data indicated that the dissociation con-

stant for Mg2+ binding in the catalytic site of full-length

enzyme was lower compared to both truncated enzymes

and yeast PGK at neutral pH. On the other hand, the

KD values for full-length LmPAS-PGK, truncated PAS-

PGK, and yeast PGK at pH 5.5 were 0.6, 0.17, and

0.7 mM, respectively, suggesting that the dissociation

constant for Mg2+ cation in the catalytic site of all

PGKs was of similar order at acidic pH.

Role of other divalent cation in LmPAS-PGK

To identify the other divalent cation ligand for PAS

domain, we measured the PGK activity in the presence

of several well-known divalent cations including Ca2+

and Mn2+ (Fig. 2D–F). At pH 7.5, very low concentra-

tion of Mg2+ (0.01 mM) and very high concentration of

Ca2+ (2 mM) supported PGK activity in full-length

LmPAS-PGK, with a negative consequence on activity

only at higher concentration of Mg2+ (2 mM) or Mn2+

(2 mM; Fig. 2D). Inhibition by higher concentration of

Mg2+ (2 mM) or Mn2+ (2 mM) at neutral pH was not

observed in both PAS domain-deleted protein and yeast

PGK (Fig. 2E,F). These results suggest that the activity

of LmPAS-PGK was insensitive to Ca2+ ion due to PAS

domain that may not be able to bind Ca2+ ion, whereas

Mn2+ ion (like Mg2+ ion) can bind to PAS domain and

inhibits the catalytic PGK activity at pH 7.5.

Histidine 57 is important for the repression of

PAS domain-mediated catalytic PGK domain

Our earlier report suggested that the maximal activity

of LmPAS-PGK was at around pH 5.5, close to the
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pH value at which histidine residues (pKa of histidine

is ~ 6.0) get protonated [28]. Thus, on the basis of

these results we hypothesized that the protonation of a

histidine residue in a critical region of the PAS domain

might act as the conformational switch associated with

the activation. In the primary structure of PAS

domain of LmPAS-PGK, four histidine residues are

present at position 57, 71, 89, and 111. To investigate

the possibility that protonation of one or more of the

histidine residues is responsible for pH-mediated cat-

alytic PGK domain activation, all four His residues

are changed to Ala and tested all four mutant proteins

for divalent metal ion-dependent PGK activity at vari-

ous pH values. Figure 3 shows that wild-type and all

Fig. 1. Comparative studies of ATP- and ADP-dependent PGK activity between full-length and PAS domain-deleted LmPAS-PGK. Panels A

and B show ATP-dependent PGK activity of wild-type and truncated enzymes, respectively. Panels C and D show ADP-dependent PGK

activity of wild-type and truncated enzymes, respectively. The assay mixture was composed of 50 mM Tris/HCl buffer (pH 7.5) or acetate

buffer (pH 5.5), 0.15 mM NADH, 50 µg enzyme, 0.8 mM Mg2+, 2.5 mM 3-PGA, various concentrations of ATP or ADP, and 0.04U of rabbit

muscle glyceraldehyde 3-phosphate dehydrogenase. Supplementing the low concentration of ATP (1 mM) was initially added to the reaction

mixture for fueling the PGK activity in ADP-dependent inhibition assay mixture. Data were plotted as means � SD from three independent

experiments for each assessment. The substrate (ATP) inhibition was fitted by using the following equation Y = Vmax*X/(Km + X*(1 + X/Ki))

in Prism 6 software; where Ki is the dissociation constant for substrate binding in such a way that two substrates can bind to an enzyme. In

case of product inhibition (ADP), all data were fitted by using a hyperbolic decay equation using ORIGIN 6.0 software.

Table 1. Apparent rate constant values of both full-length and PAS domain-deleted enzymes at various pH values (5.5 and 7.5). All rate

constant values are extracted from Fig. 1. Vmax, Km, Ki, and IC50 values were generated from fitting curves. The values represent the mean

and standard deviation for three measurements each.

LmPAS-PGK

Apparent rate constants from substrate and product inhibition models

pH 5.5 pH 7.5

ATP
ADP

ATP
ADP

Vmax (s
�1) Km (mM) Ki (mM) IC50 (mM) Vmax (s

�1) Km (mM) Ki (mM) IC50 (mM)

Full length 18 � 5 1.0 � 0.4 0.26 � 0.16 1.1 � 0.06 3.2 � 1 0.54 � 0.2 1.3 � 0.7 0.5 � 0.02

Truncated (D115) 5.8 � 1.0 0.41 � 0.1 0.44 � 0.2 1.3 � 0.1 14 � 6 2 � 0.9 0.1 � 0.04 0.9 � 0.05
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His mutant proteins follow standard Michaelis–Men-

ten kinetics with respect to both of its substrates (3-

PGA and 1.0 mM ATP). The Km and kcat values of

wild-type and all four His mutants were compared in

Table 2 for both pH 7.5 and pH 5.5. The Km values

for ATP of the wild-type protein at pH 7.5 (152 µM)

were very similar to all His mutant proteins (156 µM

for H57A, 122 µM for H71A, 139 µM for H89A, and

163 µM for H111A). Similarly, the Km values for ATP

of the wild-type protein at pH 5.5 (118 µM) were unal-

tered after Ala mutation at all His residues (134 µM

for H57A, 102 µM for H71A, 125 µM for H89A, and

128 µM for H111A). The Km values for 3PGA of the

wild-type protein at pH 7.5 (530 µM) were comparable

with all His mutant proteins (511 µM for H57A,

490 µM for H71A, 517 µM for H89A, and 480 µM for

H111A). Similarly, the Km values for 3PGA of the

wild-type protein at acidic pH 5.5 (661 mM) were

unchanged with all His mutant proteins (610 µM for

H57A, 680 µM for H71A, 630 µM for H89A, and

638 µM for H111A). These results demonstrated that

substitution of His residue by Ala in all four positions

did not affect the Km values of both the substrates at

both pH 7.5 and 5.5.

The enzymatic activity (kcat) of the wild-type protein

at acidic pH 5.5 (3.5 s�1) was similar to all His mutant

proteins (3.8 s�1 for H57A, 3.3 s�1 for H71A, 3.2 s�1

for H89A, and 3.6 s�1 for H111A; Table 2). Although

the enzymatic activity of the wild-type at neutral pH

7.5 (1.4 s-1) was similar to H71A (1.28 s�1), H89A

(1.35 s�1), and H111A (1.3 s�1) mutant proteins, the

H57A protein (4.5 s�1) showed threefold higher enzy-

matic activity compared to wild-type protein (Table 2

and Fig. 3). These results suggest that the H57 residue

in the PAS domain is not directly involved in substrate

binding, yet it is responsible for the repression of PGK

activity at neutral pH 7.5.

Unlike wild-type LmPAS-PGK protein, the PGK

activity of the H57A out of four His mutants was

increased with increasing concentration of Mg2+ ions

at neutral pH 7.5 (Fig. 4). Thus, the H57A mutations

tested are derepressed at pH 7.5 compared to wild-type

and other His mutants (H71A, H89A, and H111A) in

the presence of 2.0 mM Mg2+ or Mn2+. The loss of the

imidazole side chain at position His57 by alanine

destabilizes specifically the repressed state. Thus, the

presence of a histidine at position 57 is required to

maintain wild type repression of LmPAS-PGK

through cofactor Mg2+ binding in PAS domain. Taken

together, these data indicate that activation by acidic

pH is a result of protonation of His57 not H71, H89,

and H111 residue.

Fig. 2. Comparative studies of divalent

cation-dependent PGK activity among full-

length proteins (Panels A and D), PAS-

deleted proteins (Panels B and E), and yeast

PGK (lacking PAS domain; Panels C and F)

at various pH values (7.5 and 5.5). The

assay mixture was composed of 50 mM

Tris/HCl buffer (pH 7.5) or acetate buffer

(pH 5.5), 0.15 mM NADH, 10 µg LmPAS-

PGK proteins or 1.0 µg yeast PGK, 1.0 mM

ATP, 2.5 mM 3-phosphoglyceric acid,

different concentrations of divalent cation,

and 0.04 U of rabbit muscle glyceraldehyde

3-phosphate dehydrogenase. Data were

plotted as means � SD from three

independent experiments for each

assessment.
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LmPAS-PGK-Mg2+ interactions determined by

tryptophan fluorescence spectroscopy and

isothermal titration calorimetry

The primary sequence of LmPAS-PGK contains three

tryptophan residues: two in the PAS domain (Trp40

and Trp95) and one in the PGK catalytic domain

(Trp445). The maximum tryptophan fluorescence of

LmPAS-PGK occurred at 331 nm (Fig. 5A). As bind-

ing of Mg2+ ion is a prerequisite for inhibition, the

interaction of Mg2+ ion with both wild-type and H57A

LmPAS-PGK was studied by tryptophan fluorescence

spectroscopy. At pH 7.5, titration of enzyme with

Fig. 3. Velocity of wild-type, H57A, H71A,

H89A, and H111A proteins with varying

concentrations of ATP or 3-PGA. All data

are fitted to a hyperbolic curve. The Km and

kcat values from the fitting curve are listed

in Table 2. Data were plotted as

means � SD from three independent

experiments for each assessment.
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Mg2+ ion (Fig. 5A) resulted in quenching of the tryp-

tophan fluorescence emission maxima in a Mg2+ ion

concentration-dependent manner (Fig. 5A). Such

quenching of fluorescence emission maxima, known to

result from the Trp becoming more opened up from

the hydrophobic environment, is indication of changes

to the local environment around the Trp residue. Once

the changes of buffer control titrations ran in parallel

were subtracted, the maximum ligand binding-induced

changes of the intrinsic fluorescence intensity were

1500 units for Mg2+. Changes of the tryptophan fluo-

rescence in response to titration of the enzyme-Mg2+

complexes vs Mg2+ concentration were plotted

(Fig. 5A, inset), and the apparent equilibrium dissocia-

tion constant (KD) for Mg2+ was 0.3 � 0.01 mM. The

tryptophan fluorescence of the H57A changed by the

addition of MgCl2 was a very small reduction of

fluorescence intensity due to buffer dilution (Fig. 5B).

This provides further support for the involvement of

H57 residue in Mg2+ ion binding in the PAS domain

of LmPAS-PGK.

To compare the binding characteristics obtained by

tryptophan fluorescence spectroscopy, the interactions

of enzyme with Mg2+ were also assessed by isothermal

titration calorimetry (ITC) at pH 7.5. The ITC titra-

tion traces fitted well into a single-site binding model

for Mg2+ ion binding (Fig. 5C). The apparent equilib-

rium dissociation constant (KD) for Mg2+ was

0.5 � 0.05 mM (Fig. 5C). Mg2+ binding to H57A

mutant was too weak to be reliably determined by

ITC (Fig. 5D). The KD values of the binding of Mg2+

ion to LmPAS-PGK revealed here by ITC are in good

agreement with the dissociation constants obtained by

tryptophan fluorescence spectroscopy. Further analyses

Table 2. Catalytic activities of wild-type and mutant LmPAS-PGK proteins at both pH 5.5 and 7.5. The catalytic activities were determined at

25 °C as described under ‘Materials and methods’. The values represent the mean and standard deviation for three measurements each.

LmPAS-PGK

Catalytic activity parameters

pH 7.5 pH 5.5

Km (µM) kcat (s
�1) Km (µM) kcat (s

�1)

ATP 3PGA ATP 3PGA ATP 3PGA ATP 3PGA

Wild-type 152 � 4 530 � 25 1.4 � 0.10 1.37 � 0.12 118 � 4 661 � 19 3.5 � 0.13 3.7 � 0.2

H57A 156 � 8 511 � 34 4.5 � 0.2 4.4 � 0.3 134 � 8 610 � 24 3.8 � 0.2 3.6 � 0.16

H71A 122 � 5 490 � 41 1.28 � 0.05 1.3 � 0.05 102 � 5 680 � 50 3.3 � 0.3 3.2 � 0.1

H89A 139 � 10 517 � 45 1.35 � 0.09 1.35 � 0.08 125 � 4 630 � 38 3.2 � 0.15 3.2 � 0.3

H111A 163 � 14 480 � 29 1.3 � 0.10 1.29 � 0.1 128 � 9 638 � 29 3.6 � 0.23 3.8 � 0.18

Fig. 4. Comparative studies of divalent

cation-dependent PGK activity among H57A,

H71A, H89A, and H111A at various pH

values (7.5 and 5.5). The assay mixture was

composed of 50 mM Tris/HCl buffer (pH

7.5) or acetate buffer (pH 5.5), 0.15 mM

NADH, 10 µg enzyme, 1.0 mM ATP, 2.5 mM

3-phosphoglyceric acid, and 0.04U of rabbit

muscle glyceraldehyde 3-phosphate

dehydrogenase. Data were plotted as

means � SD from three independent

experiments for each assessment.
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of the thermodynamics of wild-type protein and the

Mg2+ ion interaction reveal that Mg2+ ion binding to

wild-type protein is enthalpically driven, with a high

negative enthalpy (DH) of �0.15 kcal�mol�1 (Fig. 5C),

whereas the metal binding to H57A protein is less

favorable binding enthalpy (DH) of �0.01 kcal�mol�1

(Fig. 5D).

Discussion

Most of the PGKs show optimal activity at neutral pH

7.5 but the optimal activity of the unusual LmPAS-

PGK at acidic pH 5.5 makes it unique, and we are try-

ing to understand the relevance of PAS domain mecha-

nistically in the LmPAS-PGK for this unique behavior.

Here, some salient points of this work are as follows: (a)

We demonstrate that the LmPAS-PGK can be directly

activated by acidic pH, (b) we have found that a change

in pH does not impact on the response of LmPAS-PGK

to product (ADP) inhibition, (c) the catalytic activity of

LmPAS-PGK protein is decreased with increasing con-

centration of cofactor Mg2+ or Mn2+ at neutral pH 7.5,

(d) inhibition by higher concentration of Mg2+ or Mn2+

(2 mM) at neutral pH is insensitive to both PAS

domain-deleted protein and yeast PGK (lacking PAS

domain), (e) His57 in PAS domain plays crucial role for

the Mg2+- or Mn2+-dependent repression of catalytic

PGK domain, and (f) tryptophan fluorescence spec-

troscopy and ITC experiments indicate that His57 in

PAS domain is essential for the Mg2+ ion binding.

Taken together, a central finding coming from above

salient points is that the network of interaction that

includes H57 is essential for divalent cation-mediated

repression and is also associated with pH-mediated acti-

vation. Similar type of divalent cation binding has been

previously observed in PAS domains of other proteins,

such as PhoQ from Salmonella typhimurium and WalK

from Streptococcus aureus, which senses the cations

Ca2+, Mg2+, Zn2+, etc. [31,33].

Generally, Mg2+ ion is an essential cofactor for the

kinase activity. Although very low concentration of

Mg2+ ions shows optimum activity at neutral pH 7.5,

in the presence of Mg2+ chelator, EDTA, LmPAS-

PGK does not show any PGK activity (data not

Fig. 5. Determination of wild-type and

H57A LmPAS-PGK-Mg2+ interactions by

tryptophan fluorescence spectroscopy and

ITC at pH 7.5. The fluorescence intensity of

20 lM of wild-type (Panel A) and H57A

LmPAS-PGK (Panel B) was recorded by

fluorescence spectroscopy with increasing

concentrations (0–6 mM) of Mg2+ ion. Inset

shows changes in fluorescence intensity vs

ligand concentrations at 331 nm. Data were

plotted, and the binding affinities (KD) for

Mg2+ ion were determined. The values

represent the mean and standard deviation

for three measurements each. The

changing of fluorescence intensity of H57A

LmPAS-PGK with increasing concentration

(0–6 mM) of Mg2+ ion is negligible (looks

like buffer control titrations). Heat changes

for titration of wild-type (Panel C) and H57

LmPAS-PGK (Panel D; 50 lM) with 10 mM

MgCl2 for wild-type and 100 mM MgCl2 for

H57A were recorded by ITC (upper panels)

with data fit to one-set-of-sites interaction

model (bottom panels). The affinity of H57A

LmPAS-PGK to Mg2+ is too weak to be

reliably determined. The data are

representative of three independent

experiments, and the error value reflects

the standard deviations.
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shown), indicating that Mg2+ ion is an essential

cofactor for the PGK activity in this enzyme. The

essential role of magnesium is consistent with PAS

domain-deleted LmPAS-PGK data and has been

observed in H57A LmPAS-PGK. The 31P NMR

analysis of a RhATP-PGA-PGK complex [34] and

the closed form of PGK crystal structure [25] suggest

that in the presence of the substrate 1,3-bisphospho-

glycerate, the divalent Mg2+ ion switches from coordi-

nating the a- and b-phosphates of ADP to bridging

the b-phosphate of ADP and the 1-phosphate of 1,3-

bisphosphoglycerate. Taken together, LmPAS-PGK

has two binding sites for Mg2+ ions; one is in the

active site of PGK domain (through ADP binding),

and other is in the regulatory site of PAS domain

(through His57 residue). One of the possible roles of

H57 in divalent cation-mediated repression as well as

acidic pH-mediated activation is that either H57 is

required for divalent cation binding, which forms

bridge between regulatory PAS domain and catalytic

PGK domain, or the H57 indirectly controls divalent

cation binding, which regulates pH-dependent PGK

activation.

The immediate question that comes is what physi-

ological implications of the observed inhibition are

apparently involved in the parasite survival. Gene

knockout studies suggest that LmPAS-PGK has a

protecting role at longer durations of culture media

where unfavorable growth conditions are occurred

like nutrient stress, acidic pH, or toxic metabolite

[28]. Normally, the concentration of cytosolic Mg2+

ion is ~ 1 mM, which is enough for optimum ATP

generation by the standard kinase enzyme in the par-

asite, but Mg2+ or Mn2+ deficiency leads to the low-

ering of ATP generation for slowing down the cell

growth. The Mg2+- or Mn2+-sensitive LmPAS-PGK

may supply ATP under metal ion stress and thus

can help in the survivability of these intracellular

pathogens.

Due to the lack of X-ray crystal structure of PAS

domain-containing PGK protein from any other organ-

isms in the literature, we have shown a modeled struc-

ture of LmPAS-PGK (see Fig. 6). His57 is located on

the long a5-helix of the regulatory PAS domain of

LmPAS-PGK, which locates near hinge region of the

catalytic PGK domain. This a5-helix contains the

acidic patch Asp60 and Asp63 where divalent cation

might be bound in LmPAS-PGK. The Mg2+ ions are

hypothesized to form bridges between the PAS domain

and the PGK domain. Our experimental data indicate

that PGK domain can be activated at neutral pH by

displacement of Mg2+ cations from the PAS domain in

H57A mutant. It is plausible that this type of structural

alteration could destabilize the Mg2+ cation bridge that

functions to maintain repression of the PGK activity.

The H57 interaction network might be required for

maintaining divalent cation repression, presumably via

structural rigidity that holds the hinge region of the

PGK domain, because despite the Mg2+ cation bridge,

the substrate-induced domain closer to PGK domain

might be freely occurred during catalysis. The X-ray

crystal structure of divalent cation-bound PAS-PGK

protein will be helpful in elucidating the complete net-

work interaction of metal binding site in LmPAS-PGK

in the near future.

Materials and methods

Materials

Ni2+-nitrilotriacetate resin and imidazole were obtained

from Sigma-Aldrich (St. Louis, MO, USA). Other reagents

sources were described in previous papers [28,35,36].

Mutagenesis

Site-directed mutagenesis of full length of LmPAS-PGK in

the pTrcHisA was performed using the QuikChange site-di-

rected mutagenesis kit from Agilent (Santa Clara, CA,

USA). Mutations (underlined) and their corresponding

oligonucleotides were as follows: H57A-sense: 50-
CGTCCCCACTGCCCCGCTGGATGTACAGG-30; and

H57A-antisense: 50-CCTGTACATCCAGCGGGGCAGTG

GGGACG-30; H71A-sense: 50-CCTTATGGCAGCCCTTG

CCAAC-30; and H71A-antisense: 50-GTTGGCAAGGGCT

GCCATAAGG-30; H89A-sense: 50-CCGCGACCCCGCC

GCAACAGTGG 30; and H89A-antisense: 50-CCACTGTT

GCGGCGGGGTCGCGG-30; H111A-sense: 50-GTTCGG

GGTGGCCATCAACATCCG-30; and H111A-antisense:

50-CGGATGTTGATGGCCACCCCGA AC-30. The con-

firmation of mutations was carried out at the molecular

biology core facility of the Indian Institute of Chemical

Biology.

Protein expression and purification

Full-length, PAS domain-deleted, and mutant proteins were

overexpressed in Escherichia coli BL21 DE3 and purified

using Ni2+-nitrilotriacetate affinity chromatography as

reported earlier [28]. After loading the crude extract, the

column was washed with 10 column volumes of washing

buffer containing 50 mM Tris/HCl buffer (pH 7.5), 250 mM

NaCl, 10% glycerol, and 1 mM PMSF. Finally, bound

enzymes were washed by the same buffer containing 50 mM

imidazole and eluted with equilibrium buffer containing

200 mM imidazole, and then, the proteins were dialyzed

three times with 20 mM Tris buffer (pH 7.5) having 10%
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glycerol. The purified proteins were concentrated and

stored at �80 °C. Molecular weight and purity of the pro-

teins were confirmed by 12% SDS/PAGE. The concentra-

tions of the proteins were determined by using Bio-Rad

Reagent with BSA as the standard.

Enzyme assay using UV–visible spectroscopy

All kinetic studies of full-length, truncated (D115), and

mutant LmPAS-PGK were performed at 25 °C on Shi-

madzu UV-2550 spectrophotometer (Shimadzu Corpora-

tion, Kyoto, Japan) using quartz cuvette of 1.0 cm path

length. The assay mixture was composed of 50 mM Tris/

HCl buffer (pH 7.5; Amresco, Radnor, PA, USA),

0.15 mM NADH (Merck, Kenilworth, NJ, USA), 0.8 mM

MgSO4 (Sigma), 1 mM ATP (Sigma), 2.5 mM 3-phospho-

glyceric acid (Sigma), and 0.04 U of rabbit muscle glycer-

aldehyde 3-phosphate dehydrogenase (GAPDH; Sigma).

After incubating in a spectrophotometer at 25 °C for 5 min

to achieve temperature equilibrium, the reaction was initi-

ated with the addition of purified enzyme. Absorbance was

recorded at 340 nm from 0 to 5 min. NADH oxidation

was measured as loss of the absorbance at 340 nm. The

molar extinction coefficient of NADH was

6.2 9 103 M
�1�cm�1 at 340 nm.

For the determination of Km value for ATP, we mea-

sured initial velocity of full-length and mutant proteins at

different concentrations of ATP at a fixed concentration of

3-PGA (2.5 mM). In case of 3-PGA, we measured initial

velocity of full-length and mutant proteins at different con-

centrations of 3-PGA at fixed concentration of ATP

(1 mM). The enzyme-catalyzed reactions in LmPAS-PGK

displayed saturation kinetics up to 1 mM of ATP concen-

tration. The turnover number (kcat) and the Michaelis–
Menten constant (Km) values were determined by using

Michaelis–Menten enzyme kinetics in scientific statistics

software (analysis of nonlinear regression) GRAPHPAD PRISM

6, GraphPad Software, Inc. CA, USA.

A

B C

Fig. 6. Model illustrating the potential

interaction site between regulatory PAS

domain and catalytic PGK domain.

Secondary structure with active-site

residues (red color) (A) and ribbon

representation (B) of LmPAS-PGK model

structure determined from the X-ray

structure of closed form of

Trypanosoma brucei phosphoglycerate

kinase (PDB ID: 13PK) as well as the crystal

structure of PAS domain of

Streptococcus aureus WalK protein (PDB

ID: 4MN5). Above, black arrows show b-

strands, and empty boxes show a-helices.

The PAS domain is green (residues 1–120),

the N-terminal of PGK domain (residues

121–290 and 513–527) is cyno, the C-

terminal of PGK domain (residues 307–497)

is yellow, and the hinge region (residues

291–306 and 497–512) is purple. The hinge

regions are critical for conformational

change and catalysis. This model structure

was done by knowledge-based homology

modeling using the Modeller [38] and

PyMOL software [39]. (C) is the same as

(B) after magnification.
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Determination of the pH-dependent enzyme

activity

To determine the pH optimum of full-length and mutant

LmPAS-PGK, kinetic studies of all the proteins were done

using the following buffers (50 mM): acetate (pH 3.5–5.5),
MES and phosphate buffers (pH 5.5–6.5), Tris/HCl (pH

6.8–8.8), and TEA-HCl (pH 7.5) under standard condi-

tions.

Mg2+ binding by fluorescence quenching

The tryptophan fluorescence spectroscopy experiments were

performed using F-7000 FL Spectrophotometer, Hitachi

(Chiyoda, Tokyo, Japan), and a 1-mL quartz cuvette. The

excitation wavelength was fixed to 295 nm, and emission

spectra were collected between 300 and 400 nm with a slit

width of 5 nm. To measure enzyme–metal ion interactions,

recombinant wild-type and H57A LmPAS-PGK enzyme at

20 lM were allowed to equilibrate in 50 mM Tris/HCl buf-

fer (pH 7.5) for 20 min before being titrated with divalent

cation solutions. Wild-type and mutant were tested with

increasing concentrations of MgCl2 from 0 to 6 mM. The

background fluorescence quenching caused by the dilution

with the buffer was monitored by running parallel buffer

control titrations. Data from three independent experiments

were analyzed using nonlinear regression with ‘One Site-

Specific Binding’ model (Y = Bmax*X/(KD + X) where Y is

the fluorescence intensity, Bmax is the maximum specific

binding, X is the ligand concentration, and KD is the

apparent equilibrium dissociation constant) in GRAPHPAD

PRISM 6.0.

Mg2+ binding by ITC

To determine the divalent metal binding parameters of the

LmPAS-PGK enzyme, experiments using ITC were per-

formed, and titration experiments were conducted using a

MicroCal VP-ITC Microcalorimeter (Presently Malvern

instrument, Malvern, UK) [37]. The experiments were per-

formed at 25 °C, and all samples were thoroughly degassed

under vacuum for 30 min before loading. Solutions of

MgCl2 and the LmPAS-PGK were prepared in 50 mM Tris/

HCl buffer at pH 7.5. The sample cell was loaded with

50 lM LmPAS-PGK solution, and the syringe was filled

with a 10 mM (for wild-type) or 100 mM (for H57A) solu-

tion of the appropriate magnesium chloride in the same

buffer. The MgCl2 solution was added sequentially by mul-

tiple injections of a 7 lL (for wild-type) or 5 lL (for

H57A) volume, at 180-s intervals with a stirring speed of

307 r.p.m. This experiment allows the determination of

metal’s heat of dilution in a buffer solution, which permits

the correct determination of the heat exchange profile. ORI-

GIN 7.0 software (Northampton, MA, USA) was used for

data acquisition and analysis. ITC data provided K, the

binding constant; DH, enthalpy change; and DS, the

entropy change values. Each experiment was repeated

thrice, and the error value reflects the standard deviations.

Molecular modeling

Molecular modeling was used to build a structural model

from the LmPAS-PGK sequence. BLASTp using PDB

allowed the selection of the ternary complex of PGK from

T. brucei (PDB ID: 13PK) and the PAS domain of S. au-

reus WalK protein (PDB ID: 4MN5) as the template for

molecular modeling. Sequence alignment with two tem-

plates helped to get the full-length model structure. MOD-

ELLER 9.1 [38] produced five models, from which the best

model, with the lowest energy, was selected.
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PAS domain-containing phosphoglycerate kinase
deficiency in Leishmania major results in increased
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Per-Arnt-Sim (PAS) domains are structurally conserved and present in numerous proteins
throughout all branches of the phylogenetic tree. Although PAS domain-containing
proteins are major players for the adaptation to environmental stimuli in both prokaryotic
and eukaryotic organisms, these types of proteins are still uncharacterized in the trypano-
somatid parasites, Trypanosome and Leishmania. In addition, PAS-containing phospho-
glycerate kinase (PGK) protein is uncharacterized in the literature. Here, we report a PAS
domain-containing PGK (LmPAS-PGK) in the unicellular pathogen Leishmania. The
modeled structure of N-terminal of this protein exhibits four antiparallel β sheets centrally
flanked by α helices, which is similar to the characteristic signature of PAS domain.
Activity measurements suggest that acidic pH can directly stimulate PGK activity.
Localization studies demonstrate that the protein is highly enriched in the glycosome and
its presence can also be seen in the lysosome. Gene knockout, overexpression and
complement studies suggest that LmPAS-PGK plays a fundamental role in cell survival
through autophagy. Furthermore, the knockout cells display a marked decrease in viru-
lence when host macrophage and BALB/c mice were infected with them. Our work
begins to clarify how acidic pH-dependent ATP generation by PGK is likely to function in
cellular adaptability of Leishmania.

Introduction
Human pathogen Leishmania are digenetic parasites, whose life cycle involves two hosts: the verte-
brate macrophage and the sand fly vector. The transformation of the parasite from its promastigote
stage (inside the midgut of the sand fly) to the amastigote stage (inside the vertebrate macrophage)
requires several significant cellular remodeling, which in turn are heavily dependent on the environ-
mental cues [1]. One of the key cellular remodeling processes during this transformation is the modu-
lation of the glycosome [2], wherein the activity and the type of different glycosomal enzymes change
considerably. Even, the number of glycosomes per cell changes and this is regulated by a co-ordinated
process called pexophagy (autophagy of glycosomes) [3]. Usually, the number of glycosomes in a
promastigote is more than that of in an amastigote and this turn-over of the glycosome has been
implicated to play a very important role in cellular differentiation [2].
Per-Arnt-Sim (PAS) domains are widely present in proteins of all kingdoms of life. The PAS

domains are usually made up of 100–120 amino acids and are bound to a wide range of enzymatic
and nonenzymatic regulatory modules, which participate in various cellular signaling pathways [4].
PAS domains carry out diverse functions within sensory proteins by transferring signals [5] or facili-
tating protein/protein interaction [6] as well as by directly sensing environmental stimuli [7].
Depending on the structure, small molecules/ions can bind to the PAS domain can either serve as a
direct signal [8] or can bind to a cofactor that allows the perception of signals like dissolved gases [9],
redox potential [10,11] and visible light [12]. On the basis of genome studies, recently a
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comprehensive review on PAS domains in kinetoplastids has been published in the literature [13]. Despite the
diverse function of PAS domains in both Prokarya and Eukarya, no PAS domain-containing protein has been
characterized from the Kinetoplastida group.
Phosphoglycerate kinase (PGK) catalyzes the reversible conversion of ADP and 1,3-bisphosphoglycerate to

ATP and 3-phosphoglycerate. Besides, it is considered as a moonlighting protein. A group of biologists have
already reported that Leishmania contains two PGKs, one localized in the cytosol (PGKB) and the other loca-
lized in the glycosome (PGKC) and they are expressed in both the amastigote and the promastigote forms [14].
The cytosolic and glycosomal PGK are expressed as 80% and 20% of the total PGK activity, respectively
[14,15]. PGKC has a 62 residue C-terminal extension with a peroxisomal targeting signal (PTS), which is
responsible for importing this isoenzyme to the glycosomes [16].
In this manuscript, we have characterized a novel PAS domain-containing PGK protein from Leishmania

major (LmPAS-PGK), which contains an N-terminal regulatory PAS domain that is linked to a C-terminal
catalytic PGK domain. To understand the biochemical function of this protein, we cloned, expressed, and
characterized the LmPAS-PGK protein. Surprisingly, our data revealed that the PAS domain of LmPAS-PGK
primarily regulates the PGK activity with respect to pH changes. Experimental results provide evidence for the
existence of the LmPAS-PGK, which can catalyze optimal ATP synthesis at an acidic pH 5.5 and it is localized
in both the glycosome and the lysosome. In addition, we present, for the first time, LmPAS-PGK null mutants
have more autophagosomes and they have less infectious property with respect to macrophage infection as well
as cutaneous lesions in BALB/c mice.

Experimental procedures
Parasite culture
Leishmania major wild-type parasites (strain 5ASKH) were cultured at 22°C in M199 medium (Invitrogen)
supplemented with 40 mM HEPES, 200 mM adenine, 1% penicillin–streptomycin (Invitrogen) (v/v), 50 mg/ml
gentamicin (Abbott), and 10% heat-inactivated fetal bovine serum (FBS, Invitrogen).

Animal ethics statement
All BALB/c mice were obtained from and maintained in our institutional animal facility (Kolkata, India). The
studies were approved by CSIR-IICB Animal Ethical Committee (Registration no. 147/1999, CPCSEA), regis-
tered with Committee for the purpose of Control and Supervision on Experiments on Animals (CPCSEA),
Govt. of India, and BALB/c mice were handled according to their guidelines.

Cloning of L. major PAS-PGK
Genomic DNA from L. major promastigotes was isolated by a genomic DNA isolation kit (Qiagen). The PCR
amplification was carried out by using primers 1 and 2 (Supplementary Table S1) for cloning of full-length
proteins and primers 3 and 4 (Supplementary Table S1) for cloning of Δ115 PAS-PGK. The PCR products
from two separate reactions were purified and cloned into the BamHI and HindIII sites of pTrcHisA
(Invitrogen) for full-length LmPAS-PGK and the BamHI and HindIII sites of pET28a (Novagen) for Δ115
LmPAS-PGK.

Overexpression of LmPAS-PGK with or without N-terminal RFP tag
LmPAS-PGK ORF was amplified using primers 5 and 6 (Supplementary Table S1) and cloned into the SmaI-
and BamHI digested pXG-B2863 vector. The primers 7 and 8 (Supplementary Table S1) were used for making
PCR product in PAS-PGK-RFP-fused overexpression construct and cloned into the BglII/NotI site of
pNUS-mRFPnD vector. Transformation of the LmPAS-PGK-containing vectors in Leishmania cells was per-
formed by electroporation as described earlier [17]. Overexpressed cells with or without RFP were maintained
at 100 mg/ml blasticidin (Invitrogen) or 200 mg/ml neomycin (Roche), respectively.

Generation of stable knockout strain for LmPAS-PGK alleles
Modified pXG-Neo and pXG-Hyg vectors were used to generate the knockout constructs of LmPAS-PGK gene.
Primers 9 and 10 (Supplementary Table S1) were used for amplifying 1.0 kbp 50-flank, and primers 11 and 12
(Supplementary Table S1) were used for amplifying 1.0 kbp 30-flank of the gene. Both 50-flank and 30-flank
DNA fragments were cloned on either side (HindIII/SalI and SmaI/BamHI) of neomycin and hygromycin gene
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of pXG-Neo and pXG-Hyg vectors, respectively [18]. Both constructs were then digested with HindIII and
BamHI to get linear fragments of the gene deletion constructs LmPAS-PGK::NEO and LmPAS-PGK::HYG,
which were transfected into L. major sequentially. Knockout cells were maintained in 50 mg/ml neomycin
(Roche) and 100 mg/ml hygromycin drug (Roche).
Gene knockouts were confirmed by PCR using primers 13 and 14 (Supplementary Table S1) as internal to

the gene. Primers 15 and 16 (Supplementary Table S1) were used as external to the gene. KO cells were further
confirmed by Western blotting.

Complementation of LmPAS-PGK in null mutants
To restore LmPAS-PGK in the knockout parasites, LmPAS-PGK ORF was amplified by PCR using the primers
17 and 18 (Supplementary Table S1). The amplified product was cloned at the same site of pXG-PHLEO
vector and the plasmid DNA was transfected into the knockout promastigotes. Transfected promastigotes were
finally maintained in the presence of 60 mg/ml neomycin, 100 mg/ml hygromycin and 10 mg/ml phleomycin
drug. Complimentary clones were confirmed by measuring LmPAS-PGK expression by Western blot analysis
with rabbit anti-LmPAS-PGK antibody (1:50).

N-terminal RFP-fused cysteine peptidase B (RFP/CPB) overexpression system
was constructed for use in Leishmania
Primers 19 and 20 (Supplementary Table S1) were used to amplify the ORF of L. major CPB (LmjF.08.1010)
by PCR. The amplified portion was cloned into the BglII/NotI sites of pNUS-mRFPnD vector. The DNA was
then transfected in L. major by electroporation. Overexpressed cells were maintained at 100 mg/ml blasticidin
(Invitrogen).

N-terminal FLAG-fused vacuolar proton pyrophosphatase 1 (FLAG/VP1)
overexpression system was constructed for use in Leishmania
Primers 21 and 22 (Supplementary Table S1) were used to amplify the ORF of L. major vacuolar proton pyro-
phosphatase 1 (LmjF.31.1220) by PCR. The amplicon was cloned into the SmaI/BamHI sites of pXG-B2863
vector. The DNA was then electroporated into the L. major cells. Overexpressing cells were maintained at
100 mg/ml neomycin (Roche).

RFP/CPB and FLAG/VP1-fused overexpression system were constructed for
use in Leishmania
The FLAG tag VP1-containing pXG-B2863 vector was transfected into the RFP/CPB-fused overexpression
system in Leishmania promastigotes. Transfected promastigotes were finally maintained in the presence of
100 mg/ml neomycin and 100 mg/ml blasticidin drug.

RFP/ATG8-fused overexpression system was constructed for use in
Leishmania
Primers 23 and 24 (Supplementary Table S1) were used to amplify the ORF of L. major ATG8 gene
(LmjF.19.1630) by PCR. The amplified portion was cloned into the BglII/NotI site of pNUS-mRFPnD vector
generating an N-terminal RFP-fused ATG8. The DNAwas then transfected in CT, OE, KO and CM cell type sep-
arately by the electroporation. Both RFP/ATG8 overexpressing CT and OE cells were maintained at 100 mg/ml
neomycin (Roche) and 100 mg/ml blasticidin (Invitrogen). The RFP/ATG8 overexpressing KO cells were cultured
in the presence of neomycin (50 mg/ml), hygromycin (100 mg/ml) and blasticidin (100 mg/ml). RFP/
ATG8-overexpressing CM cells were maintained in the presence of 60 mg/ml neomycin, 100 mg/ml hygromycin,
blasticidin (100 mg/ml) and 10 mg/ml phleomycin drug.

Expression and purification of protein
Recombinant LmPAS-PGK were transformed into Escherichia coli BL21 (DE3) and were grown overnight in
50 ml of Luria–Bertani broth containing 200 mg/ml ampicillin (Sigma) at 37°C. The overnight grown culture
was then inoculated in 500 ml of terrific broth. When the culture reached an absorbance of around 0.6–0.8 at
600 nm, 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) was added and bacteria were further grown at
25°C for ∼18 h. Cells were then harvested by centrifugation at 8000×g for 10 min and washed two times with
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1× PBS. The pellet of a 500 ml culture was resuspended in 5 ml of 50 mM Tris buffer (pH 7.5) containing
250 mM NaCl, 10% glycerol, a protein inhibitor mixture tablet without EDTA (Roche) and PMSF (Sigma). The
resuspended solution was kept in ice for ∼45–60 min and the cells were freeze-thawed in liquid nitrogen
followed by a 20-sec pulse sonicator with 40-sec rest on ice in-between. Then the lysate was centrifuged at
14 000×g for 60 min at 4°C. The cell-free supernatant, also called the crude extract was loaded onto a
Ni2+-NTA column. The column was washed with equilibrium buffer containing 50 mM Tris buffer, pH 7.5
containing 250 mM NaCl, 10% glycerol, followed by the same buffer containing 50 mM imidazole and eluted
with equilibrium buffer containing 250 mM imidazole and dialyzed three times against 20 mM Tris buffer
(pH 7.5) having 10% glycerol.
The purification of Δ115LmPAS-PGK was carried out in the same way as above except recombinant Δ115

LmPAS-PGK after transformation into Escherichia coli BL21 (DE3) were grown in Luria–Bertani broth contain-
ing 50 mg/ml kanamycin (SRL) and after induction with IPTG, it was further grown at 16°C for ∼18 h.
Molecular weight and purity of both the proteins were confirmed by 13% SDS–PAGE.

Size-exclusion chromatography
LmPAS-PGK was studied by gel exclusion chromatography at 28°C using a column namely Biosuite™ 250
(Waters) in an HPLC system preequilibrated with 50 mM potassium phosphate buffer pH 7.5 containing
150 mM NaCl, with a flow rate 0.8 ml/min at A280. Column calibration was done using standard protein
mixture of glutamate dehydrogenase (290 kDa), lactate dehydrogenase (142 kDa), enolase (67 kDa), myokinase
(32 kDa) and cytochrome c (12 kDa).

Enzyme assay using UV-visible spectroscopy
All kinetic studies of both LmPAS-PGK and Δ115LmPAS-PGK were performed at 25°C on Shimadzu UV-2550
spectrophotometer using quartz cuvette of 1.0-cm path length. The assay mixture was composed of 40 mM
TEA-HCl buffer (pH 7.5) (Amresco), 0.15 mM NADH (Merck), 0.8 mM MgSO4, 1 mM ATP (Sigma), 2.5 mM
3-phosphoglyceric acid (Sigma) and 0.04U of rabbit muscle glyceraldehyde 3-phosphate dehydrogenase
(GAPDH, Sigma). After incubating in a spectrophotometer at 25°C for 5 min to achieve temperature equilib-
rium, the reaction was initiated with the addition of pure enzyme. Absorbance from 0 to 5 min was recorded.
NADH oxidation was measured as loss of the absorbance at 340 nm. The concentration of NADH was deter-
mined from ɛ340 = 6.2 × 103 M−1 cm−1.
The different PAS domain ligands were added in the assay mixture individually in their effective

concentration.

Determination of the pH-dependent enzyme activity
To determine the pH-optimum of LmPAS-PGK and Δ115LmPAS-PGK, kinetic studies of both the proteins
were done using the following buffers (50 mM): acetate (pH 3.5–5.5), MES and phosphate buffers (pH 5.5–
6.5), Tris–HCl (pH 6.8–8.8), TEA-HCl (pH 7.5) under standard conditions. The pH was adjusted at room
temperature. Shimadzu UV-2550 spectrophotometer with quartz cuvette of 1.0-cm path length was used.

Fluorescence quenching
To determine the folding properties of full-length LmPAS-PGK under different pH conditions, fluorescence
quenching of tryptophan residue was observed. A scan from 320 nm to 380 nm was taken after exciting the
protein at 295 nm using buffers of different pH. The buffers used were acetate buffer (pH 3.5–5.5), phosphate
buffer (pH 6.0–7.0), TEA-HCl (pH 7.5), Tris–HCl (pH 8.0–9.0). F-7000 FL Spectrophotometer, Hitachi was
used with 1.0 cm path length cuvette.

Production of polyclonal antibodies against LmPAS-PGK
Polyclonal antibodies against the purified recombinant PAS-PGK (20 mg) was raised by subcutaneous injection
in 6-month-old female rabbit using Freund’s complete adjuvant (Sigma). This was followed by three booster
doses of recombinant PAS-PGK (15 mg) with incomplete adjuvant (Sigma) at 2-week intervals. The rabbit was
bled 2 weeks after the last booster and sera were collected and used for western blot analysis.
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Western blot analysis
Proteins were resolved on 13% SDS–PAGE and then transferred on nitrocellulose membrane (GE Healthcare)
by Bio-Rad semidry apparatus. After 1 h of blocking in 5% BSA, the membrane was incubated overnight with
antiserum against recombinant LmPAS-PGK protein at a dilution of 1:50 at 4°C. The membrane was washed
with 1× TBS containing 0.1% Tween20 (TBS-T) and then incubated in alkaline phosphatase (AP)-conjugated
anti-rabbit secondary antibody (1:15 000) of Sigma. NBT/BCIP solution from Roche was used for band detec-
tion. α-Tubulin was used as endogenous control and AP-conjugated anti-mouse secondary antibody (1:15 000)
was used against α-tubulin.
In case of determining RFP/ATG8 and RFP/ATG8-PE, the proteins were resolved on 10% SDS–PAGE con-

taining 6 M urea and then transferred on PVDF membrane (Merck Millipore) by Bio-Rad semidry apparatus.
The membrane was blocked by 5% BSA for 30 min and incubated overnight with anti-rabbit RFP antibody
(Thermo Scientific) at a dilution of 1:1000 at 4°C. The membrane was washed with 1× TBS containing 0.1%
Tween 20 (TBS-T) and then incubated with AP-conjugated anti-rabbit secondary antibody (1:15 000) of Sigma.
NBT/BCIP solution (Roche) was used for band detection. Wortmannin (Sigma) and bafilomycin A1 (Sigma)
were used as controls at concentrations of 10 mM and 50 nM, respectively.

Co-localization of the protein expressed from the recombinant gene
pNUS/PGK-RFP with the acidic compartments
107 mid-log phase pNUS/PGK-RFP overexpressing L. major cells were washed twice with PBS and then resus-
pended with 1 ml PBS. 3 mM of lysotracker green (Molecular Probe, Invitrogen) was added and incubated for
30 min at 28°C. Then the cells were washed with PBS and fixed on the poly-L-lysine-coated slides. Finally, they
were stained with DAPI and mounted with antifade mounting media, and observed under a confocal micro-
scope (Leica). The wavelength used were DAPI (Exλ = 350 nm, Emλ = 470 nm), RFP (Exλ = 535 nm, Emλ =
615 nm), lysotracker green (Exλ = 504, Emλ = 511 nm).

Co-localization of the protein expressed from the recombinant gene pNUS/
PGK-RFP with glycosome
107 mid-log pNUS/PGK-RFP overexpressing L. major cells were washed thrice with 1× PBS and then fixed on
poly-L-lysine-coated slides. The slides were dipped in a solution containing 1% Triton X-100 and 50 mg/ml
RNase A (Calbiochem). Following the blocking with 1.5% BSA for 2 h, the slides were incubated with anti-
rabbit GAPDH antibody (1:800) for overnight at 4°C. The next day, the slides were washed with 1× PBS and
incubated with Alexa Fluor 488-conjugated anti-rabbit secondary antibody (Thermo Scientific) at a dilution of
1:2000 for 2 h. Finally, they were stained with DAPI and mounted on a poly-L-lysine-coated slide with antifade
mounting media (Invitrogen). The wavelength used for Alexa Flour 488 secondary antibody were Exλ = 488 nm
and Emλ = 522 nm.

Co-localization of LmPAS-PGK in the lysosome
107 mid-log pNUS/CBP-RFP overexpressing L. major cells were washed with 1× PBS and then fixed on
poly-L-lysine-coated slides. The slides were dipped in a solution containing 1% Triton X-100 and 50 mg/ml
RNase A. Following the blocking with 1.5% BSA for 2 h the slides were incubated with anti-rabbit PAS-PGK
antibody (1:800) for overnight at 4°C. The next day, the slides were washed with 1× PBS and incubated with
Alexa Flour 488 goat anti-rabbit secondary antibody at a dilution of 1:2000 for 1 h. Finally, they were mounted
with antifade mounting media (with DAPI).

Co-localization of LmPAS-PGK in the acidocalcisome
The co-localization of LmPAS-PGK with the acidocalcisomal marker VP1 was determined by double immuno-
fluorescence. 107 mid-log pXG/FLAG-VP1 overexpressing L. major cells were washed with 1× PBS and then
fixed on poly-L-lysine-coated slides. The slides were dipped in a solution containing 1% Triton X-100 and
50 mg/ml RNase A. Following the blocking with 1.5% BSA for 2 h, the slides were incubated with a mixture of
anti-rabbit PAS-PGK antibody (1:800) and anti-mice FLAG antibody (Sigma) for overnight at 4°C. The next
day, the slides were washed with 1× PBS and incubated with both anti-mice Alexa Fluor 546 (Thermo
Scientific) and anti-rabbit Alexa Fluor 488-conjugated secondary antibody at a dilution of 1:2000 for 2 h.
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Finally, they were mounted with antifade with DAPI. The wavelength used for Alexa Fluor 546-conjugated
secondary antibody were Exλ = 546 nm and Emλ = 575 nm.

Co-localization of LmPAS-PGK with mitochondria
107 mid-log phase pNUS/PGK-mRFP overexpressing L. major cells were washed twice with PBS and then
resuspended with 1.0 ml PBS. 500 nM of MitoTracker green (Molecular Probe, Invitrogen) was added and
incubated for 30 min at 28°C. Then the cells were washed with PBS and fixed on the poly-L-lysine-coated
slides. Finally, they were mounted with antifade with DAPI. The wavelength used for MitoTracker green were
Exλ = 490 and Exλ = 516 nm.

Isolation of mitochondrial and cytosolic fractions
Isolation of mitochondrial and cytosolic fractions was performed from L. major promastigotes by hypotonic
lysis followed by Percoll gradient centrifugation at 4°C [17]. The purity of each fraction was checked by
Western blot analysis with organelle-specific marker rabbit anti-(L. major) ascorbate peroxidase (APX, 1:50)
antibodies for the mitochondria and rabbit anti-(L. donovani)-adenosine kinase (ADK, 1:50) for the cytosol.
The AP-conjugated anti-rabbit secondary antibody (Sigma) was used at a dilution 1:15 000.

Isolation of lysosomal fractions
Lysosome was isolated following the method described by Jinn et al. [19] with slight modifications. Briefly,
L. major cells were centrifuged 500×g for 5 min to obtain cell pellets. After the removal of media, pellets were
washed with PBS and centrifuged again. The obtained pellets were resuspended in sucrose homogenization
buffer (0.25 M sucrose, 20 mM HEPES) containing protease inhibitor (Roche), and lysed by Dounce homogen-
izer and cell lysis was confirmed under a light microscope. Homogenates were centrifuged again at 500×g for
5 min to eliminate the cell debris. The supernatant was centrifuged at 7000×g for 10 min to eliminate the mito-
chondrial fraction. The resulting supernatant was centrifuged again at 20 000×g for 60 min to yield the crude
lysosomal fraction (CLF) as a pellet. The CLF was washed again with 10 mM CaCl2 and centrifuged at 7000×g
for 15 min. The supernatant contains purified lysosome. The purity of lysosomal fraction was checked by
Western blot analysis with organelle-specific marker RFP tag CPB. The primary antibody used was anti-rabbit
RFP antibody.

Isolation of acidocalcisomal fractions
Acidocalcisome was isolated using the method described by Salto et al. [20] with certain modifications.
L. major cells were centrifuged at 500×g for 10 min to obtain cell pellets. The pellets were then washed with
PBS and centrifuged. The resultant pellet was resuspended in the lysis buffer comprising of 125 mM sucrose,
50 mM KCl, 4 mM MgCl2, 0.5 mM EDTA, 20 mM K-HEPES, 5 mM dithiothreitol and protease inhibitor cock-
tail. The cells were completely homogenized by syringe (needle gauge 0.30 × 12.5 mm). The lysate at first was
centrifuged at 150×g for 5 min and then at 325×g for 10 min. The supernatant fractions were taken together
and centrifuged for 30 min at 11 000×g. The pellet was resuspended in lysis buffer and applied to the 34% step
of the discontinuous (20–40% (v/v)) gradient of iodixanol, with gradients of 20, 25, 30, 34, 37, and 40% iodixa-
nol, diluted in lysis buffer. The gradient was centrifuged at 50 000×g for 60 min. The acidocalcisome fraction
pelleted on the bottom of the tube and was resuspended in lysis buffer. The purity of acidocalcisomal fraction
was checked by Western blot analysis with organelle-specific marker FLAG-tagged vacuolar proton pyropho-
sphatase 1. The primary antibody used was anti-mice FLAG antibody.

Isolation of glycosomal fractions
Glycosome was isolated following the method described by Colasante et al. [21] with minor modifications.
L. major promastigotes were harvested by centrifugation for 10 min at 2000×g, and were washed once in 10 ml
of wash buffer (25 mM Tris, 1 mM EDTA, 1 mM DTT, 250 mM sucrose, pH 7.8). After centrifugation, the cell
pellet was resuspended in 2 ml homogenization medium (250 mM sucrose, 1 mM EDTA, 0.1% (v/v) ethanol,
5 mM MOPS, pH 7.2) containing protease inhibitor (complete EDTA-free, Roche Applied Science) and was
lysed using syringe (needle gauge: −0.30 × 12.5 mm). Cell lysis was confirmed by light microscopy. The cell
lysate was centrifuged sequentially for 5 min each at 100×g and 3000×g to remove cell debris and cell nuclei.
The resulting supernatant was centrifuged at 17 000×g for 15 min to obtain a glycosomal enriched pellet. This
pellet was resuspended in 1.0 ml homogenizing buffer and was loaded on top of a 24 ml linear 20–40% (v/v)
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optiprep gradient (Sigma), mounted on 50% 2.5 ml optiprep cushion and centrifuged at 170 000×g for 1 h.
Nine fractions (1.0 ml each) were collected from the bottom of the tube. They were centrifuged at 30 000×g to
obtain the pellet. The pellet was resuspended in homogenizing buffer and again centrifuged at 30 000×g to
obtain the purified glycosomal pellet. The purity of the fraction was checked by western blotting using the
glycosome-specific GAPDH. The primary antibody used was rabbit anti-(L. major) GAPDH antibody (1:100).

Measurement of pyrophosphatase activity in purified acidocalcisome
Around 58 mg/ml protein equivalent of purified acidocalcisome with and without 0.5% Triton X was incubated
in a solution containing 50 mM Tris–HCl (pH 7.5), 10 mM sodium pyrophosphate and 10 mM magnesium
chloride for 10 min [22,23]. After 10 min, the detection reagent containing 10% ammonium molybdate in 10 N
H2SO4 and 5% ferrous sulfate was added. The resulting solution was incubated again for 10 min at 25°C. Then
500 ml aliquots from each sample is transferred to spectrophotometer cuvette and the absorbance was recorded
at 660 nm. Inorganic phosphates were used as standards. A standard curve was prepared by plotting the
ΔA660 nm versus concentration of phosphate.

Measurement of peroxidase activity in purified mitochondria
3 mg/ml protein equivalent of purified mitochondria with and without 0.5% Triton X was incubated in a solu-
tion containing 50 mM ferrocytochrome c, 50 mM phosphate buffer (pH 7.5), at a final volume of 1.0 ml. The
reaction was started by the addition of 0.3 mM H2O2. Ferrocytochrome c oxidation was measured as loss of
absorbance at 550 nm. The concentration of oxidized cytochrome c was determined from ɛ550 = 2.1 ×
104 M−1 cm−1.

Measurement of ATP
107 cells were lysed by 0.5% Triton X in the presence of 50 mM of ARL 67156 trisodium salt hydrate (Sigma)
at 95°C for 1 min. ATP content in the lysate was measured by a luciferin–luciferase bioluminescence assay
using the ATP determination kit (Molecular Probes) according to the manufacturer’s protocol. Briefly, the
samples were added to the reaction mixture containing reaction buffer, D-luciferin, DTT and the enzyme firefly
luciferase and the luminescence was measured by a luminometer (Glomax, Promega). ATP concentrations were
calculated from the ATP standard curve.

Measurement of glycolytic flux
The glycolytic flux of the CT, OE, CM and KO cell lines was measured by using the Glycolysis Cell-Based
Assay Kit (Cayman Chemicals) following the manufacturer’s protocol. Briefly, CT, OE, CM and KO cells were
grown in M199 media with and without 50 mM inhibitor of glycolysis (2-deoxy D-glucose). 107 cells from each
cell type were centrifuged at 3500 rpm for 5 min and the supernatant was collected. 10 ml of supernatant was
added to 190 ml of reaction solution containing assay buffer, glycolysis assay enzyme mixture, glycolysis assay
cofactor and glycolysis assay substrate. The resulting mixture was carefully loaded onto 96-well plate using a
multichannel pipette. After 30 min of incubation, the absorbance was measured at 490 nm using a plate reader.
The lactate provided by the manufacturer was used as standard.

Determination of autophagic flux by flow cytometry
107 log phase CT, OE, CM and KO cells from control and starved conditions were washed twice and resus-
pended in 1× assay buffer containing 2.0 ml of the provided green detection reagent (autophagy detection kit
dye, Abcam) and incubated for 30 min at 37°C. The samples were then sorted by flow cytometry (BD FACS
LSRFortessa) using the FITC filter (Exλ = 488 nm, Emλ = 517 nm). 10 000 events were measured for every
sample. The nutrient starvation was achieved by incubating the cells in 1× PBS at 28°C for 2 h.

Determination of autophagic flux by fluorescence microscopy
107 log phase CT, OE, CM and KO control and nutrient-starved promastigotes were washed twice and resus-
pended in 1× assay buffer containing 2 ml of the provided green detection reagent (autophagy detection kit
dye) and incubated for 30 min at 37°C. The cells were then fixed on poly-L-lysine-coated slides. Finally, they
were mounted with antifade mounting media (with DAPI) and observed under a fluorescence microscope
(Olympus). The wavelength used were-DAPI (Exλ = 350 nm, Emλ = 470 nm) and autophagy detection kit dye
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(Exλ = 488 nm, Emλ = 517 nm). The nutrient starvation was achieved by incubating the cells in 1× PBS at 28°C
for 2 h.

Determination of the formation of ATG8 puncta
107 mid-log phase CT, OE, CM and KO cells overexpressing RFP/ATG8 from the normal and stressed condi-
tions were washed twice with 1× PBS and fixed on poly-L-lysine-coated slides. They were mounted with anti-
fade mounting media with DAPI and observed under a fluorescence microscope. The wavelength used
were-DAPI (Exλ = 350 nm, Emλ = 470 nm) and RFP/ATG8 (Exλ = 535 nm and Emλ = 615 nm). The nutrient
starvation was achieved by incubating the cells in 1× PBS at 28°C for 2 h.

Infection in mice
Disease progression was monitored by daily caliper measurement of footpad swelling. Parasite loads in footpad
tissue of mice containing CT, OE, CM and KO parasites were determined by limiting dilution assay with slight
modifications. Briefly, 1 mg of footpad tissue were sequentially immersed in 70% ethanol, and sterile H2O
before homogenization of weighed tissue in M199 media supplemented with gentamicin and penicillin–
streptomycin containing 10% heat-inactivated FBS. Each tissue homogenate was serially diluted in the same
medium in a 96-well flat-bottom tissue culture plate. The number of viable parasites per milligram of tissue
was determined from the highest dilution at which promastigotes could be grown out after up to 10–15 days’
incubation at 22°C.

In vitro promastigote growth profile analysis
106 mid-log phase cells were inoculated in 10 ml of M199 media supplemented with 10% FBS. Growth rates
were measured at a 24-h interval by counting cell number in an improved Neubauer chamber (hemocytometer)
for 8 consecutive days. Experiments were done in triplicate for each cell type.

Determination of cell viability by flow cytometry
Cell viability was determined by propidium iodide exclusion assay. Briefly, 107 promastigotes from the various
duration of incubated culture were washed and resuspended in PBS containing 5 mg/ml of propidium iodide
(Calbiochem) and incubated at room temperature for 15 min in the dark. The stained cells were subjected to
FACS (BD FACS LSRFortessa) analysis (Exλ = 488 nm; Emλ= 617 nm). 10 000 events were analyzed.

Statistical analysis
All data were expressed as the means ± SD from at least three independent experiments. Statistical analyses for
all data were calculated using analysis of variance wherever applicable using Origin 6.0 software (Microcal
Software). P value of less than 0.05 was considered statistically significant.

Results and discussion
Primary structure of LmPAS-PGK protein
A sequence (systematic name: LmjF.30.3380) in the L. major genome database (http/www.genedb.org/genedb/
leish/) has been identified as an ORF, comprising 527 amino acid residues. It exhibits two striking features:
first, its N-terminus (residues 1–115) displays limited homology to PAS domain (Figure 1) and second, the
C-terminus (residues 116–527) bears ∼50% identity with PGK (Figure 1). A common PAS domain usually
comprises of four/five-strand of antiparallel β-sheet and three/four flanking α-helices [7,24]. SWISS-MODEL
protein modeling predicts that four antiparallel β-sheet and four flanking α-helices are conserved in this
protein (Figure 2A). The C-terminus of this gene contains PGK like conserved active site residues as well as the
tertiary structure (Figures 1 and 2B). These features suggested that this protein is a PAS domain-containing
PGK protein (LmPAS-PGK).

Biochemical characteristics of LmPAS-PGK
To identify the biochemical characteristics of LmPAS-PGK, both the full-length protein and PAS domain
deleted catalytic domain (Δ115 LmPAS-PGK, 115 amino acid deleted from the N-terminus of wild-type full-
length LmPAS-PGK protein) were expressed in E. coli. Purified LmPAS-PGK and Δ115 LmPAS-PGK migrated
to positions as expected from the theoretical relative molecular mass of 62 kDa (Figure 2C, lane 4) and 47 kDa
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protein (Figure 2C, lane 9), respectively. Figure 2D showed that both full-length and Δ115 LmPAS-PGK
proteins were monomeric. For sensing environment, many of the PAS domains in sensory proteins are known
to bind small molecules including heme [25–27], FAD [28], FMN [29], 4-hydroxycinnamic acid [30], fatty

Figure 1. Sequence alignment of LmPAS-PGK.

The sequence of LmPAS-PGK was aligned with the PAS domain of human Endothelial PAS domain-containing protein 1, also

known as HIF-2α (EPAS1, accession number NP_001421), PAS domain of Thermotoga maritima histidine kinase (TmHK,

accession number 3A0R_A), T. cruzi PAS domain-containing phosphoglycerate kinase (TcPAS-PGK, accession number

ESS69068), T. brucei phosphoglycerate kinase (TbPGK, accession number AAA32120), A. deanei PAS domain-containing

phosphoglycerate kinase (AdPAS-PGK, accession number EPY28995). * and red color denote active site and identical residue,

respectively.
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acids [31], malate, succinate and citrate [32–34]. The UV-visible spectra of LmPAS-PGK did not have any band
at visible region (Supplementary Figure S1) indicating that chromophoric prosthetic groups such as heme, FAD
and FMN are unlikely to function as PAS ligands in LmPAS-PGK. To identify the ligand for PAS domain, we
measured the PGK activity in the presence of several well-known PAS ligands (Figure 2E). Our results suggest
that the activity of LmPAS-PGK was insensitive to FAD, FMN, 4-hydroxycinnamic acid and fatty acid ligands.
Although the purified enzyme did not have any heme yet its activity was stimulated by almost ∼20% in the
presence of heme, indicating that the capability of heme binding to PAS domain is very weak. Although
PAS-PGK sequence has no heme regulatory motif, usually containing a CP (Cys-Pro) motif [35], yet the PGK

Figure 2. Biochemical characteristics of LmPAS-PGK.

(A) Based on the published X-ray crystallographic structures of the PAS domain of EPAS1 (cyan color) [54] (PDB entry code:

4xt2.2), we constructed a three-dimensional model of the PAS domain of LmPAS-PGK (green color) by knowledge-based

homology modeling using the SWISS-MODEL [55] and PyMOL software [56]. (B) The ribbon structural model of the PGK

domain of LmPAS-PGK was made on basis of the published X-ray crystallographic structures T. brucei PGK (PDB entry code:

13PK.1) [37]. (C) SDS–PAGE lanes: 1, lysate without IPTG (full length) 2, lysate with IPTG (full length); 3, lysate unbound flow

through (full length); 4, purified full-length protein; 5, molecular weight marker; 6, (−) IPTG (Δ115); 7, (+) IPTG (Δ115); 8, flow

through (Δ115); and 9, purified Δ115 protein. (D) Size-exclusion chromatography of full-length and Δ115 proteins after

purification by using a Biosuite™ 250 HPLC column. (E) Change in activity of LmPAS-PGK and Δ115 LmPAS-PGK in the

presence of different PAS binding ligands. (F) Activity of the LmPAS-PGK and Δ115 LmPAS-PGK in the presence of different

pH values. (G) Tryptophan quenching of LmPAS-PGK under different pH conditions. (H) Velocity of LmPAS-PGK (pH 5.5) and

Δ115 LmPAS-PGK (pH 7.5) with varying concentration of 3-PGA. (I) Velocity of LmPAS-PGK (pH 5.5) and Δ115 LmPAS-PGK

(pH 7.5) with varying concentration of ATP.
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activity of the full-length enzyme was significantly enhanced by the addition of heme indicating that the
association/dissociation of heme in PAS domain might regulate the catalytic activity of this enzyme.
Other PAS ligands like malate/succinate and citrate stimulated the PGK activity in both full-length and

PAS-deleted proteins (Δ115 LmPAS-PGK) suggesting that this stimulation is independent of the PAS domain
and is a characteristic of the PGK domain itself. It is well known that the Salmonellae PhoQ sensor kinase is
directly activated when the PAS domain is exposed to pH 5.5 [36]. To determine whether LmPAS-PGK is
directly activated when exposed to acidic pH, we measured PGK activity of both full-length and PAS-deleted
proteins in various pH (Figure 2F). As observed in the pH curve, the activation of the full-length PGK was
maximal at pH 5.5 and gradually decreased at neutral pH 7.5. On the other hand, the PGK activity of Δ115
LmPAS-PGK proteins was higher than the full-length proteins at neutral pH 7.5. Together, these results
suggest that the acidic pH 5.5 relieved the autoinhibitory PAS domain from PGK catalytic domain in
LmPAS-PGK. These results indicate that the PAS domain appears to have an autoinhibitory role at neutral pH
7.5 in LmPAS-PGK catalysis. The optimum activity of PAS-PGK is at around pH 5.5, close to the pH value at
which histidine residues get protonated. Thus, the protonation of a histidine residue in a critical region of the
PAS domain might act as the conformational switch associated with the activation. The pH-dependent fluores-
cence quenching (Figure 2G) suggests that acidic pH presumably triggers a conformational change in
LmPAS-PGK that stimulates the catalytic activity of the PGK domain. Full-length proteins at pH 5.5 and Δ115
LmPAS-PGK proteins at pH 7.5 showed that both proteins follow standard Michaelis–Menten kinetics with
respect to both of its substrates (3PGA and ATP) (Figure 2H,I). The KM and kcat values of full-length as well as
Δ115 protein at both pH 5.5 and 7.5 were compared in Table 1. The KM values for ATP of the full-length
protein (118 mM at pH 5.5 and 150 mM at pH 7.5) were very similar to Δ115 LmPAS-PGK proteins (110 mM
at pH 5.5 and 137 mM at pH 7.5). The KM values for 3PGA of the full-length proteins (661 mM at pH 5.5 and
540 mM at pH 7.5) were comparable with Δ115 LmPAS-PGK proteins (630 mM at pH 5.5 and 520 mM at pH
7.5). These results demonstrated that its PAS domain did not affect the KM values of both the substrates. The
acidic pH 5.5 significantly enhances catalysis of the full-length enzyme (3.5 s−1) compared with the PAS
domain deleted enzyme (1.4 s−1), whereas the neutral pH 7.5 significantly inhibits the enzymatic activity of the
full-length protein (1.3 s−1) compared with the PAS domain deleted protein (2.7 s−1). These results suggest that
the N-terminal PAS domain is not directly involved in substrate binding yet it is responsible for pH-dependent
activation. In the aspect of molecular mechanism of the catalysis, the enzymatic reaction of PGK briefly consists
of the following events [37]. PGK exists in an ‘open’ conformation in the absence of both substrates
(1,3-bisphosphoglycerate/3-phosphoglycerate and ADP/ATP). Upon binding of both the substrates, an exten-
sive hinge-bending motion occurs, and this leads to closure of the two domains of PGK. Then, the
β-phosphate of ADP initiates a nucleophilic attack on the 1-phosphate of 1,3-BPG by the help of Lys 219
(TbPGK) during the forward glycolytic reaction. The autoinhibiting PAS domain at neutral pH 7.5 may inter-
fere with the substrate-induced domain closing, which can be the possible reason behind of lower catalytic
activity.

Subcellular localization of LmPAS-PGK
Since the PGK activity of LmPAS-PGK is optimum at acidic pH, it raises the question of whether the mature
proteins localize in acidic organelles of cells. It is well established that glycolytic enzymes are targeted to the

Table 1 Catalytic activities of full-length and Δ115 LmPAS-PGK proteins
The catalytic activities were determined at 25°C as described under ‘Materials and Methods’. The values represent the mean
and standard deviation for three measurements each.

Enzyme

Catalytic activity parameters

pH 5.5 pH 7.5

KM (mM) kcat (s
−1) KM (mM) kcat (s

−1)

ATP 3PGA ATP 3PGA ATP 3PGA ATP 3PGA

LmPAS-PGK 118 ± 4 661 ± 19 3.5 ± 0.09 3.7 ± 0.2 150 ± 5 540 ± 29 1.3 ± 0.05 1.33 ± 0.1

Δ115 LmPAS-PGK 110 ± 7 630 ± 22 1.4 ± 0.1 1.5 ± 0.2 137 ± 7 520 ± 22 2.7 ± 0.09 2.8 ± 0.16
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mitochondrial matrix [38], peroxisomes [39], lysosomes [40], and flagella (or cilia) [39,41,42]. To find out the
localization of the mature LmPAS-PGK protein, homogenates of RFP/CPB (N-terminal RFP tag-CPB) and
FLAG-VP1 (N-terminal FLAG tag-vacuolar proton pyrophosphatase 1) overexpressing L. major cells were frac-
tionated by differential centrifugation. Different subcellular fractions were examined by Western blotting with
anti-LmPAS-PGK antibody (Figure 3A). Western blot results showed that the LmPAS-PGK protein band was
recovered from both glycosomal and lysosomal fractions, where the glycosomal LmGAPDH and lysosomal
CPB (as a marker protein) were concentrated (Figure 3A), suggesting that the enzyme is localized in both the
glycosome and the lysosome of Leishmania. On the other hand, the LmPAS-PGK protein band was absent
from the cytosol, mitochondria and acidocalcisome fractions, where the cytosolic ADK, mitochondrial APX
and acidocalcisomal vacuolar proton pyrophosphatase 1 (VP1) (as a marker protein) were concentrated
(Figure 3A). To confirm this observation, the full-length RFP tag LmPAS-PGK fusion in L. major promasti-
gotes were costained with rabbit anti-LmGAPDH (glycosome-specific protein) as primary antibody and Alexa

Figure 3. Localization by Western blotting and immunofluorescence.

(A) Subcellular localization was performed using RFP/CPB and FLAG-VP1 overexpression cells. Lanes: 1, cell lysate; 2, cytosolic; 3, glycosomal; 4,

mitochondrial; 5, lysosomal and 6, acidocalcisomal fraction. ADK, GAPDH, APX, CPB/RFP (anti-RFP antibody used) and vacuolar proton

pyrophosphatase 1/FLAG (VP1) (anti-FLAG antibody used) were used in the subcellular fractions as cytosolic, glycosomal, mitochondrial, lysosomal

and acidocalcisomal markers, respectively. (B) LmPAS-PGK-RFP overexpressed promastigotes were colocalized with L. major GAPDH (Alexa Flour

488 secondary antibody) (glycosomal marker). (C) LmPAS-PGK-RFP overexpressed promastigotes were colocalized with lysotracker green (acidic

organelles-specific dye). (D) RFP/LmCPB (lysosomal marker) overexpressed promastigotes were colocalized with LmPAS-PGK (Alexa Flour 488

secondary antibody). (E) FLAG/LmVP1 (Alexa Fluor 546 secondary antibody) (acidocalcisomal marker) overexpressed promastigotes were not

colocalized with LmPAS-PGK (Alexa Flour 488 secondary antibody). (F) LmPAS-PGK-RFP overexpressed promastigotes were colocalized with

MitoTracker green (mitochondria-specific dye). (G) Measurement of the activity of marker proteins in the acidocalcisomal (AC) and mitochondrial

(Mito) fractions. Pyrophosphatase and APX were used as acidocalcisomal and mitochondrial markers, respectively. Triton X was used as a

membrane solublizing agent. The activity data are representative of three independent experiments.

© 2019 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society1314

Biochemical Journal (2019) 476 1303–1321
https://doi.org/10.1042/BCJ20190041



Fluor 488-conjugated anti-rabbit secondary antibody (Figure 3B). When the images were superimposed
(Figure 3B), the co-localization of LmPAS-PGK with the glycosome-specific protein was observed in L. major
cells. To further investigate the consequence of association of glycosomes with the acidic compartments, L.
major cells were costained with DAPI (DNA-specific fluorescence dye) and LysoTracker (acidic organelle-
specific fluorescence dye) and fixed on the slide (Figure 3C). When the images were superimposed (as shown
in Figure 3C), the co-localization with LysoTracker was observed in L. major cells (Figure 3C). There are two
acidic compartments in a Leishmania cell namely the lysosome and the acidocalcisome. Thus, it may localize
in one of them or both the organelles. To examine the LmPAS-PGK localization in the lysosome, the full-
length RFP tag LmCPB (lysosome-specific protein) fusion in L. major promastigotes were costained with rabbit
anti-LmPAS-PGK as primary antibody and Alexa Flour 488-conjugated goat anti-rabbit antibody as secondary
antibody (Figure 3D). When the images were superimposed (Figure 3D), the co-localization of LmPAS-PGK
with the lysosome-specific protein was observed in L. major cells. To investigate LmPAS-PGK localization in
the acidocalcisome, the full-length FLAG tag LmVP1 (acidocalcisome-specific protein) fusion in L. major pro-
mastigotes were costained with a mixture of anti-rabbit PAS-PGK antibody and anti-mice FLAG antibody as
primary antibody, and a mixture of Alexa Flour 488-conjugated goat anti-rabbit antibody and Alexa Flour
546-conjugated goat anti-mice antibody as secondary antibody (Figure 3E). When the images were superim-
posed (Figure 3E), the co-localization of LmPAS-PGK with the acidocalcisome-specific protein was not
observed in L. major cells indicating that LmPAS-PGK is absent from the acidocalcisome. To investigate
LmPAS-PGK localization in the mitochondria, L. major cells were costained with DAPI and MitoTracker green
(mitochondria-specific fluorescence dye) and fixed on the slide (Figure 3F). When the images were superim-
posed (as shown in Figure 3F), the co-localization with MitoTracker was not observed in L. major cells
(Figure 3F). Since the LmPAS-PGK is absent from the acidocalcisome as well as in the mitochondria, it raises
the question of whether purified organelles were intact during their isolation. To verify that we measured the
organelles-specific enzymatic activity with and without 0.5% Triton X-treated purified acidocalcisome and
mitochondria (Figure 3G). The enzymatic activity of Triton X-treated organelles was higher than Triton
X-untreated organelles. Thus, the absence of PAS-PGK in the acidocalcisome as well as in the mitochondria is
not due to breakage and release of luminal contents. Although LmPAS-PGK contains the predicted C-terminal
glycosomal tri-peptide (PKL) signal sequence, yet the enzyme is present in the lysosome as well as in the glyco-
some. The question immediately arises as to how this protein is translocated to the lysosome. One possibility is
that it may be trafficked to the lysosome from glycosome via pexophagy (fusion of glycosomes with acidic lyso-
somes). However, towards the C-terminal end of the PAS-PGK (before glycosomal sorting signal), there is one
post-Golgi-sorting motif 504FLELL508 (Figure 1) (two reminiscent overlapping amino acid sequences: a classical
dileucine base motif and tyrosine-based motif ). Several groups of researcher have already shown that these
types of motif in proteins are required for lysosomal translocation [43–45]. Therefore, the other possibility is
that this post-Golgi-sorting motif 504FLELL508 might be responsible for lysosomal localization.

Characteristics of OE, CT, CM and KO cells
To investigate the LmPAS-PGK function in L. major, a gene replacement technique was used (Figure 4). PCR
analysis with genomic DNA and Western blotting confirmed that the resulting cells no longer expressed
LmPAS-PGK (Figure 4B–D). To investigate whether the growth rate of null mutants is similar to that of CT,
CM or OE cells, microscopic viable cell counting analysis was performed (Figure 5A). The growth curve
showed that the KO population had a slower growth rate compared with CT, CM or OE promastigotes. Flow
cytometry (Figure 5B) studies suggest that KO cells had 5-fold (∼22.1%) more dead cells (PI-positive cells)
than the CT (4.3%), CM (5.1%) and OE (4.0%) cells within 4 days of incubation period. These results explain
why the growth rate of CT, CM or OE cells is higher than that of the KO cells. When the percentage of dead
cells among KO, CT, CM and OE cells were measured at various durations of culture media, a significant
amount of dead cells found in KO culture compared with CT, CM or OE cells at longer durations of culture
media (Figure 5C). These results indicate that PAS-PGK may have a protecting role under unfavorable growth
conditions (like nutrient stress, acidic pH or toxic metabolite). Scientists have shown that glucose starvation
leads to the lowering of glycosomal pH to around pH 6.6 in T. brucei [46,47]. This slightly acidic pH may be
necessary to inactivate certain proteins in glycosome for slowing down the cell growth and activate some of the
essential proteins required for survival under starvation. The acidic pH sensitive LmPAS-PGK may supply ATP
required by these beneficial pathways under glucose starvation and thus can help in the survivability of
Leishmania. Hence, LmPAS-PGK can synthesize ATP in the glycosome as well in the acidic lysosome. To test
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this hypothesis, we measured the ATP concentration in cell lysate. Like LmPAS-PGK expression, the order of
ATP accumulation was OE > CT = CM > KO cells (Figure 5D). Due to the impermeability of ATP in the glyco-
some, the ATP molecules that are consumed by hexokinase and phosphofructokinase in the upstream of the
glycolytic pathway are to be regenerated inside the glycosomes through the activities of different glycosomal
kinases in the downstream of the pathway. The L. major genome has six ATP producing glycosomal kinases
inside the organelle i.e. PGK isoform C (LmjF.20.0100), isoform PAS-PGK (LmjF.30.3380), phosphoenolpyru-
vate carboxykinase (LmjF.27.1805 and LmjF.27.1810), glycerol kinase (LmjF.35.3080) and pyruvate phosphate

Figure 4. Targeted gene replacement of LmPAS-PGK alleles.

(A) Schematic representation of the LmPAS-PGK locus and the plasmid constructs used for gene replacement. DHFR denotes dihydrofolate

reductase. (B) Agarose gel analysis of PCR-amplified products of LmPAS-PGK gene. Lane 4 shows the molecular mass marker, lanes 1 and 5, 2

and 6, and 3 and 7 correspond to PCR with genomic DNA from CT, +/− heterozygous mutants, and KO mutants, respectively, with primers external

(lanes 1–3) and internal (lanes 5–7) to the LmPAS-PGK gene. The expected size of the LmPAS-PGK, NEO, and HYG gene PCR product are 3.58,

5.3 and 5.7 kb, respectively. Internal forward and reverse primers were generated from positions 345 and 1584 bp of the gene, respectively. The

expected size of the PCR product is 1239 bp. (C) L. major lysate was used for Western blotting. Western blot results using rabbit anti-LmPAS-PGK

and mouse anti-tubulin antibody are shown. (D) Bar diagram depicting the percentage of band intensities in the Western blot. Band intensity was

quantified by ImageJ software (NIH). CM denotes complement cell lines.

Figure 5. Functional characterization of LmPAS-PGK.

(A) The growth curves of CT, OE, CM (complement cell) and KO cells. (B) Cell viability of CT, OE, CM and KO cells after 4 days of incubation period

as measured by flow cytometry using propidium iodide (Exλ = 488 nm, Emλ = 617 nm). (C) % of cell death among CT, OE, CM and KO cells at

various time of incubation period. (D) Comparative studies of ATP content among CT, OE, CM and KO cells lysate. (E) Comparative studies of free

lactate (end product of glycolysis) among CT, OE, CM and KO cells media. 2-deoxy D-glucose (2DG) used as inhibitor of glycolysis. All assays were

done in three independent experiments and data represent mean ± SD. (F) The percentage of macrophages infected with CT, OE, CM and KO

parasites. For each time point, 200 macrophages were counted. (G) The number of Leishmania within each infected macrophage was counted. For

each time point and cell type, 200 infected macrophages were analyzed. (H) Infection in BALB/c mice. Footpad swelling of CT, OE, CM and KO

were observed for the three groups (15 mice/group). (I) Parasite burden in the footpad after 6 weeks of post-infection in CT, OE, CM and KO cells. *

denotes P < 0.05.
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dikinase (LmjF.11.1000). These kinase activities are essential in trypanosomes because compartmentalization of
glycolysis inside the glycosomes is essential for preventing a lethal turbo-explosion of glycolysis [48–50]. Our
knockout studies suggest that PAS-PGK participates ∼7% of total ATP (Figure 5D). The question immediately
arises as to why 93% ATP synthesis is not affected in KO cells. The possibility is that another PGK isoform C
and other kinases may play an important role in glycosomal ATP synthesis in the absence of LmPAS-PGK.
Next, we have measured glycolytic flux in KO cell line and compared with CT, CM and OE cell lines
(Figure 5E). Since glycolytic flux is directly proportional to lactate production from glucose we have measured
the concentration of lactate (the end product of glycolysis) released into the culture medium in the presence or
absence of 2-deoxy D-glucose. OE cells show 20% higher lactate production than CT or CM cell lines but KO
cells produce 15% lower lactate than CT or CM cell lines (Figure 5E). These data suggested that the PAS-PGK
might have an important role in glycolytic flux.
Macrophages are the host cells for L. major promastigotes, therefore, we focused on the interaction of pro-

mastigotes with the macrophages. We investigated to what extent KO, CT, CM and OE cells were phagocytosed
by the macrophages. The internalization rates of the KO promastigotes were similar to CT, CM and OE cells
(Figure 5F). However, after phagocytosing the KO promastigotes, most of the infected macrophages did not
have the KO parasites after 72 h of incubation. These data from the KO parasites suggested that the parasites
were killed more easily inside the macrophages. In addition, the percentage of macrophages infected with OE
increased significantly (Figure 5G). Similarly, we found that KO cells could not develop a severe disease, with
an earlier onset of footpad necrosis, compared with CT or CM promastigotes (Figure 5H). These data were
confirmed by the OE promastigotes, showing increased virulence in vivo infection model. The result of parasite
burden during 6-week post-infection indicated that KO parasites, compared with CT or CM, had about 2-fold
less parasite burden (Figure 5I) in 1 mg of footpad tissue. These findings indicated that the gene in parasites
has some role in disease development in macrophages or mice.
The immediate question that comes is what mechanism is apparently involved in the disease development

during infection. Recently, a group of researcher showed that human PGK1 has two additional functions other
than ATP generation in cancer. One is the mitochondria-translocated PGK1 activates pyruvate dehydrogenase
kinase 1 and inhibits mitochondrial pyruvate utilization to increase glycolytic production [51]. The other func-
tion is the phosphorylation of Beclin1 by PGK1 to induce autophagy [52]. Neither Leishmania gene database
has Beclin1 gene nor the PAS-PGK translocates to the mitochondria. It is well known that the lysosomal dys-
function results in impaired autophagy [53]. The glycosomal and lysosomal localization of LmPAS-PGK, the
regulation of glycolytic flux by this protein and protecting the role of this enzyme against old aged culture raise
the question of whether this protein has any important function in autophagy. To find out the role of
PAS-PGK in the induction of autophagy, we measured the degree of autophagosome formation (autophagic
vacuoles) in OE, CT, CM and KO cell lines under normal and nutrient stress conditions by autophagy detec-
tion kit, RFP/ATG8 distribution, and ATG8-PE generation as the marker of autophagosome. Bright green
fluorescence in the FITC filter is observed when the novel dye supplied with the autophagy detection kit
(Abcam) selectively labels the autophagic vacuoles. Flow cytometry (Figure 6A) and microscopic (Figure 6B,C)
studies demonstrated that the number of autophagosomes increased in KO cells compared with CT, CM or OE
cells (Figure 6A–C) under both normal and nutrient stress conditions. These data were supported by RFP/
ATG8 overexpression system, where the expression of N-terminally RFP-fused ATG8 in L. major facilitated the
monitoring of autophagy by using fluorescence microscopy to detect the presence of RFP-labelled puncta (a
marker for tracking autophagosome formation). KO cells showed that the percentage of parasites with puncta
and the number of puncta per cell increased with respect to CT, CM or OE cells in mid-logarithmic phase of
growth (Figure 6D,E). Autophagosomes of L. major cells are frequently quantified by the amount of conversion
of ATG8 to membrane-bound ATG8-PE. Conversion of RFP/ATG8 to membrane-bound RFP/ATG8-PE in KO
cells was confirmed through immunoblot with anti-RFP antibody. The expression of RFP/-ATG8-PE in KO
cells was ∼3-fold higher than CT or CM cells whereas OE parasites showed lower expression of ATG8-PE
when compared with CT or CM parasites (Figure 6F). Bafilomycin A1 and wortmannin, two well-known inhi-
bitors of autophagy, were used as control while studying the distribution of RFP/ATG-PE. Bafilomycin A1 inhi-
bits the fusion of autophagosome and lysosome leading to the accumulation of autophagosomes whereas
wortmannin prevents the autophagosome formation. Similarly, bafilomycin A1-treated cells showed higher
amount of RFP/ATG-PE expression whereas wortmannin prevents the RFP/ATG-PE expression in all type of
cell lines. Altogether, these data suggest that the LmPAS-PGK can regulate autophagosome formation in
Leishmania promastigotes.
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Conclusion
These data unequivocally demonstrate that PAS-PGK act as an acidic PGK. On the basis of physiological func-
tion, PAS-PGK proteins constitute a previously unknown class of PAS-containing protein that differ signifi-
cantly from the known PAS-containing protein sensors like histidine and serine/threonine kinases,
chemoreceptors and photoreceptors, clock proteins, voltage-activated ion channels, cyclic nucleotide phospho-
diesterases, regulators of hypoxia responses, and modulators of embryological development, etc. [7]. Our results
suggest that the N-terminal domains of PAS-PGK act as a regulator for showing optimum PGK activity at
acidic pH. The acidic pH presumably triggers a conformational change that relieves the PAS domain induced
inhibition from the C-terminal catalytic PGK domain, resulting in the synthesis of the optimum level of ATP,

Figure 6. Role of LmPAS-PGK in autophagy.

(A) Autophagic flux measurement of the CT, OE, CM and KO cells under normal and stressed conditions by flow cytometry using autophagy

detection kit (Exλ = 488 nm, Emλ = 517 nm). St denotes stressed conditions (glucose starvation). (B) The same samples as (A) were visualized by

fluorescence microscopy. (C) The same images as (B) in brightfield background. (D) Formation of RFP/ATG8 puncta in CT, OE, CM and KO cells

under normal and stressed conditions using fluorescence microscope. (E) The same images as (D) observed in brightfield background. (F) Western

blot analysis of RFP/ATG8 using anti-RFP antibody detecting both RFP/ATG8 and RFP/ATG8-PE. Wortmannin and bafilomycin A1 were used as

controls. Bafilomycin A1 (inhibitor of the late phase of autophagy) and glucose starvation induced autophagosome formation in parasites was also

confirmed by the increased expression of the ATG8-PE. Inhibitor of early phase of autophagy, wortmannin, was found to inhibit the autophagosome

formation in KO parasites.
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which then associates with the lysosomal function and cell survival. The unusual presence of the PAS domain
on the N-terminal of the LmPAS-PGK makes it unique from all the other known PGKs.
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