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Abstract 
 

The mitochondrial F-type ATP synthase (F-ATPase), a multisubunit nanomotor, is 

critical for maintaining cellular ATP level. In Toxoplasma gondii and other apicomplexan 

parasites many subunits required for proper assembly and functioning of this enzymes are 

appears to be missing in these parasites. Despite missing crucial subunits, the functionality of 

F-ATPase is established in apicomplexan parasites, indicating that novel proteins are probably 

associated with the complex to make it functional. Here, we characterize the subunit 

composition of mitochondrial F-ATPase enzymes in apicomplexan parasite T. gondii. We have 

partially purified and enriched the F-ATPase enzymes complex from detergent solubilized 

mitochondrial lysate using three different approaches - Blue Native PAGE, 

immunoprecipitation and by combination of ion exchange and gel filtration chromatography. 

Using mass spectrometry based proteomic analysis on partially purified ATP synthase 

complex, we have identified 20 novel subunit components of T. gondii F-ATPase. These 

studies also confirmed that the enzyme complex is present in monomeric (~600 kDa) and 

dimeric (>1 MDa) forms, as previously reported in other eukaryotes. Despite the extreme 

sequence diversification, conserved structure analysis helped in identification of missing key 

FO subunits a, b and d, which are necessary for assembly and function of the complex. Notably, 

orthologs of these novel subunits of T. gondii F-ATPase are present in all apicomplexan 

parasites, except in Cryptosporidium species lacking a true mitochondrion. Interestingly, these 

proteins are also conserved in other alveolate species, such as the chromerids and 

dinoflagellates, suggesting an ancient origin for these proteins. Further the structural and 

functional characterization of these highly divergent novel components of F-ATPase will 

facilitate the fundamental understanding of energy metabolism and development of novel 

antiparasitic agents against apicomplexan parasites. 

Keyword: F-type ATP synthase, Apicomplexa, T. gondii, mass spectrometry. 
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Introduction 

Introduction: 

The Alveolata infrakingdom is a monophyletic group of single celled eukaryotes which 

inhabit ecologically diverse niches. Alveolata is a sister group of stramenopiles which contain 

diatom algae, kelps and parasitic oomycetes. All alveolates have typical conserved structure, 

like presence of tubular mitochondria and a single membrane cortical alveolae present below 

the plasma membrane [1, 2]. This infrakingdom consists five diverse phyletic groups called 

Ciliates, Dinoflagellates, Colpodellidae, Chromerida and Apicomplexa. These organisms are 

adapted to extremely diverse mode of nutrition, from phototrophy (fixing carbon and producing 

energy via photosynthesis) to heterotrophic (either predator or parasite lifestyle for obtaining 

carbon and energy). 

Ciliates are heterotrophic protista that consist of Tetrahymena and Paramecium, the 

important members of the microbial food webs. The majority of ciliates are free-living 

predators. Dinoflagellates are another important subgroup within the alveolate infrakingdom, 

which are photosynthetic as well as heterotrophic and present in all types of ecosystem [1]. 

Colpodella are free-living flagellated predators which mainly feed on other smaller free-living 

protist by penetrating their cell membrane and consuming the prey’s cytoplasm [3]. Colpodella 

are closely related to parasitic apicomplexan and are of phylogenetic importance with respect 

to the evolution of apicomplexan species. Chromerida are photosynthetic algae and are the 

closest free-living relatives of apicomplexan parasites [4].   

Apicomplexa is the only alveolate phylum in which all known species are exclusively 

parasitic in nature. These parasites are known to infect a variety of animal hosts, including 

humans, and thus impose significant medical and economic burden on human and animal 

welfare across the world. This phylum includes many thousands of protozoan parasites, 

including a few notorious ones like the Plasmodium sp., which are causative agents of malaria, 
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Introduction 

Eimeria sp., which are important poultry parasites, Theileria sp., which cause theileriosis in 

cattle, Cryptosporidium sp., which cause cryptosporidiosis, and the sister parasites Neospora 

canium and Toxoplasma gondii which are responsible for neosporosis and toxoplasmosis in 

humans and animals. The majority of apicomplexan parasites show small host range to 

complete their life cycle, while the promiscuous parasite T. gondii can infect all nucleated cells 

in all warm blooded animals, and has significant impact on human and animal health [5]. T. 

gondii has been used as the model organism of choice for carrying out this thesis related 

research work. 

The apicomplexan parasite Toxoplasma gondii 

T. gondii is an obligate intracellular protozoan parasite, one of the most widespread 

parasite in the world from apicomplexan phylum [6].  It is estimated that approximately one-

third of human population is infected by T. gondii worldwide [6]. The majority of T. gondii 

infection is chronic and asymptomatic, and recrudescence and fatal pathogenesis can occur in 

severe disease condition like in immunocompromised individual, or in case of congenitally 

infected children [6]. To complete its life cycle, T. gondii has to pass through a feline host 

(Figure-1). Despite having the broad mammalian host range, only feline species act as 

definitive hosts and support the sexual differentiation and development of T. gondii [7]. Sexual 

differentiation happens when the bradyzoite form of the parasite enters the gut environment of 

an immunologically naïve feline host (i.e., previously uninfected by T. gondii), and converts 

into gametes. The union of male and female gametes happen in the gut epithelial cells, resulting 

in the formation of diploid oocyst. The unsporulated oocysts are further shed into the 

environment along with feces, and have the ability to stay for extended time periods in the 

environment. These unsporulated oocysts then undergo meiosis in the environment to produced 

infectious sporozoites contained within the sporulated oocysts. Food and water contaminated 

with sporulated oocysts are major source for T. gondii infection in intermediate hosts like 
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humans and other animals, where the parasites undergo asexual proliferation and 

differentiation [8]. In addition, direct infection from tachyzoites and bradyzoite tissue cyst 

stages can occur when infected meat containing the parasite is consumed susceptible host. In 

humans this can happen when they consume undercooked meat containing tissue cysts.  

  

 

 

  

 

 

 

 

 

 

 

 

 

Figure-1: Schematic representation of life cycle of T. gondii. The life cycle of T. gondii occurs between feline 

and other intermediate host. The oocysts are shed by definitive host (feline species), which sporulate in the 

environment and lead to acute infection in the intermediate host before the immune system force the parasite to 

convert into dormant bradyzoite form. Bradyzoites mainly present in muscle and neuronal cell types. The life 

cycle is completed when felines feed on infected animal meat containing tissue cysts. Adapted from [8]. 
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In the intermediate hosts, T. gondii parasites are present in two different forms called 

tachyzoite and bradyzoite stages. Tachyzoite stage is a highly replicative stage and is the 

virulent form of the parasite, which is responsible for acute infection and disease severity [6].  

On the other hand bradyzoites are latent and slow growing forms [9], mainly present in muscle 

and neuronal cells. They have a protective cyst wall and are responsible for chronic infection. 

The bradyzoite form is reactivated into tachyzoite form in immunocompromised individuals 

resulting in severe disease condition [6, 7].  Being a highly replicative and virulent form, 

tachyzoites exhibit robust carbon and energy metabolism, which is probably distinct from the 

metabolic activity seen in bradyzoites. Being an obligate intracellular parasite, T. gondii is 

dependent on scavenged nutrients from the host for metabolic sustenance. 

Carbon acquisition, metabolism and energy production in T. gondii 

T. gondii and all apicomplexan parasites present inside a protective vacuole inside the 

host cell called as the parasitophorous vacuole, which serves as a selective barrier and protects 

the parasite from lysosomal degradation and exposure to host immune system. It also act as 

molecular sieve, allowing the diffusion of small molecules from host cell to parasite like amino 

acids, sugars and nucleotides [10]. The hexose sugar glucose is a very important and vital 

source of carbon and energy for the highly replicative and virulent tachyzoite stage of the 

parasite. Glucose scavenged by T. gondii is catabolized sequentially via the glycolytic pathway 

into pyruvate, which yields 2 moles of ATP per mole of glucose oxidized. Glycolysis supports 

bulk production of ATP in T. gondii and other apicomplexan parasites [11], and the pyruvate 

produced is mainly converted into lactic acid in the cytosol. Alternatively, pyruvate is also 

converted into acetyl CoA in the mitochondria, but unlike in most eukaryotes where this 

conversion is mediated by pyruvate dehydrogenase, in apicomplexan parasites it is mediated 

by the branched chain ketoacid dehydrogenase (BCKDH) enzyme [12]. The canonical pyruvate 

dehydrogenase (PDH) enzyme, which converts pyruvate into acetyl CoA, is absent in the 
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mitochondrion of apicomplexan parasites, and instead is present in the apicoplast organelle 

[13-15]. Glycolysis is important for the lytic cycle of T. gondii [16], and reallocation of the 

glycolytic enzymes to the periphery of the cell happens when the parasites are extracellular, 

presumably to localize ATP production [17]. Despite the importance of glycolysis as a quick 

source of ATP, glucose is not an essential nutrient for T. gondii. For example the glucose 

transporter 1 (Tg-Δgt1) which facilitates glucose transport into the parasite is dispensable [18], 

similarly the hexokinase enzyme, which catalyzes the first step in glycolysis is also dispensable 

[19]. Another glycolytic enzyme, aldolase, is also dispensable in T. gondii [20]. While in case 

of Plasmodium sp., the causative agent of malaria, the hexose sugar transporter is essential for 

parasites survival [21]. It was also observed that in the absence of glycolysis, T. gondii 

tachyzoites are able to maintain their cellular ATP homeostasis, likely via mitochondrial 

oxidative phosphorylation. The reducing equivalents produced in the parasite mitochondrion 

from the oxidation of pyruvate and glutamate via the tricarboxylic acid cycle (TCA) cycle are 

used to power the mitochondrial respiration, which is in turn coupled to ATP synthesis by 

complex V, also called the F-type ATP synthase. 

Mitochondrial metabolism in apicomplexan parasites 

Mitochondria are primary endosymbiotic organelles derived from α-proteobacteria and 

are present in almost all eukaryotes [22]. They are called the power house of the cell and are 

the hub for various metabolic processes in eukaryotic cells, such as ATP synthesis, various 

oxidative metabolic functions, biogenesis of iron sulfur cluster, amino acid metabolism, and 

heme biosynthesis, coenzyme A biosynthesis etc... They are primarily involved in catabolism 

of amino acids, carbohydrates, fatty acids and intracellular ion regulation [23]. The TCA cycle 

is the conserved pathway present in the mitochondrion via which the metabolites derived from 

catabolism of amino acid, carbohydrates and lipids are oxidized resulting in the formation of 

NADH,H+ and FADH2 as a reducing equivalents. It also provide anabolic precursor for 
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biosynthesis of various molecules [24-25]. Comparative genomics studies of various 

apicomplexan parasites, including T. gondii, and other alveolate organisms reveals the presence 

of a complete set of TCA cycle enzyme across the alveolate infrakingdom, except in case of 

Cryptosporidium sp., which lack a true mitochondrion [26-27].  

 

 

 

 

 

 

 

 

 

 

 

Figure-2: Schematic representation of pathways to produce acetyl-CoA in the mitochondrion. In green are 

pathways specific to T. gondii and in red pathways common to T. gondii and Plasmodium spp. Adapted from [12] 

Despite the absence of a canonical PDH in the mitochondria of apicomplexan parasites, 

the fully functional TCA cycle has been observed in T. gondii and Plasmodium sp [28, 29]. 

The mitochondrial BCKDH, a multi-subunits enzyme complex, was shown to convert pyruvate 

into acetyl CoA in T. gondii and Plasmodium species (Figure -2) [12]. In the absence of glucose 

as carbon source in T. gondii, glutaminolysis act as carbon and ATP source [28]. The glycolytic 
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intermediate required for parasite in the absence of glucose is produced by gluconeogenesis. 

The gluconeogenesis enzymes phosphoenolpyruvate carboxykinase (PEPCK) present in the 

mitochondria, converts oxaloacetate, a TCA cycle intermediate, into phosphoenolpyruvate, a 

glycolytic intermediate [30]. PEPCK is not essential for T. gondii in presence of glucose, while 

it is essential only in glucose-deprived condition where mitochondrial glutaminolysis is the 

only source of carbon and energy [19, 31].  Surprisingly despite the operation of TCA cycle in 

asexual blood stage P. falciparum, many TCA cycle enzymes are dispensable for normal 

growth of the parasite. However, the parasites with TCA cycle knockout could not progress 

into sexual development within mosquitos, indicating the important of TCA cycle for life cycle 

completion [29, 32]. In summary, the functionality of TCA cycle is important for survival of 

apicomplexan parasites. During the operation of TCA cycle, reduced cofactors such as NADH, 

H+ and FADH2 are produced, which are oxidized in mitochondria by the component of electron 

transport chain and contribute to the maintenance of the proton gradient across the inner 

mitochondrial membrane. This proton gradient is then used for production of ATP by complex 

V (F-type ATP synthase) by a process called as oxidative phosphorylation. 

Mitochondrial electron transport chain (mETC) in apicomplexan parasites 

The reduced cofactors NADH, H+ and FADH2 produced by TCA cycle in T. gondii, are 

oxidized by the mitochondrial electron transport chain (mtETC), which results in the sequential 

transfer of electron through a series of multi-subunit protein complexes to molecular oxygen. 

Typically, the mtETC is comprised of four different complexes – I, II-III & IV, each of which 

sequentially accepts and transfers the electrons. Complex I or complex II split hydrogen 

donated by reduced cofactors into H+ and electron. The H+ is pumped across the inner 

membrane and into the inter-membrane space to establish the proton gradient, while the 

electron is passed on to ubiquinone, a lipophilic molecule. The reduced ubiquinone donates the 

electron to complex III or cytochrome c reductase. The cytochrome c protein facilitates the 
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transfer of electron from complex III to complex IV (cytochrome c oxidase), subsequently 

leading to reduction of molecular oxygen to H2O.  Complex IV also pumps protons across the 

intermembrane space, thus contributing to establishing the proton motive force (pmf) across 

the inner membrane space and associated transmembrane potential. The pmf and associated 

transmembrane potential is used by F-type ATP synthase complex to produced ATP from ADP 

and inorganic phosphate (Pi) [33, 34].  

Among apicomplexan parasites, mitochondrial metabolism, especially electron 

transport chain and associated functions are well studied in Plasmodium sp. and T. gondii [35-

37]. Comparative genomics studies have revealed that apicomplexan parasites possess most 

components of a canonical mtETC, except complex I (Figure-3) [26-27, 38-39]. The canonical 

complex I is a multimeric transmembrane protein complex, which transfers electrons from 

reduced NADH2 to ubiquinone while pumping protons across the inner membrane, into the 

inner membrane space. Complex I is sensitive to rotenone, an inhibitor of mtETC.  Instead of 

the canonical multimeric complex I, apicomplexan parasites possess a single protein, non- 

 

   

 

 

 

 

 

Figure-3: Schematic representation of the electron transport chain in the apicomplexan parasites.  
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proton pumping complex I called as the type-II NADH dehydrogenase, which is also present 

in plants and fungi.  

The type II NADH dehydrogenase lacks the transmembrane domain, is present as a 

peripheral membrane protein on the matrix side of the mitochondrial inner membrane and is 

insensitive to rotenone [40-43]. The presence of a type II NADH dehydrogenase is not unique 

to apicomplexan parasites; in fact the entire alveolate clade, except for ciliates, which are basal 

to all other alveolates, possess the type II NADH dehydrogenase enzyme [26]. In T. gondii and 

many other coccidian parasites such as Neospora and Eimeria, two or more genes encoding 

this enzyme are present, while other apicomplexan parasites possess only a single copy of this 

enzyme [39, 44]. It is reported that 1-hydroxy-2-dodecyl-4-(1H) quinolone (HDQ), a quinolone 

like compound identified as an inhibitor of the yeast type-II NADH dehydrogenase enzyme, 

also inhibits the enzyme activity in P. falciparum  and T. gondii [44]. Also the type II NADH 

dehydrogenase enzyme is dispensable in asexual stage of P. berghei while the sexual 

development is affected [45]. The two isoforms of this enzyme are each individually 

dispensable in T. gondii and the KO parasites exhibit only a modest fitness defect. Interestingly, 

complementing the individual KOs with the other isoform could not reverse the fitness defect 

and restore normal growth, indicating that they may be functionally non-redundant [46].   

Complex II of the mtETC is the succinate dehydrogenase enzyme, which is also 

associated with the TCA cycle. Complex II transfer electron from FADH2 to ubiquinone and 

the apicomplexan enzyme is orthologous to other eukaryotic enzymes. In addition to Complex 

I and II enzymes, other dehydrogenases such as the dihydroorotate dehydrogenase (DHODH), 

Malate:quinone oxidoreductase (MQO) and glycerol-3-phosphate dehydrogenase are also 

capable of directly reducing oxidized ubiquinone.  

Complex III, also called the cytochrome bc1 complex, is an essential component of  
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mtETC, which is responsible for oxidizing the reduced ubiquinone by transferring the electron 

from reduced ubiquinone to cytochrome c protein via the Q cycle [47-48]. In apicomplexan 

parasites, complex III activity is the first major mechanism by which the proton gradient and 

associated membrane potential across the mitochondrial inner membrane is established. 

Complex III contains three main catalytic domains called the Rieske iron sulfur protein, 

cytochrome c1, and cytochrome b. The mitochondrial genome encoded cytochrome b subunit 

is a target for the antimalarial drug atovaquone [49-50]. Other compounds such as pyridones 

and endochin like quinolones [51-52] also inhibit complex III in apicomplexan parasites.  

Structural studies on P. falciparum cytochrome b indicate that atovaquone binds to the 

Qo site of the protein, which can block the regeneration of oxidized ubiquinone necessary for 

accepting the electron from reduced substrates [53]. However cytochrome b mutations are 

known to confer resistance to atovaquone in blood stage P. falciparum. Interestingly, these 

mutations appear to compromise cytochrome b function resulting in arrested sexual 

development of the parasite in the mosquito [54], while blood stage parasites appear to have 

normal growth. This agrees with the fact that glycolysis is the main source of ATP for blood 

stage parasites, while mitochondrial oxidative phosphorylation is the main source of ATP in 

the mosquito where glucose can be limiting. 

Next the component of the mtETC is the Complex IV or cytochrome c oxidase, which 

is again a multi-subunit protein complex involved in the oxidation of cytochrome c and 

generation of proton gradient and associated membrane potential across the inner membrane 

space. It is also responsible for reduction of molecular oxygen into water molecules. The final 

component of the mtETC is the complex V or the F-type ATP synthase complex, which utilizes 

the transmembrane potential and proton gradient generated by the mtETC to produce ATP from 

ADP and Pi, which will be discussed in detail in the following section. 
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Complex V  

The complex V or F1FO-ATP synthase complex which is also called as F-type ATP 

synthase (F-ATPase) enzyme is a ubiquitous nanomotor, found in the inner membrane of 

mitochondrion, thylakoid membrane of chloroplast and the bacterial plasma membrane [55-

60]. The F-ATPase fulfills the important role of catering to bulk synthesis of adenosine 

triphosphate (ATP) [55-60], which is the primary source of cellular energy for all living 

organisms. This enzyme is capable of hydrolysis of ATP into ATD and Pi, and so its activity 

needs to be tightly regulated. The F-ATPase is similar in structure and function to the A-type 

ATPase (archaeal ATPase) responsible for ATP synthesis in archaea and the eukaryotic V-type 

ATPase (vacuolar ATPase) present on the membranes of vacuoles which degrade ATP and 

utilize the energy to generate ion gradient across the vacuolar membrane [57, 61].  

The energy required to drive the F-ATPase nanomotor is harnessed from the proton 

motive force and associated membrane potential [62], which are generated by the component 

of respiratory complexes present in inner membrane of mitochondria, chloroplast and the 

bacterial plasma membrane [33-34]. The structure and function of the multisubunit F-ATPase 

is well characterized from bacteria, yeast, bovine and many more organisms using genetic, 

biochemical, crystallographic and cryo-electron microscopic techniques. As a result of these 

studies, it appears that the general organization, architecture and catalytic mechanisms of the 

F-ATPase is conserved across bacteria, unicellular eukaryotes and complex multicellular 

organism. 

Architecture of F-type ATP synthase  

Irrespective of the source of the F-ATPase enzyme complex, its structure and function 

are highly conserved. The simplest form of F-ATPase is present in bacteria and chloroplast 

membranes, which contain 8-9 subunits, while the mitochondrial F-ATPase has 16-18 subunits 
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[56-60]. In addition to the orthologs for the subunits present in the bacterial and chloroplast F-

ATPase, the mitochondrial F-ATPase also contain other subunits required for assembly and 

function of the enzyme complex (Figure-4).  

 

  

 

 

 

 

 

Figure 4: Schematic representation of F-type ATP synthase enzyme subunit composition from bacteria, 

chloroplast (left) and mitochondria (right). Adapted and modified from (57). 

The F-ATPase comprises of two distinct domains called the F1 and FO sectors. The F1 

sector is a globular, membrane extrinsic, hydrophilic domain contain catalytic core involved in 

ATP formation or hydrolysis, and the central stalk which connects the catalytic core to the FO 

sector. The FO sector contains the membrane spanning hydrophobic domain through which 

proton translocation happens and the peripheral stalk which connects the FO sector to F1 sector. 

The catalytic core of the F1 sector comprises of three copies each of α and β subunits, 

which are arranged alternatively to form a globular heterodimer. In the catalytic core the 

formation or hydrolysis of ATP takes place at the interface of non-catalytic α and catalytic β 

subunit [55-59].  The central stalk is composed of single copies of γ, δ and ε subunits in the 

mitochondrial F-ATPase, but only γ and ε subunits in case of bacterial and chloroplast F-

ATPase. The elongated α helical structure of γ subunit protrude from the catalytic core toward 
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the FO sector, at the base of which are present the δ and ε subunits. In case of the mitochondrial 

F-ATPase the δ and ε subunits are firmly attached to the membrane bound oligomeric subunit 

c. The FO sector contains hydrophobic membrane spanning oligomeric subunit c having the 

stoichiometry of c10-12 depending on the species, and a single copy each of subunits a, b, d, f, 

8, h, and OSCP as is the case for yeast and bovine mitochondrial F-ATPase. Similarly the FO 

sector subunits in bacterial and chloroplast F-ATPase are composed of oligomeric subunit c10-

15 along with single copies of subunit a, b, b’ and δ (Figure-4). The mitochondrial OSCP subunit 

is a counterpart of the δ subunit present in bacterial and chloroplast F-ATPase. The FO sector 

subunit c and a form the proton channel through which proton translocation happens [63-65], 

while rest of the FO sector subunits belong to the peripheral stalk [58-59,66-67]. The oligomeric 

subunit c along with the central stalk act as the rotor component of the enzyme. The stator 

structure of the enzyme is made up of the α and β catalytic core, the FO subunit a, and the 

peripheral stalk subunit components [56-59, 66].  

Mechanism of ATP synthase and hydrolysis 

 Detailed structural and biochemical studies indicate that the F-ATPase is 

mechanistically divided into two parts - the rotor and stator. The rotor made up of the 

oligomeric subunit c from FO sector and subunit γ, δ and ε from the central stalk, while the 

stator part includes the α3β3 catalytic core of the F1 sector and subunit a, b, d, F6 and OSCP of 

FO sector in mitochondrial F-ATPase at least in yeast and bovine [59]. During ATP synthesis, 

the rotary motion of the nanomotor, which is powered by the electrochemical gradient, is used 

to generate a torque force with respect to the stationary catalytic core, which by way of 

conformational changes facilitates the synthesis of ATP in the catalytic site. The energy 

required to generate the rotary motion and the associated torque force is produced by 

translocation of proton in the FO sector at the interface of subunit c and a [63-65]. The rotary 

motion induces conformational change in the asymmetric γ subunit of the central stalk. The 
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conformational change in γ subunit facilitates the confirmation change in the β subunit of 

catalytic core of the enzyme, which ultimately results in ATP synthesis [55-59]. The torque 

force is counterbalanced by the peripheral stalk of the stator, which has the crucial role of 

holding the catalytic core in position relative to the rotating central stalk [66-67]. The 

mechanism of ATP synthesis or hydrolysis is well understood and is referred to as the binding 

change mechanism [55, 61 , 68].   

As illustrated by the binding change mechanism, the catalytic β subunit sequentially 

undergoes three different conformational changes resulting in the binding of ADP and Pi and 

the formation of ATP molecules. At any given instance, one of the β subunits is present in the 

β-ATP confirmation (with tightly bound ATP; also called the “T” state), another β subunit is 

present in the β-ADP + Pi confirmation (loose binding of substrates; also called “L” state), and 

the third β subunit is present in the β-empty or open confirmation (very loose binding; also 

called the “O” state). Proton translocation induces rotation of γ subunit as indicated by the 

green arrowhead (Figure-5), which interacts with each of the three β subunit sequentially, 

resulting in subsequent conformational change in each of the β subunit. For example, in the 

“O” state, the ADP and Pi substrates are able to enter the catalytic site and bind very loosely. 

As this β subunit changes conformation, due to its contact with the rotating γ subunit, the 

catalytic site goes from the “O” state to “L” state. In the “L” state, there is very close association 

between ADP and Pi, which effectively reduces the activation energy required for formation 

of ATP in the “T” state. Further conformational change of the β subunit from “L” to “T” state 

facilitates very tight association between ADP+ Pi resulting in the formation of ATP within the 

catalytic site. Finally, the conformational change of the β subunit once again to the “O” state 

releases the bound ATP from the catalytic site and the empty site is again available for binding 

of ATD+ Pi. In summary the complete 360° rotation of γ subunit induces the formation of 3 

molecules of ATP [55-56, 59, 61 and 68]. 
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Figure-5: The binding change mechanism of the ATP synthesis or hydrolysis.  The green depict the direction 

of rotation leading to synthesis of ATP molecule. When a similar process happens in reverse direction, it results 

in ATP hydrolysis. Adopted from [69]. 

The reverse process results in ATP hydrolysis activity of F-ATPase. For this, the F1 

sector uses the stored chemical energy available due to tightly bound ATP in the catalytic site 

to generate a torque force which subsequently induces the FO sector to rotate and act as a proton 

pump in the reverse direction. This reverse activity of the F-ATPase represents a very powerful 

mechanism to generate or maintain the indispensable proton gradient across the inner 

mitochondrial membrane. Certain anaerobic bacteria which lack a functional respiratory chain 

use the reverse activity of F-ATPase to hydrolyze ATP for maintaining ion gradient across their 

cell membrane. This is necessary for driving vital bioenergetic processes such as chemotaxis 

and membrane transport [57, 61]. In bacteria hydrolysis of ATP is also coupled to maintenance 

of intracellular ion concentration and pH homeostasis [61, 70].   

Regulation of F-ATPase activity 

The bacterial F-ATPase carries out both ATP synthesis and hydrolysis depending on 

whether the organism is growing in aerobic or anaerobic condition. In contrast to bacterial F-
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ATPase, the mitochondrial and chloroplast F-ATPase enzymes mainly carry out synthesis of 

ATP molecules. The wasteful hydrolysis of ATP by F-ATPase in prevented by binding of 

Mg2+-ADP to one of the catalytic sites in mitochondrial and chloroplast F-ATPAse, when the 

transmembrane potential and matrix pH is low [57]. It is reported that in chloroplast the ATP 

hydrolysis activity is light dependent and in the absence of light the transmembrane proton 

gradient generated by photorespiration is absent. In this condition the γ subunit of chloroplast 

F-ATPase forms disulfide linkage with the α subunit of the catalytic core resulting in inhibition 

of ATP hydrolysis. The thioredoxin regulated reduction of disulfide bond happens again when 

day light is restored [57, 71]. 

Similarly, the futile cycle resulting in the hydrolysis of ATP by mitochondrial F-

ATPase is well studied, at least in yeast and mammalian systems. The respiring mitochondria 

have high membrane potential (~150-180 mV) and high matrix pH, which together favor ATP 

synthesis. However, in instances when the mitochondrial homeostasis is disrupted, such as 

during very low oxygen supply, the membrane potential decreases below a critical level and 

this triggers ATP hydrolysis and proton pumping in the reverse direction by F-ATPase, which 

helps to restore the membrane potential. The hydrolysis of ATP and the coupled reverse proton 

pumping activity of F-ATPase is regulated by the inhibitory factor 1 (IF1) protein, which is 

also a mitochondrial matrix pH sensor protein. The IF1 protein is present in two forms - the 

active dimeric form and inactive tetrameric form. At higher mitochondrial matrix pH (i.e., pH 

= ∼8.0), this protein is present in its tetrameric form and is unable to interact, via its N-terminal 

inhibitory domain, with the catalytic core in the F1 sector of F-ATPase. When the mitochondrial 

matrix pH becomes acidic, the tetrameric IF1 dissociates into dimers, and the dimeric IF1 

(which is the active form of the protein) is capable of interacting with the F1 sector catalytic 

core of F-ATPase. 
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Detailed structural studies on bovine mitochondrial F-ATPase and IF1 interaction 

indicate that in its active form, IF1 interacts mainly with the F1 γ subunit and the catalytic center 

at the interface between ADP bound α and β subunits. This interaction prevents the wasteful 

hydrolysis of ATP by inhibiting the conformational change required for ATP hydrolysis 

[57,59,72]. Some studies also suggest that the IF1 protein is involved in dimerization of the 

mitochondrial F-ATPase complex, but the exact role of IF1 in this process is not clear. For 

example, despite IF1 being absent in Saccharomyces cerevisiae, the yeast F-ATPase is capable 

of assembling into dimers on the inner mitochondrial membrane. 

Supramolecular organization of mitochondrial F-ATPase 

 The F-ATPase in bacteria and chloroplast are exclusively present in the monomeric 

form, and the subunits required for dimerization are absent in this case [57, 59-60, 73]. In 

contrast to bacterial and chloroplast F-ATPase, the mitochondrial F-ATPase assembles into 

dimers and other oligomeric forms, as demonstrated by detailed biochemical and structural 

studies using cryo electron microscopy [74]. The first evidence of dimeric and oligomeric 

organization of mitochondrial F-ATPase was reported in the EM study of Paramecium 

multimicronucleatum mitochondria [75]. Furthermore the dimeric and oligomeric form of 

mitochondrial F-ATPase are also reported in phylogenetically distant organisms that include 

yeast, protozoans, algae, plants, and mammals [76-82]. The detailed structural studies on 

purified dimeric F-ATPase from different species revels that the two F1 headpieces are 

separated by an angle between 35°- 90° [80]. Now it is widely accepted that the dimeric F-

ATPase are involved in mitochondrial inner membrane cristae formation (Figure-6) [82-84]. 

Detailed biochemical analysis of purified dimeric F-ATPase complex from yeast has revealed 

the supernumeratory proteins such as subunit e and g are involved in dimerization of 

monomeric F-ATPase complex [85-87]. Subunit e and g are hydrophobic single 

transmembrane proteins and their transmembrane domains have the GXXXG motif. 
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Figure-6: Membrane curvature induced by ATP synthase dimers. Cross sections through the membrane patch 

showing the curvature profile of the of the lipid bilayer. Adapted from [82]. 

This motif is important for the dimerization and stability of dimeric F-ATPase [87]. 

The yeast mutants, which are devoid of subunit e and g, show defective dimerization of F-

ATPase and loss of cristae in the inner mitochondrial membrane, indicating a crucial role for 

these proteins in dimerization and mitochondrial inner membrane morphology formation [85-

86]. The corresponding orthologs of these two proteins are also present in bovine F-ATPase 

[88-89]. It is also reported that in in vivo condition, yeast mitochondrial F-ATPase can dimerize 

even in the absence of subunit e, and this is probably mediated by peripheral stalk components 

of the enzyme [90]. It is proposed that the inner membrane cristae formation due to oligomeric 

form of F-ATPase increase the surface area of the inner membrane, leading to increased 

presence of OXPHOS components and increased proton pumping into the inter-membrane 

space, which in turn results in efficient production of ATP. 

Divergence of mitochondrial F-ATPase 

 Despite the conserved structural features and functional mechanism of F-ATPase from 

bacteria to higher eukaryotes, significant divergence exists in the subunit composition of 

mitochondrial F-ATPase from diverse species. The mitochondrial F-ATPase enzyme is well 
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characterized from yeast and bovine species. In brief, the yeast and bovine mitochondrial F1 

sector include subunit (α3,β3,γ,δ and ε) and the FO sector comprised of oligomeric subunit c 10-

12 along with subunits a, b, d, f, 8, h, and OSCP (oligomycin sensitivity–conferring protein). In 

addition, other accessory subunits such as e, g, i, j, and k are also associated with the enzyme. 

Orthologs of all yeast FO sector subunits, except subunits j and k, are present in the mammalian 

counterpart (bovine enzyme), which additionally has subunits AGP and MLQ [90, 91]. Recent 

studies on organisms from different phyla have indicated that the F1 sector catalytic core is 

highly conserved across species. However, it has also become apparent that the orthologs for 

many of the FO sector subunits of yeast or bovine mitochondria F-ATPase are absent in most 

other eukaryotic species. For example, in case of the mitochondrial F-ATPase from 

photosynthetic free living algae Chlamydomonas reinhardtii and Polytomella species, except 

for subunits c, a and OSCP, yeast and bovine orthologs of other FO sector subunits are absent. 

It is now known that at least 9 novel proteins are present as FO sector subunits in these species, 

likely in place of the missing yeast and bovine counterparts, and these are conserved across the 

chlorophyceae algae [93-94]. The divergence in FO sector subunit composition is not unique to 

chlorophyceae algae. The protozoan parasite Trypanosoma brucei (phylum kinetoplastida) also 

shows the presence of intact canonical F1 sector subunits and only subunit c and OSCP from 

FO sector. Mass spectrometry based proteomics analysis on purified F-ATPase from T. brucei 

identified at least 14 novel proteins as subunit components of the enzyme [95]. Similarly the 

Euglenoidea algae Euglena gracilis shows presence of 20 novel subunits as part of its F-

ATPase while many of the canonical FO sector subunits are missing [96]. In silico analysis of 

these 20 novel F-ATPase subunits from E. gracilis reveals that 7 of these subunits are common 

in both T. brucei and E. gracilis [96]. Divergence in F-ATPase subunit composition is also 

reported in case of Tetrahymena thermophila (phylum ciliate; super-phylum alveolata). Mass 

spectrometry analysis of purified T. thermophila mitochondrial F-ATPase identified 13 novel 
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subunits, including the novel mitochondria genome encoded hydrophobic protein Ymf66 as 

the counterpart of yeast/bovine subunit a [97]. 

The T. gondii mitochondrial F-ATPase 

Comparative genomics studies on T. gondii and many other alveolate species, including 

all apicomplexan parasites, revealed that many of the canonical FO sector subunits are missing 

in this entire super-phylum (Figure-7) [26-27, 98-99]. This is intriguing since this super-

phylum includes many diverse species, parasitic and free-living, belonging to phylum 

apicomplexa, dinoflagellata, chromerida and ciliata. Surprisingly, orthologs for the novel 

subunits identified from the ciliate F-ATPase were not present in other alveolate species, 

indicating key evolutionary difference within the alveolate clade [97]. In contrast to the FO 

sector subunits, the F1 sector subunits are well conserved across all alveolate phyla, except in 

the cryptosporidium species, which lack a true mitochondrion organelle [26-27,98-99]. 

The missing subunits of the T. gondii F-ATPase are FO sector subunit a, which is 

involved in proton translocation along with the conserved subunit c [63-64], and b, d, F6 

subunits, which are core components of the peripheral stalk required for counterbalancing the 

torque generated during the rotary motion of the central stalk by holding the catalytic core in 

relative position to subunit a [66-67], and other additional subunits corresponding to the 

supernumeratory proteins present in yeast and bovine mitochondrial F-ATPase which are 

involved in oligomerization of the F-ATPase complex [85-87].  

Given that glycolysis is a major source of ATP, at least in P. falciparum and T. gondii, 

and the fact that many essential F-ATPase subunits are missing in apicomplexan species, it was 

suggested that this F-ATPase may not be functional as a genuine ATP synthase. However, 

subsequent studies in T. gondii established that glycolysis is not an essential source of ATP 

[18-19]. In the absence of glycolysis, oxidative phosphorylation appears to be the main source 
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Figure-7: Schematic representation of core subunit composition of T. gondii F-type ATP synthase. The 

different subunits are color coded and annotated. Middle, the complete set of canonical subunits of the core F-

ATPase enzyme; left and right, subunits identified in silico to be present and absent from T. gondii. 

of cellular ATP in T. gondii, despite the absence of crucial subunits required for assembly and 

function of mitochondrial F-ATPase. An active oxidative phosphorylation was demonstrated 

in Plasmodium sp. [35-37], and in P. falciparum the presence of monomeric and dimeric F-

ATPase from detergent solubilized mitochondrial lysate was demonstrate [99]. The same study 

also reported that the F1 sector β and γ subunit are essential for asexual development of P. 

falciparum. 

In summary, It appears that a full complement of subunits, typical for the eukaryotic 

enzyme, is present in P.  falciparum and likely in other apicomplexan parasites as well [99]. 

Surprisingly another study in the rodent malaria P. berghei, the ATP synthase β subunit is 

dispensable for blood stage asexual development but essential for completion of sexual 

development in the mosquito [100]. Thus it appears probable that in all apicomplexan parasites 

the mitochondrial F-ATPase is fully functional and the missing subunits might be 

complemented by novel and highly diverged proteins as reported in other eukaryotes [93-97].  
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Scope of thesis 

 The mitochondrial F-ATPase is highly conserved and required for synthesis of ATP by 

oxidative phosphorylation. Comparative genomics reveals the missing or incomplete nature of 

F-ATPase in apicomplexan parasites. Despite this, the oxidative phosphorylation is 

functionally intact in apicomplexan parasites. Previous studies in the human malaria parasite 

P. falciparum have revealed the presence of monomeric and dimeric form of F-ATPase, but 

identity of the novel subunits is not known. This study also showed that the enzyme is essential 

for parasite survival. Thus it is important to carry out a detailed study on the subunit 

composition, structure and function of the F-ATPase from apicomplexan parasites. 

For this study, we have decided characterize the mitochondrial F-ATPase from the model 

apicomplexan parasite T. gondii. It is very important to understand the complete subunit 

composition and the role of ATP synthase in apicomplexan parasites, since this enzyme is 

already identified as a valid drug target. Thus, a detailed understanding of the T. gondii 

mitochondrial F-ATPase will facilitate the discovery of new antiparasitic drugs. The specific 

aim and objective of this thesis work are listed below. 

1. Carryout complete mapping of T. gondii F-type ATP synthase subunits and its phyletic 

profile across the apicomplexan phylum. 

2. Demonstrate that the T. gondii F-type ATP synthase is actually involved in ATP 

synthesis via oxidative phosphorylation. 

3. Generate transgenic parasite expressing tagged (fluorescent/epitope) version of T. 

gondii F-ATPase and using these parasites for characterizing the oligomeric status and 

identifying novel subunit components of the enzyme. 

4. Validate the newly identified subunits of T. gondii F-ATPase and assign the functional 

equivalents among these novel proteins to canonical eukaryotic counterparts. 
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Research Methodology and Results 

Research Methodology: 

Molecular reagents and methods: Genomic DNA (gDNA) and total RNA from tachyzoite 

stage of T. gondii, and plasmid DNA from recombinant E. coli (DH5α) were isolated using 

Qiagen kits (Germany). From total RNA complementary DNA (cDNA) was prepared using the 

reverse transcription kit from Thermo Fisher Scientific, United States of America (USA). The 

manufacturer's protocol was followed while using the various kits. gDNA and cDNA PCRs 

were done using the proof reading DNA polymerases AccuPrime™ Pfx from Thermo Fisher 

Scientific (USA) or LA Polymerase from Takara Bio (Japan) respectively. All primers used in 

this study (Table-1) were obtained from Integrated DNA Technologies (USA). Ligase and 

various restriction endonucleases used in this study were purchased from either New England 

BioLabs (NEB), (USA) or Promega (USA). 

Plasmid constructs: Topo 2.1 plasmid backbone from Thermo Fisher Scientific (USA), were 

used to clone various PCR products. The PCR product were first cloned either into pCR™ 

Blunt II-TOPO® vector Thermo Fisher Scientific (USA), or  pGEM®-T Easy Vector Systems, 

Promega  (USA), and sequenced before sub cloning, digested with specific enzymes shown as  

underline sequence (Table-1) and cloned  into Topo 2.1 plasmid. Topo 2.1 plasmid were used 

for either modification of target genomic loci or ectopic expression of full-length cDNA for 

gene of interest (GOI) in T. gondii. The plasmid construct used for tagging the 3’ end of F-

ATPase subunit β (Tgatpβ) and oscp (Tgatposcp) genes with YFP-HA tag had the following 

features: 2,606 bp (BglII and AvrII) and 1,831 bp (BamHI and AvrII) PCR fragments amplified 

from the 3’ end of Tgatpβ and Tgatposcp loci, respectively, without the stop codon, were cloned 

into the Topo 2.1 plasmid, upstream of a YFP-HA tag coding sequence, followed by the 3’ 

UTR of the T. gondii dihydrofolate reductase-thymidilate synthase (Tgdhfr-ts) gene [101]. For 

generating stable transgenic parasite lines, the plasmid which was used for transfecting the 

parasite contained the DHFR cassette (a mutant version of the Tgdhfr cDNA that confers 
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pyrimethamine resistance [102]) as a NotI fragment. A modified Topo 2.1 plasmid backbone 

were used for ectopic expression of selected full-length cDNA of T. gondii gene. The plasmid 

contains the T. gondii β-tubulin gene promoter for constitutive expression of GOI, HA- 3’ UTR 

from Tgdhfr-ts gene and CAT cassette. The CAT cassette expresses the chloramphenicol acetyl 

transferase gene, which confers resistance to chloramphenicol [103]. The full-length cDNA of 

selected T. gondii genes encoding the novel F-ATPase subunits identified from this work were 

cloned as BamHI and XbaI/NheI fragments in frame with HA-3’ UTR for constitutive 

expression. Chloramphenicol was used to generate and select stable transgenic parasite lines. 

For gene knockout studies using CSISPR/ Cas9 technique, the previously published [104] 

plasmid and protocol were used.   

 T. gondii culture and genetic manipulation: T. gondii parasites Type-I RH [RH-wild type 

(RH-wt)] and Type-I RH ΔKu80 (RHΔKu80) [105] strains were used in this study. In brief 

human foreskin fibroblasts (HFF) cells were used as host cell for parasites infection. The HFF 

cells were grown in Dulbecco's Modified Eagle Medium (DMEM) with High glucose, 

supplemented with 2mM GlutaMAX, 25mM HEPES, 50 μg/ml Gentamicin and 10% heat-

inactivated fetal bovine serum. The HFF cells were maintained into T25 flasks at 37 °C in a 

humidified atmosphere containing 5% CO2. The tachyzoite stage of parasites were propagated 

by inoculating approximately 105 freshly harvested tachyzoites into T25 flask containing 2 

week old confluent HFF cells. The medium used for parasites propagation is similar to that 

used for host cell propagation except the medium lack serum components. All cell culture grade 

reagents were procured from Thermo Fisher Scientific (USA).   

To obtain tachyzoite stage of parasites devoid of host cell debris, the HFF monolayer were 

scrapped after 48 hours post infection of tachyzoites, the cell suspension were physically 

disrupted by passing it  through a 22-gauge needle  and  filtered it through a 3 μM nucleopore 

membrane obtained from Whatman, GE Healthcare, (USA). Following isolation of tachyzoites 
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the number of parasites present per 1 ml of suspension was estimated from cell counts obtained 

using a hemocytometer.  For generating transgenic parasites expressing F-ATPase subunit 

TgATPβ and TgATPOSCP tagged with YFP-HA proteins from the endogenous loci, the 

RHΔKu80 parasites were transfected with the respective tagging plasmids. Before transfecting, 

the plasmids DNA containing β (Tgatpβ) and oscp (Tgatposcp) in frame with YFP-HA epitope 

tag were linearized with BstZ17I and BstBI restriction enzymes respectively and ethanol 

precipitated. Transfection was achieved by electroporating approximately 107 freshly harvested 

tachyzoite-stage parasites resuspended in 400 μl parasite culture medium containing 50 μg of 

linearized sterile plasmid DNA, using a BioRad Gene Pulser system (USA),  having 10 μF 

capacitance, ∞ ohms resistance, and 1.5 kV voltage settings. Transfected parasites were 

immediately inoculated into a T25 flask containing HFF monolayer and allowed to invade and 

replicate for 12-15 hours before beginning drug selection with 1 μM pyrimethamine. For 

ectopic expression of cDNA with HA tags for selected genes, RH-wt parasites were transfected 

with the respective plasmid constructs, and stable transfected line were selected using 20 μM 

chloramphenicol. Clonal lines of stable transgenic parasites were isolated using the limiting 

dilution technique [106]. 

Microscopy and western blotting: For visualizing the expression and subcellular localization 

of selected newly identified ATP synthase associated proteins (ASAPs), the respective genes 

were fused to either YFP-HA or HA tags, and expressed from the endogenous locus or 

ectopically from a plasmid backbone. The expressed F-ATPase subunit proteins were imaged 

by microscopy. The transgenic parasites expressing reporter tagged genes of interest were 

allowed to infect confluent HFF monolayers cultured on glass coverslips. After 24 hours post 

infection the HFF monolayer were treated with 250 nM Mitotracker Red Thermo Fisher 

Scientific (USA), for 20 minutes. Following that the monolayer was washed with 1× 

phosphate-buffered saline (PBS) and fixed for 1 hour at ambient temperature using 4% 
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paraformaldehyde. The coverslip were washed with water and mounting on glass slides were 

done using the fluoroshield reagent obtained from Sigma (USA). The slides were imaged using 

the 63× oil immersion objective fitted to the Axio Observer inverted fluorescent microscope, 

from Carl Zeiss (Germany), and images were processed using the Zen software Carl Zeiss, 

(Germany). Intrinsic fluorescence from YFP and Mitotracker Red were visualized using the 

excitation/emission filter combination of 493/520 and 578/599, respectively. HA-tagged 

proteins were visualized by immunofluorescence staining, using rabbit α-HA primary 

antibodies (1:1,000) followed by Alexa 488 conjugated goat anti rabbit secondary antibody 

(1:1,000), both purchased from Thermo Fisher Scientific (USA). After fixing, the cells were 

permeabilized for 5-10 minutes using 0.25% Triton X-100 in 1× PBS. They were then treated 

with 2% fetal bovine serum in 1× PBS for 30 minutes, followed by primary antibody for 1 

hour, 3 times washing with 1× PBS containing 0.25% Triton X-100, and secondary antibody 

for 1 hour. Finally, the coverslips were washed 3 times with 1× PBS containing 0.25% Triton 

X-100, followed by a water wash, before mounting them on glass slides for imagining.  

For western blotting, mitochondria isolated from transgenic parasites expressing 

endogenous tagged F-ATPase subunits with YFP-HA were used. The purified mitochondria 

were solubilized in 1× Laemmli buffer (120 mM Tris-HCL pH 6.8, 2% SDS, 10% glycerol, 

and 0.01% w/v bromophenol blue), denatured at 94 °C for 10 minutes and resolved on 10% 

SDS-PAGE. Following this, electro-transfer to PVDF membrane was done using Tris-glycine 

buffer pH 8 containing 20% methanol at 65 mA for approximately 1 hour and 20 minutes. The 

blot was kept in blocking buffer (5% skimmed milk in 1× PBS) overnight at 4 °C and then 

treated with primary antibody (1:5,000; rabbit α-HA monoclonal antibody, Thermo Fisher 

Scientific, USA) for 1 hour at ambient temperature. Following, this the blot was washed 3 times 

with 1× PBS containing 0.1% Tween 20. Subsequently the blot was incubated with horseradish 

peroxidase-coupled secondary antibody (1:5,000; donkey anti-rabbit antibody, Nif 824 from 
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GE Healthcare, USA), for 1 hour at ambient temperature, and washed 3 times with 1× PBS 

containing 0.1% Tween 20. The blot was then developed using either the 3,3'-

diaminobenzidine substrate form Sigma (USA) or the chemiluminescent ECL western blotting 

kit from GE Healthcare (USA). 

Measurement of intracellular ATP: Tachyzoites stage of RHΔKu80 (parental strain) and 

RHΔKu80 parasites expressing F-ATPase subunit TgATPβ and TgATPOSCP tagged with 

YFP-HA (transgenic line) were propagated in Minimum Essential Medium (MEM) 

supplemented with 2mM GlutaMAX, 25mM HEPES, 50 μg/ml Gentamicin. After 48 hours of 

post infection, parasites were harvested, and the freshly isolated extracellular tachyzoite were 

further washed with DMEM without glucose. The tachyzoite were incubated in culture media 

that either contained 5.5 mM glucose and 4 mM glutamine or 0 mM glucose and 4mM 

glutamine, in order to evaluate the ability of the parasites to maintain ATP homeostasis. The 

mtETC of the parasite was inhibited using the antiparasitic drug atovaquone [50], which 

specifically inhibits the Cytb protein leading to inhibition of mitochondrial ATP synthesis 

produced by oxidative phosphorylation. After 2 hours of incubation at 37 °C in a humidified 

atmosphere containing 5% CO2, total cellular ATP was measured using the ViaLight Plus Cell 

Proliferation and Cytotoxicity Bioassay Kit obtained from Lonza (Switzerland), as per the 

manufacturer's protocol. The luminescence readout was quantified using the Varioskan Flash 

plate reader from Thermo Fisher Scientific (USA). 

Preparation of mitochondria from T. gondii: Mitochondria were isolated from freshly 

harvested tachyzoite-stage transgenic parasites expressing either TgATPβ-YFP-HA or 

TgATPOSCP-YFP-HA tagged epitope. Approximately 109 parasites were used for 

mitochondria preparation. The harvested tachyzoite stage parasites were first washed with PBS 

and resuspended in 1-2 ml of hypotonic lysis buffer (15 mM phosphate buffer pH 7.5 and 2 

mM Glucose). The cells were lysed by sonication in an iced water bath for 30 minutes, and 
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samples were centrifuged at 2,000 g for 2 minutes at 4 °C to remove unbroken parasites. The 

supernatant was recovered into a new tube and centrifuged at 21,000 g for 15 minutes at 4 °C 

to pellet the crude mitochondria. The unbroken parasites again resuspended in hypotonic lysis 

buffer and repeat the lysis procedure till complete lysis of parasites was observed. The 

mitochondrial pellet obtained from each steps was then resuspended in 500 - 1000 μl of 

mitochondria storage buffer (320 mM sucrose, 1 mM EDTA, 10 mM Tris pH 7.4) [107]. Total 

protein in the mitochondria suspension was estimated by Bradford method [108], and the 

mitochondrial lysate was stored in −80 °C until further use. When required, the mitochondria 

were recovered from storage buffer by centrifuging at 21,000 g for 15 minutes at 4 °C and the 

mitochondrial pellet further solubilized using mitochondria solubilization buffer A (MSB-A; 

50 mM NaCl, 50 mM Imidazole, 2 mM 6-Aminohexoanic acid, 1 mM EDTA, pH 7.0) 

containing β-dodecyl maltoside (DDM) detergent in total protein to detergent ratio of 1:5. 

Solubilization was allowed to continue overnight with rocking at 4 °C, and the solubilized 

fraction was separated by centrifuging at 100,000 g for 20 minutes at 4 °C. 

Blue Native PAGE (BNP) separation, in-gel ATPase activity assay, and Native western 

blotting: In order to identify the monomeric and dimeric forms of the F-ATPase in T. gondii, 

the supernatant from detergent solubilized mitochondrial lysate was subject to one-dimensional 

BNP analysis [109_ 110]. Samples were prepared by adding 50% glycerol to a final 

concentration of 5%, and Coomassie Blue G 250 5% (w/v) dye was added such that DDM 

detergent to dye ratio was 8:1. Solubilized samples were separated on a 3% - 12% native PAGE 

from Thermo Fisher Scientific (USA), at 150 V setting for 30 minutes in cathode buffer A (50 

mM Tricine, 7.5 mM imidazole pH 7.0, 0.02% Coomassie Blue G 250 dye) which was then 

switched to cathode buffer B (similar to cathode buffer A except the Coomassie Blue G 250 

dye was 0.002% ), while the imidazole (25 mM, pH 7.0) was used as the anode buffer, and 

separation was continued till the blue dye exited the gel. The gel was visualized under white 
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light to identify the various dye stained bands.  

For in-gel ATPase assay, after sample separation by BNP, the gel was incubated 

overnight in ATPase assay buffer (35 mM Tris-HCL pH 7.8, 270 mM glycine, 14 mM MgSO4, 

0.2% Pb(NO3)2, and 8 mM ATP) The gel was then washed with water, and the ATPase activity 

of F-ATPase was observed by the formation of a milky white precipitate, visible against a black 

background, at the region corresponding to the expected monomeric and dimeric enzymes 

complex protein bands[110]. 

For native western blotting after BNP separation, proteins were electro-transferred onto 

a PVDF membrane using Tris-glycine buffer pH 8.0 without methanol at 65 mA for 

approximately 1 hour and 20 minutes. The membrane was then fixed in 8% acetic acid for 15 

minutes, air dried at room temperature for 30 minutes, and washed with methanol several times 

to remove the Coomassie dye stain [99]. Further steps were similar to that described above for 

SDS PAGE western blotting. 

Immunoprecipitation (IP) of F-ATPase complex: The transgenic T. gondii parasites 

expressing YFP-HA tagged TgATPOSCP subunit was used for immunoprecipitating the F-

ATPase complex. The supernatant from detergent solubilized mitochondrial preparation were 

subjected for immunoprecipitation of the F-ATPase complex using α-HA antibodies obtained 

from Thermo Fisher Scientific (USA). The antibodies were first cross-linked to Protein A/G 

Plus agarose beads from Santa Cruz Biotechnology (USA), using the following protocol. 

Approximately 50 μl of Protein A/G Plus agarose beads were washed twice in 500 μl 1× PBS 

(pH 7.4) at 4 °C and mixed with 1 ml of 1× PBS containing 5-7 μg of rabbit α-HA antibody 

and incubated overnight at 4 °C with gentle mixing on rocker. The beads were then separated 

by centrifugation at 1,000 g for 2 minute at 4 °C, equilibrated with 0.2M Triethanolamine (pH 

8.2) for 2 minutes, and then washed twice with the same buffer. The bound antibodies were 
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then crosslinked to the beads using 20 mM DMP from Sigma (USA), in 1 ml of 0.2M 

Triethanolamine at room temperature for 45 minutes, followed by washing with 1 ml of 50 mM 

Tris pH 7.5 twice for 15 minutes to quench the cross-linking reaction. Unbound antibodies are 

removed using 3 quick washes with 0.2M glycine buffer pH 2.3. The antibody conjugated 

beads were then washed twice with 1× PBS and equilibrate with MSB containing the detergent 

DDM at critical micelle concentration. The supernatant from solubilized mitochondria was 

added to the antibody coupled beads and incubated overnight at 4 °C with gentle mixing on 

rocker. The beads were then washed 3 times with 1× PBS containing DDM at critical micelle 

concentration. Proteins captured by the antibodies were eluted in 100 μl of 0.2M glycine buffer 

(pH 2.3) in 3 rounds, and the pooled eluate was neutralized with 1M Tris (pH 8.0) and 

concentrated using a 3 KDa cut-off concentrator purchases from Amicon Millipore (Germany). 

The samples were equilibrated with 0.1% RapiGest from Waters (USA), in 50 mM ammonium 

bicarbonate buffer in preparation for LC-MS analysis. 

Purification of native F-ATPase by chromatography: The transgenic T. gondii parasites 

expressing YFP-HA tagged TgATPβ subunit were used for purification of F-ATPase complex. 

The protocol that was previously reported for the purification of the F-ATPase from the 

Polytomella sp., [111] was used. About 13 mg of crude mitochondrial sample were solubilized 

overnight at 4 °C in 3 ml of MSB-B (MSB-B; 50 mM Tris HCl [pH 8.0], 1 mM MgCl2, and 

DDM at protein to detergent ration 1:5). The supernatant was loaded onto a HiTrap DEAE 

sepharose column GE Healthcare Life sciences (USA), having a bed volume of 1 ml and 

equilibrated with MSB-C (MSB-C; 50 mM Tris HCl [pH 8.0] MgCl2 1 mM, 0.05% [w/v] 

DDM). After completion of loading, the column was first washed with 10 column volumes of 

MSB-C20 (50 mM Tris HCl [pH 8.0], 1 mM MgCl2, 20 mM NaCl, and 0.05% [w/v] DDM) and 

eluted with a 10 column volume linear gradient using MSB-C20 and MSB-C500 (50 mM Tris 

HCl [pH 8.0], 1 m MgCl2, 500 mM NaCl, and 0.05% [w/v] DDM) at a flow rate of 0.5 ml per 
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minute. Fractions (500 μl) were collected and checked by western blotting using α-HA 

antibodies. Peak positive fractions were identified, pooled, and concentrated to a final volume 

of 200 μl using the Vivaspin concentrator 100 kDa cut-off; GE Healthcare Life sciences (USA), 

and separated by size exclusion chromatography using the Superose 6 Increase 3.2/300 column 

GE Healthcare Life sciences (USA), having a bed volume of 2.4 ml. A 50 μl sample was loaded 

on the column previously equilibrated with MSB-C20 and then eluted with 1.5 column volumes 

of the same buffer at a 50 μl flow rate. Fractions (100 μl) were collected, and positive fractions, 

identified by western blotting using α-HA antibodies, were pooled and concentrated using a 3 

KDa cutoff concentrator Amicon Millipore (Germany). Samples were then equilibrated with 

0.1% RapiGest in 50 mM ammonium bicarbonate buffer in preparation for LC-MS analysis. 

All chromatography steps were carried out using the AKTApure system GE Healthcare Life 

sciences (USA). 

Liquid Chromatography tandem Mass Spectrometry (LC-MS/MS) proteomics: To 

identify the subunit components of the F-ATPase from T. gondii, LC-MS/MS proteomic 

analysis was performed on the partially purified enzyme sample obtained from BNP, IP, and 

chromatographic purification. Sample preparation for LC-MS analysis was based on a previous 

report [112]. The bands corresponding to the dimeric and monomeric forms of the F-ATPase 

enzyme were excised out from BNP gel, cut to small pieces, destained with 50% acetonitrile 

in 50 mM ammonium bicarbonate, and dehydrated with 100% acetonitrile. The gel pieces were 

then treated with 10 mM DTT in 50 mM ammonium bicarbonate for 45-60 minutes at 56 °C 

to reduce the proteins, followed by alkylation in the dark with 55 mM Iodoacetamide in 50 mM 

ammonium bicarbonate at ambient temperature for 45 minutes. The alkylated gel pieces were 

wash with 50 mM ammonium bicarbonate, and the gel pieces were dehydrated as stated above. 

Then, trypsinization of protein was carried out, starting with rehydration of the dehydrate gel 

pieces at 4 °C for 30 min in approximately 100 µl of 50 mM ammonium bicarbonate containing 

31 
  



Research Methodology and Results 

12.5 ng/ µl  trypsin procured from Sigma (USA). The rehydrated gel pieces were further 

covered by adding 50 mM ammonium bicarbonate and incubate overnight at 37 °C. 

Trypsinization were stop by acidifying the solution and then peptides were extracted using 50% 

acetonitrile in 2% formic acid. The extracts were dried using a speedvac, and the peptides were 

reconstituted in 50 μl of 50 mM ammonium bicarbonate, acidified with HCl, and desalted using 

the C18 Zip tip columns Millipore (Germany).  

Peptide desalting was done using C18 Zip tip column, by first dehydrating the column 

with 100% acetonitrile solution by pipetting and dispensing the solution 3-4 times. Following 

this the column was equilibrated with hydrating solution (50% acetonitrile in 

0.1%Trifluoroacetic acid [TFA]) as mentioned above. The hydrated column was washed 3-4 

times with 0.1% TFA, and the tryptic digested protein samples were loaded by pipetting in the 

peptide sample. The column was then washed with 0.1% TFA and the bound peptides were 

eluted in hydrating solution. The samples was then dried in a speedvac and stored at −80 °C 

until further use.  

Samples obtained from IP and size exclusion chromatography were immediately 

equilibrated with 0.1% RapiGest as stated above. The mixtures were then heated to 80 °C and 

maintained at this temperature for 15 minutes. The denatured proteins were reduced by 100 

mM DTT at 60 °C for 15 minutes, followed by alkylation with 200 mM iodoacetamide at 

ambient temperature in the dark for 30 minutes. Samples were then treated overnight with 

trypsin at 20:1 substrate to enzyme ratio at 37 °C. Trypsinization was stopped by addition of 2 

μl of 1 N HCL and incubated at 37 °C for 20 minutes, after which tryptic digested samples 

were vortexed and centrifuged at 21,000 g for 10 minutes at room temperature. The peptide 

samples were desalted using the C18 Zip tip Millipore (Germany), dried, and stored at −80 °C 

until further use.  

32 
  



Research Methodology and Results 

The peptide samples were analyzed using LC-MSE workflow on the nano ACQUITY 

(UPLC) Synapt system Waters Corporation, (USA). The digested, desalted, speedvac dried 

peptide samples were reconstituted in reconstitution solution (3% acetonitrile in 0.1% formic 

acid) having approximately 100 ng/μl as peptide concentration. The reconstituted sample (4 μl) 

was injected into a 5 μm Symmetry C18 trapping column (180 μm × 20 mm) at a flow rate of 5 

μl/ minute, and peptides were eluted by using the following protocol: 3% - 40% B (B 

composition: 100% acetonitrile with 0.1% formic acid) for 90 minutes, 40% - 85% B from 90 

- 105 minutes and 97% A (A composition: 0.1% formic acid in water), and 3% B from 105 - 

120 minutes, on a bridge ethyl hybrid C18 column (75 μm × 250 mm, 1.7 μm) at a flow rate of 

250 nl/minute. The system was coupled to the Synapt High Definition Mass Spectrometer 

Waters Corporation (USA), with a nanoLockspray as the ion source. Standard glu-

fibrinopeptide B (Sigma, USA) as the lock mass calibrate peptide was infused into ion source 

having 500 nl/minute flow rate and sampled every 30 seconds. Acquisition of LC-MSE data 

was performed in positive “v” mode with mass range m/z 50 - 1,900, having a scan time of 

0.75 second, a constant low energy of 4 V for MS mode, and 20 - 40 V of collision energy 

during high-energy MSE mode scan. A capillary voltage of 3.5 kV and cone voltage 38 V were 

maintained during analysis. LC-MSE data were acquired and processed using Mass lynx and 

Protein Lynx Global Server (PLGS Version 2.5.3, Waters Corporation, USA) software 

respectively, for identifying the proteins with reference to the T. gondii proteome taken from 

ToxoDB.org release 36. 

Gene coexpression analysis and phylogenetic studies: Normalized signal intensity values 

from microarray hybridizations performed at 13 different time points in the tachyzoite stage 

[113] were obtained directly from EupathDB.org. Normalized microarray intensities from time 

series data for intraerythrocytic stage P. falciparum were retrieved from published work [114]. 

Pearson correlation coefficients were calculated for all gene pairs using R (R-project.org). P-
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values for gene coexpression was calculated using the Mann-Whitney U test [115]. 

Coexpression between genes encoding only the ATP synthase subunits, or coexpression 

between all other genes encoded by the parasite (i.e., all non-ATP synthase genes), or 

coexpression between genes encoding ATP synthase genes and non-ATP synthase genes was 

calculated. Since minute differences in very large samples may lead to very small p-values, the 

effect of size was therefore tested using Cohen's d test [116], for which values above 0.8 denote 

large effects due to size.  

For phylogenetic analysis, orthologs for the novel subunits of T. gondii ATP synthase 

were identified from other alveolates, as reported previously [27]. Sequences were aligned with 

mafft (v7.222) [117] and Neighbor-Joining trees were constructed using Clustalw (2.1) [118] 

using 1,000 bootstrap replicates. The expected true phylogeny was adopted from a previous 

study [27]. The phylogenetic tree data has been deposited in TreeBASE (TB2:S22877). 
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Table -1: List of primer used in this study: The restriction enzymes sites are underline in the 5’ end of primer 

sequences; gRNA sequence is shown in red color; gene specific sequences are shown in blue.   
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Results 

Comprehensive in silico analysis for identification of F-ATPase subunits from T. gondii:  

The mitochondrial metabolic pathways are mapped very well across the eukaryotes, and this 

information is available in repositories such as the KEGG database 

[https://www.genome.jp/kegg/]. Using available genome sequence datasets for various 

apicomplexan parasites and few other related organisms belonging to the alveolate 

infrakingdom, a comprehensive in silico analysis on presence and absence of key enzymes 

involved in mitochondrial metabolisms in apicomplexan parasites and the within alveolate 

clade has been previously carried out [26-27, 98-99]. These studies have highlighted the 

missing subunits of the F-ATPase enzyme from these organisms. These findings were further 

confirmed in this study by efforts to identify the orthologs of corresponding yeast and bovine 

F-ATPase subunits from T. gondii and other alveolate species. These ortholog mapping studies 

revealed that all F1 sector subunits of F-ATPase were present in these organisms. These are the 

α (TGME49_204400), β (TGME49_261950), δ (TGME49_226000), ε (TGME49_314820), 

and γ (TGME49_231910) subunits. However, in case of the FO sector, only subunit c 

(TGME49_249720) and OSCP (TGME49_284540) were readily identified in T. gondii and 

other alveolate species. This suggested that all the subunits necessary for assembling the 

catalytic core (α3β3), central stalk (δ, ε, and γ), and the oligomeric subunit c portions of the F-

ATPase are encoded by T. gondii. However, as reported previously [26-27,98-99], it was not 

possible to identify the orthologs for critical FO sector subunits involved in proton translocation 

and formation of the peripheral stalk structure of the enzyme in T. gondii and other alveolate 

species based on protein sequence similarity. (Figure-8). It is likely that the missing FO subunits 

are either highly divergent in sequence or a completely novel set of proteins are present in place 

of the missing ones.  
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Figure-8: Table showing the presence/absence of orthologs of yeast and bovine F-ATPase subunits in 

selected species from various alveolate clades: The alveolate species are highlighted in orange color. The 

different phylums are shown in color and identified below the ortholog table. Gray background with (+) symbol 

indicate the corresponding ortholog for yeast and bovine F-ATPase subunit is present, while white box with (-) 

indicates absence of the ortholog. Blue color indicates diverged (no clear orthologs) functionally equivalent 

species-specific novel protein identified experimentally; numeric values within the blue box in last row denotes 

the total number of novel subunits. Species names: Scer, Saccharomyces cerevisiae; Btau, Bos taurus; Atha, 

Arabidopsis thaliana; Tgon, T. gondii; Ncan, Neospora caninum; Pfal, P. falciparum; Pviv, Plasmodium vivax; 

Tpar, Theileria parva; Bbov, Babesia bovis; Cmur, Cryptosporidium muris; Cpar, Cryptosporidium parvum; 

Chom, Cryptosporidium hominis; Cvel, Chromera velia; Pmar, Perkinsus marinus; Tthe, T. thermophila; Crei, 

Chlamydomonas reinhardtii; Tbru, T. brucei. IF1, inhibitory factor 1; OSCP, oligomycin sensitivity-conferring 

protein. 
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The missing of key FO subunits is not exclusive to alveolates, since many other 

unicellular eukaryotes also appear not to possess the corresponding orthologs for many of the 

yeast or bovine FO subunits. In fact, novel F-ATPase associated proteins have been previously 

identified from Tetrahymena [97] belong to phylum ciliophora within alveolate infrakingdom, 

Chlamydomonas [93-94] a free living chlorophyceae algae and Trypanosoma [95] another 

protozoan belong to kinetoplastid group. Therefore, it is probable that a similar situation exists 

in the apicomplexan parasite T. gondii. To verify this, as detailed below, the T. gondii F-

ATPase enzyme was purified in native form from isolated T. gondii mitochondria and its 

subunit composition was identified using mass spectrometry based proteomics approach. 

Generating transgenic T. gondii parasites expressing F-ATPase β (TgATPβ) and OSCP 

(TgATPOSCP) subunits with yellow fluorescent protein plus hemagglutinin (YFP-HA) 

tag:  

To facilitate the purification of the T. gondii F-ATPase enzyme in native form, tachyzoite stage 

T. gondii parasites were engineered to express in-frame genomic YFP-HA tags at 3’ end of the 

respective genes encoding the ATP synthase F1 β and FO OSCP subunits (Figure-9). The 

modified genes continued to be expressed under the control of their endogenous promoters. 

The correct insertion of the tags was confirmed by genomic PCRs (Figure-10) from clonal 

isolates of the respective transgenic parasites. 

Genomic locus tagging strategy 
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Figure-9: Schematic representation for genomic locus tagging for TGME49_261950 (Tgatpβ) and 

TGME49_284540 (Tgatposcp) with YFP-HA epitope tag. HR- Homologous region; YFP-HA-yellow 

fluorescent protein plus hemagglutinin; DHFR- T. gondii dihydrofolate reductase-thymidilate synthase; Red (*) - 

Stop codon.   

Confirmation of endogenous gene tagging by diagnostic PCR  

 

 

 

 

 

 

 

 

 

Figure -10: Confirmation of endogenous gene modification by diagnostic PCR. Using the respective forward 

(F) and reverse (R) primer pairs, the 3’ end regions for the two genes was PCR amplified without stop codon, 

cloned into donor plasmid and linearized with respective enzymes. After transfection, the presence of the desired 

genomic locus modification was confirmed by genomic PCRs performed using the ConF and YFP_R primer pairs 

for the respective genes (see Figure 9). The two gel pictures show the results from genomic PCR amplifications 

confirming the endogenous tagging, which is evident from the presence and absence of the PCR products in lanes 

3 (transgenic) and 6 (parental), respectively.       

Expression of the desired YFP-HA tagged proteins and their mitochondrial localization was 

confirmed by Western blotting (Figure -11A) and microscopy (Figure-11B), respectively. 
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Confirmation of endogenous gene tagging by western blotting and its mitochondrial 

localization  

 

 

 

 

 

 

 

 

 

 

 

 

Figure-11: Confirming the expression of the TgATPβ-YFP-HA and TgATPOSCP-YFP-HA proteins by 

SDS-PAGE western blotting (A) and its mitochondrial localization (B). Partially purified mitochondrial 

sample from transgenic parasites were used to confirmed the expression of endogenous tagged proteins, from left 

to right cell lysate from TgATPβ-YFP-HA; TgATPOSCP-YFP-HA; parental parasites and M, Molecular weight 

size markers respectively (A).  Mitotracker red was used to visualize the mitochondrion (B). 

Functional validation of mitochondrial ATP synthesis: By comparing the ability of the 

parental and transgenic strains of the parasites to maintain total cellular ATP levels in the 

presence/absence of glucose, it is possible to find out whether the ATP synthesis function 

modified F-ATPase is intact in the transgenic parasites. Although T. gondii tachyzoites are 

known to prefer glucose as the primary nutrient source, in the absence of glucose, they can be 
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switch to glutaminolysis for carbon and energy supply. In the latter case, ATP is obtained by 

the parasites via oxidative phosphorylation, and this can be inhibited using atovaquone (Figure-

12) [450, 98,119]. Based on these earlier observations, we designed an assay in which host cell 

free tachyzoite stage parasites were incubated in the presence or absence of glucose and 

atovaquone for a short period, before estimating the total cellular ATP levels. It was observed 

that similar to parental parasites, transgenic parasites expressing YFP-HA-tagged ATP 

synthase F1 β and FO OSCP subunits were capable of maintaining cellular ATP levels via 

oxidative phosphorylation in the absence of glucose, and this was susceptible to inhibition by 

atovaquone. These results confirm that the modification of either F1 β or FO OSCP proteins 

with YFP-HA tag had no detrimental effect on the function of the enzyme, implicating that the 

structure of the tagged enzyme remained intact (Figure-13).  

 

 

 

  

 

 

 

Figure-12: Schematic representation of mETC in T. gondii. Atovaquone inhibits Cyt b in complex III and 

blocks electron transfer downstream from ubiquinone, resulting in inhibition of ATP production by oxidative 

phosphorylation. White box with black border in mitochondria indicate the luciferase assay used to determine the 

intracellular ATP production in T. gondii. 

Identification of monomer and dimer forms of T. gondii F-ATPase by Blue Native PAGE 

(BNP) analysis: The fully assembled F-ATPase is known to exist in dimeric and monomeric  
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Figure-13: Nutrient metabolism in T. gondii (A) and functional validation of F-ATPase in parental (wt), 

TgATPβ-YFP-HA and TgATPOSCP-YFP-HA expressing transgenic parasites (B).  T. gondii can utilize both 

glucose and glutamine as carbon source to produce ATP by glycolysis and oxidative phosphorylation. The later 

is selectively inhibited by the antiparasitic drug atovaquone (A). Comparison of intracellular ATP production in 

all three strains exhibited similar response to atovaquone treatment in the presence and absence of glucose, 

indicating that the YFP-HA tag had no effect on mitochondrial ATP synthesis. (+/-) indicate presence and absence 

of glucose and atovaquone in respective growth conditions. Table color shading: Red - ATP produced by 

glycolysis as well as by oxidative phosphorylation; blue- ATP produced by oxidative phosphorylation only; gray- 

oxidative phosphorylation inhibited by atovaquone (B). 

forms on the inner mitochondrial membrane. The dimeric form of F-ATPase is known to 

influence the characteristic cristae formation of the inner mitochondrial membrane [80,82-84]. 

Dimeric and monomeric form of F-ATPase has been observed in the free living ciliate T. 

thermophila and the apicomplexan parasite P. falciparum [97, 99]. To find out whether the T. 

gondii enzyme can assemble into dimeric and monomeric form, BNP analysis was carried out 

on detergent-solubilized mitochondrial preparations obtained from transgenic parasite 

expressing YFP-HA tagged F-ATPase subunits. After resolving the samples on a 3% - 12% 
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gradient BNP gel capable of resolving a molecular weight range between 20 kDa to 

approximately 1,200 kDa (Figure-14 A lane M), Coomassie staining revealed prominent bands 

at the sizes corresponding to dimeric and monomeric forms of the enzyme (Figure-14 A lane 

A). This was further confirmed by native western blotting after BNP separation using α-HA 

antibodies (Figure-14 A lane B), which indicated the presence of both dimeric and monomeric 

forms of the enzyme, with the dimeric form being more abundant than the monomeric form.   

 

 

 

 

 

 

 

 

Figure-14: Identifying the dimeric and monomeric forms of T. gondii F-ATPase by BNP analysis. (A) 

Mitochondria lysates prepared from tachyzoites stage transgenic parasites expressing TgATPβ-YFP-HA protein 

was separated by BNP. Lane M, native molecular weight markers; lane A, Coomassie blue staining of BNP gel; 

lane B, Western blotting of BNP gel using α-HA antibodies. The dimer and monomer forms are indicated by 

arrows. The boxed regions in lane A correspond to the excised gel pieces, which were processed for LC-MS/MS 

analysis. (B) In-gel ATPase activity assays following BNP separation confirms that the dimer and monomer forms 

of F-ATPase are functionally intact.  

Next, in-gel activity assays were carried out to detect the ATPase activity associated 

with the isolated native enzyme. Results from these assays confirmed that the ATPase activity 

was intact, for both dimeric and monomeric forms of the enzyme, after BNP separation (Figure-
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14 B). Although the dimeric form of the enzyme was more abundant, its ATPase activity was 

less than that of the monomeric form. This is supported by the fact that the F1 ATPase activity 

of dimeric form of enzyme is inhibited in vivo to minimize the risk of ATP hydrolysis and favor 

ATP synthesis [71, 120]. Since the in-gel activity assay is an ATP hydrolysis assay, the dimeric 

form has less of this activity. Based on BNP mobility, the size of the dimeric form of the 

enzyme was deduced to be 1-1.2 MDa and that of the monomeric form to be approximately 

600 kDa. This is in agreement with what has been reported previously for P. falciparum [99], 

S. cerevisiae [85], and bovine [77] enzymes and suggests that a full complement of FO subunits 

is present in T. gondii F-ATPase. Further, the regions in the BNP corresponding to the dimeric 

and monomeric forms of the enzyme were excised and processed for identifying the proteins 

in the gel band by LC-MS analysis 

Identification of T. gondii F-ATPase associated proteins (ASAPs) by liquid 

chromatography tandem mass spectrometry (LC-MS/MS) proteomics: A standard 

protocol was followed for in-gel LC-MS/MS analysis of the gel bands corresponding to the 

dimeric and monomeric forms of the enzyme identified by BNP. This was done on samples 

prepared from both TgATPβ-YFP-HA and TgATPOSCP-YFP-HA expressing transgenic 

parasite lines. Since the dimeric form of the enzyme was more abundant than the monomeric 

form after BNP separation, LC-MS/MS analysis of the gel band corresponding to the dimeric 

form of the enzyme yielded better success. A total of 96 proteins were identified with high 

confidence from consensus data obtained from multiple in-gel LC-MS/ MS analysis. Proteins 

corresponding to all F1 subunits and FO OSCP were detected, while FO subunit c was not 

detected in any of the experiments. In addition, many proteins of unknown function were also 

detected. However, due to co-migration of several nonspecific proteins, such as myosin, in the 

area corresponding to the gel band processed for LC-MS/MS analysis, it is likely that some of 

these proteins of unknown function are not bona fide subunits of the F-ATPase. A full list of 
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the proteins identified from these samples, along with the details of the peptides detected, is 

available online in the following link- (https://doi.org/10.1371/ journal.pbio.2006128.s006).  

In order to specifically identify the protein subunits of F-ATPase, the native F- type 

ATP synthase complex was purified from transgenic parasites expressing YFP-HA tagged ATP 

synthase subunits by chromatographic separation (Figure-15 A and B) and 

Immunoprecipitation (IP) using the α-HA antibody. In contrast to BNP analysis, after size 

exclusion chromatography, the dimeric form of the enzyme was less abundant than the 

monomeric form (Figure-15B). This is likely due to stability issues with the dimeric from, 

which might progressively fall apart to monomeric forms during the process of 

chromatographic separation. The fractions corresponding to the dimeric and monomeric forms 

of the enzyme were pooled and concentrated separately before processing for LC-MS/MS 

analysis. A total of 64 proteins were detected (Figure-16) from the fractions corresponding to 

the monomeric form of the enzyme, while the data from dimeric from of enzymes is not 

reliable, due to very low protein concentration. LC-MS/MS analysis on the enzyme enriched 

by IP resulted in the identification of a total of 29 proteins, of which 28 were also detected from 

either BNP or chromatography samples (Figure-16). Details for the peptides detected from 

chromatography and IP samples are available online on following link- 

(https://doi.org/10.1371/journal.pbio.2006128.s006).  

It is notable that 19 proteins, including all F1 subunits and FO OSCP of F-ATPase, were 

detected in samples prepared by all three methods. Out of the 29 proteins detected in IP, only 

3 were found to be nonspecific proteins and not related to F-ATPase, based on the protein 

domain annotation. Out of the remaining 26 proteins, 5 were known F1 subunits (α, β, δ, ε, γ), 

1 was FO OSCP, and the remaining 20 were proteins of unknown function. It should be noted 

that we were unable to identify FO subunit c in any of our LC-MS/MS analyses, probably owing 

to its highly hydrophobic nature. Based on the consensus of proteins identified by the three 
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different approaches, the F-ATPase from T. gondii appears to be comprised of at least 27 

protein subunits. We have coined the term “ATP synthase-associated proteins” (or “ASAPs”) 

to refer to the 20 novel subunit components of the enzyme identified in this study. A complete 

list of all T. gondii F-ATPase subunits identified by mass spectrometry, along with their 

annotation from ToxoDB are given in (Table -2).  

Identification of ATP synthase FO subunits a, b, and d in T. gondii As shown in (Figure-7) 

in addition to subunits c and OSCP, the FO sector consists of at least 6 other subunits in yeast, 

mammalian, and plant enzymes. Subunit a is essential for proton conductance, which it 

facilitates along with subunit c [63-65]. Subunit b and d forms the core of the stator structure, 

which is essential for holding the catalytic α3β3 structure in place during the rotary motion of 

the central stalk [66-67]. Our interest was to find out which of the ASAPs correspond to these 

three subunits in T. gondii F-ATPase. Since none of the ASAPs had any sequence identity to 

the yeast FO a, b, and d subunits, conserved structure-based identification using pairwise 

comparison of profile hidden Markov models as implemented in HHPred was used for 

identification [121,122]. For this analysis, the corresponding tool available from web-based 

MPI bioinformatics toolkit (toolkit.tuebingen.mpg. de) was used. Each of the ASAPs was 

analyzed using this tool and this resulted in the successful identification of FO subunits a, b, 

and d based on previously known structures for these proteins from other species. The ASAP 

TGME49_310360 was identified as FO subunit a (Figure-17 A), and it was possible to generate 

sequence alignments for the C-terminal domain of this protein, which showed the conservation 

of the key amino acid residues arginine (important for proton translocation) and glutamine 

(yellow highlight in Figure-17 B). Similarly, searches with TGME49_231410 and 

TGME49_268830 came up with hits for FO subunits b and d, respectively (Figure-18 A and 

B). Sequence alignments as well as the secondary structure prediction suggested that these 

proteins are likely to be ATP synthase FO subunit b and d, based on the best hits from 
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A 

B 

HHPred (Figure-19 A-D ).  

 

 

   

 

 

 

 

 

 

 

 

 

 

Figure-15: Partial purification of dimeric and monomeric forms of T. gondii F-ATPase by chromatography: 

(A) Ion exchange (DEAE sepharose) separation of mitochondrial lysates prepared from TgATPβ-YFP-HA 

expressing transgenic parasites. Absorbance at 280 nm (filled circles) and NaCl concentration (open circles) are 

plotted for each fraction. Fractions 5 and 18 are marked with arrows. Bottom panel shows SDS-PAGE western 

blotting for fractions 5-18 to find out the elution profile of TgATPβ-YFP-HA. (B) Size exclusion profile of the 

pooled fractions from ion exchange chromatography. The absorbance at 280 nm is plotted for each fraction. The 

size exclusion column was calibrated with the following native markers: thyroglobulin (“T”-660 kDa), ferritin 

(“F”- 440 kDa), conalbumin (“C”-75 kDa), ovalbumin (“O”-45 kDa). Peak elution volume for each marker is                                                      
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indicated by arrow. Fractions 1-3, 4-6, and 7-9 were pooled, concentrated, and subject to SDS-PAGE western 

blotting to detect TgATPβ-YFP-HA, as shown in bottom panel.  

  

 

 

 

 

 

 

Figure-16: Identification of novel T.  gondii F-ATPase subunits from LC-MS/MS analysis. The Venn diagram 

shows shared identification of proteins following BNP, SEC, and IP sample preparation. Total number of proteins 

identified in each technique is given within brackets outside the Venn diagram. The numbers shown in white font 

and within brackets are the final set of proteins assigned as subunit components of T. gondii F-ATPase. BNP data 

are a combination of experiments done with both TgATP-β-YFP-HA and TgATPOSCP-YFP-HA expressing 

transgenic parasites. SEC and IP data are from TgATPβ-YFP-HA and TgATPOSCP-YFP-HA expressing 

transgenic parasites, respectively. 

Mitochondrial localization of ASAPs and gene essentiality in T. gondii: The expected 

localization of the F-ATPase enzyme complex is the mitochondrion, and accordingly 

localization studies confirmed that the β and OSCP subunits of the T. gondii F-ATPase are 

localized to the parasite mitochondrion (Figure-11 B).  In order to confirm that the novel 

subunits identified from the LC-MS/MS analysis of T. gondii F-ATPase are bona fide subunits 

of the enzyme complex, mitochondrial localization studies were carried out. First, the presence 

of mitochondria targeting signal sequence was predicted for all twenty ASAPs using the 

Mitoprot tool [123], which revealed the presence of mitochondrial signal sequence in 12 
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ASAPs. Five of the subunits including TGME49_231410 (FO subunit b like protein), were 

previously shown to localize in the mitochondrion [126], and four other subunits were 

confirmed experimentally to localize to the parasite mitochondrion in this study (Figure-20). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table-2: List of genes encoding the ASAPs identified in this work by mass spectrometry analysis: Gene ID 

and product description details were taken from Toxodb.org (release 36). The entries shown in bold indicate that 

the protein was detected with high confidence from only BNP and IP samples. Asterisk indicates that the 

corresponding peptides were detected in only one of the replicate runs for SEC sample. 
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Figure-17: HHPred identification of novel FO subunit a based on conserved structural features. (A) 

Representation of the pairwise sequence alignments generated by HHPred for the putative FO subunit a from T. 

gondii and 7 other FO subunit a proteins for which the structure is known. The table provides details of the amino 

acid length and a probability score for the prediction from the hit alignments. The red lines indicate the 3 

transmembrane domains present in the T. gondii protein. (B) Protein sequence alignments and secondary structure 

information were made using the Clustal Omega [124] and ESPript [125] software, and only the C-terminal 

portion of respective proteins is shown. The names of alveolate species are highlighted in blue. For the non 

alveolate species included in the alignment, the FO subunit a is either readily identified from sequence (Scer, Hsap, 

50 
  



Research Methodology and Results 

Atha, Ecol, and Pten) or has been experimentally determined (Crei and Poly). Positions with similar amino acids 

are highlighted in red in the alignment. The arginine and glutamine residues, highlighted in yellow, are conserved 

in all species and important for function. The helices (α9, α10, and α12) shown are from the structure of Poly F-

ATPase. Species names: Tgon, T. gondii; Hham, Hammondia hammondi; Pfal, P. falciparum; Pviv, P. vivax; 

Tann, Theileria annulata; Bbov, B. bovis; Cmur, C. muris; Cvel, C. velia; Crei, C. reinhardtii; Poly, Polytomella 

sp.; Scer, S. cerevisiae; Hsap, Homo sapiens; Atha, A. thaliana; Ecol, Escherichia coli; Pden, Paracoccus 

denitrificans.  

 

 

 

 

 

 

 

 

Figure-18: Homology detection structure prediction by HHPred and its comparison for FO subunit b and 

d like protein from T. gondii. (A) TGME49_231410 (B) TGME49_268830. The table provides the details of the 

amino acid length and a probability score for the prediction from the hit alignments. 

Due to the importance of the F-ATPase enzyme, it is reasonable to expect that the 

enzyme would be essential for survival of T. gondii. Interestingly, it was reported that the β 

subunit of the enzyme is not essential for blood stage parasite growth, but essential for sexual 

development of parasite, in the rodent malaria parasite P. berghei [100].  Our multiple attempts 

to disrupt the T. gondii genes encoding the β and c subunits of the F-ATPase using the 

CRISPR/Cas9 technique (Figure-22) proved futile, indicating the essentiality of these proteins  
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T. gondii. 

S. cerevisiae 

Helix Coil Sheet 

A 

for T. gondii survival.  Interestingly, all ASAPs identified in this study, except ASAP-19 and 

20, were shown to be essential proteins in a genome-wide CRISPR/Cas9 screen in another 

study [126].  
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Figure-19: The predicted secondary structure features and multiple sequence alignment. Secondary 

structure prediction of putative F-ATPase subunit b (TGME49_231410) and d (TGME49_268830); and its 

comparison to Scer counterpart (A and C) respectively. Multiple sequence alignment of putative FO subunit b and 

d protein from T. gondii with Btau, Scer, and Oang counterparts using Culstal Omega [48] and ESPript [49]. The 

D 

C 

S. cerevisiae 

T. gondii. 

Helix Coil Sheet 
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helices shown are derived from the crystal structure of Btau protein. Species names: Btau, B. taurus; Tgon, T. 

gondii; Scer, S. cerevisiae; Oang, Ogataea angusta.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure-20: Confirming mitochondrial localization for selected ASAPs. The cDNA for TGME49_245450, 

TGME49_282180, TGME49_290030, and TGME49_223040 were constitutively expressed from a plasmid under 

the β-tubulin promoter as C-terminal HA-tagged proteins in tachyzoites stage parasites. Mitochondrial localization 

was confirmed by colocalization with Mitotracker. Immunostaining was carried out as described in the Methods 

section. 
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Figure-21: Schematic representation for knockout strategy in T. gondii and expression of CRISPR/Cas9.  

(A) The schematic representation of gene knockout strategy using CRISPR/Cas9 technique. The guide RNA 

sequence (Table-1) was designed to target exon 1 of gene of interest (TGME49_261950 - Tgatp-β and 

TGME49_249720 - Tgatpc). (B) Expression of Cas9 protein and its localization to parasite nucleus.  

Phylogenetic analysis reveals conserved F-ATPase subunit composition in 3 major 

alveolate taxons: From ortholog identification attempts carried out in this work, and from 

previous studies [26-27], it was apparent that the F-ATPase subunits missing in T. gondii were 

also missing from all other alveolate species (Figure-8). In fact, the novel subunit components 

identified from Tetrahymena (Alveolata; Ciliophora) enzyme were found to be unique to 

ciliates and not conserved in other alveolate organisms [97]. Therefore, it was of interest to 

study the phyletic profile of the novel ASAPs identified in this study in order to find out 

whether these proteins are unique to T. gondii F-ATPase are present in other alveolates also. 

Ortholog identification revealed that many of the ASAPs were conserved across 3 major  
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Figure-22: Phylogenetic profile of the alveolate infrakingdom for all T. gondii F-ATPase subunits.  Alveolate 

clades are highlighted with a gray background, and their expected phylogenetic relationship is indicated by a tree 

structure above. Gray and white boxes indicate the presence and absence of the corresponding ortholog,  
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respectively. The hatched boxes represent the presence of the ortholog in C. muris only and absence in C. parvum 

and C. hominis. The table on the left lists the gene ID for all ASAPs, along with their annotation, essentiality 

phenotypes (phenotype score from CRISPR/Cas9 knockout study [126]), and protein localization. The key for 

localization annotation is as follows; Mito- mitochondria targeting signal sequence present, N- no mitochondrial 

signal sequence present, Bold- localized in this study, * localized in previous studies, # mitochondrial localization 

confirmed in Hyper LOPIT study (unpublished evidence Dr. Ross Waller Cambridge University, UK).  

alveolate taxons - Apicomplexa, Chromerida, and Dinoflagellata (Figure-22). A list of all 

orthologs identified from selected species belonging to these taxons is available on this link- 

(https://doi.org/10.1371/jozurnal.pbio.2006128.s007). Out of the 20 ASAPs, 15 were 

conserved in all apicomplexan clades, except in the case of Cryptosporidium, in which only C. 

muris contained orthologs for 10 of these proteins. A few ASAPs were unique to the Coccidian 

clade. More importantly, all ASAPs, except one, were conserved in Chromerida, and at least 9 

and 12 ASAPs were also conserved in Symbiodinium and Perkinsus, respectively. To obtain 

further insights on the evolutionary origin of these proteins, neighbor- joining phylogenetic 

trees were generated for ortholog sequences of all F1 and FO subunits from representative 

species of Haemosporida, Piroplasmida, Coccidia, Cryptosporidiidae, Chromerida, 

Dinoflagellata, and Ciliophora (Figure-23 A and B). S. cerevisiae, H. sapiens, M. musculus, C. 

reinhardtii and A. thaliana species were included as outgroups while constructing the 

phylogenetic trees for the highly conserved F1 subunits. Even though the topology of most trees 

did not reflect the expected evolutionary relationship between the included species, 

monophyletic grouping was observed in general at the taxon level, and importantly, this was 

evident for the conserved F1/FO subunits, as well as the novel ASAPs (Figure-23). Thus, the 

evolutionary origin of the newly identified highly divergent ASAPs in Apicomplexa, 

Chromerida, and Dinoflagellata clades appears to be ancient. 
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TGME49_314820 
F1 epsilon 

TGME49_231910 
F1 gamma 

TGME49_249720 
F0 c 

TGME49_268830 
ASAP-3 (F0 d?) 

TGME49_223040 
ASAP-4 

TGME49_247410 
ASAP-5 

TGME49_284540 
OSCP 
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ASAP-1 (F0 a?) 
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Figure-23: Neighbor-Joining phylogenetic trees showing the evolutionary relationship for all orthologs of 

ASAPs identified from representative species of Haemosporidia, Piroplasma, Coccidia, Cryptosporidiidae, 

Chromerida, Dinoflagellates, Ciliophora, and outgroups. (A) Cladogram representation of the expected 

phylogenetic relation for the selected species as previously published [27]. I-XIII represent the nodes on the 

cladogram and are used to denote the monophyletic of taxon-specific sequences in the individual trees for each 

ASAP ortholog set shown in (B). The taxon color coding is same in (A) and (B). The numbers in (B) indicate 

bootstrapping support. ASAP- ATP synthase associated protein. 

B (continued) 
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Gene coexpression analysis of ASAPs from T. gondii and P. falciparum: In order to obtain 

further independent evidence for ASAPs as bona fide subunits of F-ATPase, transcriptome 

coexpression correlation analysis was carried out using publicly available gene expression 

datasets for T. gondii and P. falciparum [113-114]. This was carried out based on the 

assumption that the ASAPs interacting with one other would show significant pairwise 

correlation profiles in their expression levels. Strikingly, very good correlation in gene 

coexpression profiles can be detected among the F-ATPase subunits, in comparison to 

coexpression with other unrelated gene pairs, in both T. gondii and P. falciparum transcriptome 

datasets (Figure-24). This finding further supports the fact that the novel ASAPs are indeed 

coexpressed and are likely bona fide subunits of the unusual F-ATPase enzyme from T. gondii 

and in P. falciparum. 
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Figure-24: Gene coexpression analysis for T. gondii and P. falciparum F-ATPase subunits. The distribution 

of coexpression values as measured by the Pearson correlation coefficients are plotted for the three gene pairs 

categories, as shown for T. gondii (A) and P. falciparum (B). The statistical support from MWU and Cd values 

are shown in the table within each plot. Blue (1), coexpression correlation between ATP synthase genes; Orange 

(2), coexpression correlation between ATP synthase genes and non-ATP synthase genes; Green (3), coexpression 

correlation between non-ATP synthase genes. MWU, Mann-Whitney U p-values; Cd, Cohen's d. 
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Discussion: 

All life forms need energy for survival, which is mostly available in the form of ATP. 

In most eukaryotes, bulk cellular ATP is mainly produced by mitochondrial oxidative 

phosphorylation, where the multimeric F-ATPase complex facilitates the production of ATP 

from ADP and Pi. The energy required to drive ATP production by F-ATPase complex is 

harnessed from the movement of protons down the electrochemical energy gradient from the 

mitochondrial inter-membrane space to the mitochondrial matrix side [55-59, 61-63]. The 

enzyme consists of two functionally distinct regions called the F1 and FO sectors, which act in 

concert to convert the electrochemical energy into mechanical energy to facilitate ATP 

synthesis [55-59, 61]. The F1 sector comprises of three copies each of α and β subunits which 

make the catalytic core of the enzyme complex, and single copy of each of γ, δ and ε subunits, 

which makeup the central stalk of the enzyme complex. The core components of the FO sector 

includes the oligomeric assembly of subunit c along with single copy of subunits a, b, d, h, F6 

and OSCP, as seen in yeast F-ATPase and its mammalian counterpart [59]. The central stalk 

bridges the catalytic core with the rotary motor formed by oligomeric subunit c [55-59, 61]. 

During proton translocation the rotation of FO sector subunit c leads to conformational change 

in the asymmetric γ subunit of the rotating central stalk, which induces the conformational 

changes in the α3β3 catalytic core and facilitates ATP synthesis. The stator structure is 

comprised of the catalytic core of F1 sector, the FO sector subunits a, along with the peripheral 

stalk components b, d, h F6 and OSCP and other accessory subunits [55-59, 61, 67]. The 

peripheral stalk of the enzyme helps in holding the α3β3 catalytic core in place while the rotor 

part of the enzyme rotates [67-68]. Site directed mutagenesis and gene knockout/knockdown 

studies in model organisms reveals that, all subunit components of this unique enzyme are 

critical for proper assembly and efficient ATP synthesis.  

Apart from the core subunit composition described above, other accessory proteins   
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associated with mitochondrial F-ATPase are required for assembly of oligomeric forms of 

enzymes complex, specifically the V shaped dimeric form [85]. The first evidence of presence 

of dimeric and oligomeric forms of F-ATPase came from freeze-fracture and deep-etching 

electron microscopy studies on P. multimicronucleatum mitochondrial membrane. This studied 

indicated the paired arrangement of the F1 complex (spaced by 12 nm) on the inner 

mitochondrial membrane [75]. Subsequently the dimeric and oligomeric forms of 

mitochondrial F-ATPase was confirmed by blue native page (BNP) analysis, atomic force 

microscopy and cryo electron microscopy studies on detergent solubilized mitochondrial 

preparations from various organisms such as yeast, bovine and Polytomella Sp., [83, 

85,111,127]. In fact, the dimeric form of F-ATPase facilitates cristae formation in the inner 

mitochondrial membrane [80, 82-84] and is implicated in maintenance of the mitochondrial 

membrane potential [128]. However, the identity of the proteins responsible for dimer 

formation has not been ascertained in most species. For example, in the yeast S. cerevisiae, 

dimerization and oligomerization of F-ATPase enzyme complex is mediated by the accessory 

subunits e, g, and k. Genetic studies on mutant yeast lacking these subunits reveals that subunit 

e and g are essential for dimerization of F-ATPase [85-86]. The ortholog for these proteins are 

also present in mammalian species. Interestingly the yeast or mammalian F-ATPase dimer 

specific subunits are absent in other organisms such as free living algae, ciliates and parasitic 

protozoans, despite the presence of dimeric form of F-ATPase in these organisms [93-95, 97]. 

This indicates that the proteins responsible for dimerization may have different evolutionary 

origins.  

The mitochondrial F-ATPase complex purified by BNP and size exclusion 

chromatography studies from yeast revealed that the average molecular size of the dimeric and 

monomeric form of the enzyme is around 1 MDa and between 500–600 kDa, respectively [85]. 

Considering the complex structure and assembly of F-ATPase enzymes, subunit composition 
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studies in yeast and mammals revealed that the complex is made up of around 20 different 

subunits [91-92]. Even though the structure and function of F-ATPase is conserved across all 

eukaryotes, the subunit composition can vary among them. In many taxa, including in 

unicellular eukaryotes such as free living algae and parasitic protista, only some of the F-

ATPase subunits are detectable by sequence, i.e., all F1 sector subunits and only subunit c and 

OSCP from the FO sector, as per the data available from the (KEGG) database (kegg.jp). It 

appears that the remaining subunits of the FO sector are poorly conserved and are not readily 

identified from sequence similarity. 

In case of apicomplexan parasites also a similar situation prevails and accordingly, 

other than subunit c and OSCP other FO sector are missing [26-27, 98-99]. By extending the 

analysis to other alveolate phyla, such as ciliata, dinoflagellata and chromerida, it became 

apparent that the FO sector subunits missing in apicomplexa were also missing in these 

organisms. A detailed study on the subunit composition of F-ATPase purified from detergent 

solubilized mitochondrial sample obtained from the ciliate T. thermophila, an alveolate species, 

resulted in the identification of 13 novel proteins [97]. However, unexpectedly the novel 

subunits identified for T. thermophila F-ATPase were not conserved within alveolate 

infrakingdom, despite the evolutionary relatedness. Based on this finding, it was expected that 

maybe a unique set of subunit components maybe present in T. gondii and other apicomplexan 

F-ATPase.  

The molecular size of well-characterized F-ATPase from yeast and bovine species is 

around 500-600 kDa for the monomeric form and ~1 MDa for the dimeric form. The fact that 

the P. falciparum F-ATPase assembles into both monomer and dimer forms with similar size 

range [99] to the model enzymes suggested two things: one is that the parasite enzyme is 

assembling into intact complexes needed to be functional and the other is that, novel proteins 

have likely replaced the missing FO sector subunits of the enzyme. The P. falciparum F-ATPase 
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was also found to be essential for survival of asexual blood stage parasites, even though in the 

rodent malaria parasite P. berghei, it was found to be essential only for sexual development in 

the mosquito [100]. Similarly studies on metabolic mutants in T. gondii have revealed that 

mitochondrial oxidative phosphorylation is an important source of ATP, especially when 

glucose is absent and glycolytic flux is not a source of ATP [18, 19]. Mitochondrial ATP 

synthesis is also likely essential for formation and maintenance of tissue cyst forms of T. gondii 

in infected hosts. Despite the importance of F-ATPase enzyme in apicomplexan parasites, not 

much is known about its subunit composition, structure, and function in these parasites.  

This study has revealed that the F-ATPase enzyme is functional as an ATP synthase in 

T. gondii and is functionally integrated mtETC in T. gondii. The native enzyme purified from 

detergent-solubilized parasite mitochondria preparations was found to exist in both dimeric and 

monomeric forms, as is the case in other eukaryotic F-ATPase [99], as identified by BNP 

analysis. The F-ATPase from T. gondii was partially purified using BNP, IP and 

chromatography techniques, and subsequently LC/MS/MS analysis on tryptic digested samples 

resulted in the identification of 20 novel proteins. These proteins are referred to as ATP 

synthase associated proteins (ASAPs) and are listed in Table-2. Some of these proteins are 

probable functional equivalents of the missing subunits of FO sector such as subunit a, b and d 

(which form the core components of the stator structure), while others are likely to be accessory 

proteins required for oligomerization and regulation of the enzyme activity. As these novel 

proteins had almost no sequence similarity to any of the yeast or bovine FO sector subunits, it 

was not possible to identify the functional equivalents of key subunits such as a, b and d by 

sequence conservation. Therefore, the presence of conserved structural features for canonical 

FO sector subunits a, b and d was used to identify the corresponding functional equivalents for 

T. gondii F-ATPase. This approach led to the successful identification of putative FO subunits 

a (TGME49_310360), b (TGME49_231410), and d (TGME49_268830). These three subunits 
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have a central role in the functioning of the F-ATPase as subunit a along with subunit c 

involved in proton translocation process, while subunit b and d is important component of 

peripheral stalk.  

Predicted secondary structure features of the putative subunit a revealed that this protein 

has 3 transmembrane domains (Figure-17A), while its counterpart from yeast and many other 

eukaryotes has 5-7 transmembrane domains. Nevertheless, the critical arginine residue, which 

is essential for proton translocation [64], appears to be conserved (Figure-17 B). Similarly, 

subunit b from yeast and many other eukaryotes has the hallmark structural feature of an 

extended α-helix, which extends from the membrane to the catalytic core of F1 sector. In 

addition, this protein is also known to possess at least 1-2 transmembrane domains. From the 

predicted secondary structure features of putative subunit b of T. gondii, despite very poor 

sequence conservation with respect to yeast and mammalian counterpart, very high structural 

similarity (>97% probability in HHPred) was detectable (Figure-18 A). The FO sector subunit 

d is known to interact with subunit b via parallel/ antiparallel, coiled coil helical domains [59], 

and along with subunit b, h, F6 and OSCP it forms the peripheral stalk structure [66-67]. The 

putative T. gondii FO subunit d was found to have highly similar secondary structure features 

over the conserved regions with that of the bovine enzyme (Figure-18 B). Interestingly, the 

putative subunit b and d from T. gondii are >500 amino acids in length, while the corresponding 

proteins from yeast and mammals is <300 amino acid in length. How these longer proteins are 

structurally accommodated into the fully assembled F-ATPase complex is an intriguing 

question. Thus, in order to fully validate the subunit composition of the enzyme, understand 

the functional role of the novel ASAPs and study their structural features, obtaining a high 

resolution 3D structure of the T. gondii F-ATPase becomes imperative. 

Further, the functional association of the novel ASAPs with the readily identified F1 

sector subunits and FO subunit c and OSCP was ascertained in three different ways. First, in a 
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genome wide essentiality screen in T. gondii, all ASAPs and the known subunits of the F-

ATPase were shown to be essential for parasite survival (Figure-22) [126]. Next, the 

mitochondrial localization of all the ASAPs was confirmed by considering evidence from in 

silico prediction of mitochondrial localization signals as well as from experimental localization 

of selected ASAPs (Figure-20 and 22). Lastly, gene co-expression analysis showed that, both 

in P. falciparum and in T. gondii, the expression of ASAPs was highly correlated with the 

known subunits of the F-ATPase (Figure-24). In summary, evidence from gene essentiality, 

subcellular localization, and transcript co-expression analysis provide independent levels of 

support for validating ASAPs as bona fide subunits of T. gondii F-ATPase enzyme. Moreover, 

the authenticity of at least 10 of the ASAPs as subunits of T. gondii F-ATPase was also 

confirmed by an independent and parallel study [129]. This study also revealed that the 

knockdown of putative FO sector subunit b lead to defective assembly of F-ATPase and 

decreased in mitochondrial cristae formation.  

Phylogenetic analysis revealed that the ASAPs identified from T. gondii are conserved 

across phylum apicomplexa except in Cryptosporidium species which lack a true mitochondria 

(Figure-22) [129].  Furthermore, the phylogenetic studies also revealed that orthologs of the T. 

gondii ASAPs are also conserved in two other alveolate phyla, Chromerida and Dinoflagellata. 

This is interesting from an evolutionary perspective, since given the critical role of the F-

ATPase in energy metabolism, it appears that the origin of these novel ASAPs is ancient and 

likely predates the evolutionary branching of the apicomplexan clade. However, the intriguing 

observation is that the ciliates, which are basal alveolates, have a completely different subunit 

composition of F-ATPase [97]. Why would the ciliate F-ATPase have a different subunit 

composition from that of other alveolate species. It turns out that this is not an exclusive case 

for the F-ATPase enzyme only. Many features of the ciliate mitochondria appears to be 

different from other alveolates, such as the size of the mitochondrial genome, the number of 
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protein coding genes encoded by the mitochondrial genome, and the subunit composition of 

the respiratory chain complexes [26] (Figure-25).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure-25: Mitochondrial genome evolution and divergence of metabolic capability within the alveolate 

clade. (A) Variations in molecular processes associated with the mitochondrion in different alveolate clades. 

Adapted from [133]. (B) The cladogram shows the presence (+) and absence (−) of mitochondrial metabolic 

characters based on genomic data, mapped onto tree branches.  The parallel gain or loss of genes in different 

metabolic pathways is indicated by double lines through circles. “?,” uncertain presence/absence of pathway due 

to the presence of incomplete set of genes for the pathways; BCKDH, branched-chain keto-acid dehydrogenase; 

DBCAA, degradation of branched-chain amino acids; ETC, electron transport chain; 2-MCC, 2-methyl citrate  

cycle; MQO, malate quinone oxidoreductase; PDH, pyruvate dehydrogenase. Adapted from [26]. 
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For example in the ciliate T. thermophile, the mitochondrial genome is approximately 

47 kb in size and contains 45 protein coding genes, including genes which code for the F-

ATPase FO sector subunits c and a [97,130]. In contrast, the mitochondrial genomes of other 

alveolates from phylum Apicomplexa, Chromerida, and Dinoflagellata are highly reduced and 

encode only 3 or 2 protein coding genes, none of which are F-type ATP synthase subunits [131-

133]. This dramatic difference between the ciliates and other alveolates might signify an 

important bottleneck during evolutionary radiation within the alveolate infrakingdom. The 

mitochondrion of ancestral alveolate species might have retained many of the complex features 

and functions associated with the mitochondrion of the closely related stramenopiles. 

Subsequently, after the divergence of ciliates, it appears that there was massive reduction in 

the mitochondrial complexity, including the reduction in genome size and metabolic 

streamlining, in the common ancestor of apicomplexa, dinoflagellata and chromerida [1]. 

Regardless of the independent evolutionary histories of the apicomplexa, dinoflagellata 

and chromerida clades, and the different life styles of these organisms – either parasitic or free 

living – it is striking that the mitochondrion associated features and functions have remained 

very similar. So, what might be the evolutionary origin of these novel ASAPs in these 

organisms? Understanding the evolutionary history and driving force behind the highly similar 

status of the mitochondrion in these organisms may be key to answering this question. One 

possibility is that the novel ASAPs originated de novo in the common ancestor for 

apicomplexa, dinoflagellata and chromerida species. But why was it necessary to innovate on 

the F-ATPase and other aspects of mitochondrial biology beyond what was already present in 

the common ancestor with the ciliates?  It is also striking that the conservation of mitochondrial 

features parallels the presence of the plastid organelle, the apicoplast in these organisms.  

It is interesting that the ASAPs identified from T. gondii are conserved across all 

plastid-bearing alveolate clades, suggesting a probable link between the two events. Studies on 
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the origin of the plastid have revealed it to be acquired from an ancestral red algal 

endosymbiont (Figure-26). The evolutionary history of the alveolate plastid, however, appears 

to be complex, with recent studies supporting serial higher order endosymbiotic events (Figure-

27) [134-136] rather than a single ancestral endosymbiotic event and subsequent vertical 

descent [137]. Regardless of these complexities, once the common ancestor of apicomplexa, 

chromerida and dinoflagellata acquired the plastid, it resulted in large-scale acquisition of 

genes from the endosymbiont, which are now detectable in the nuclear genome of these 

organisms. These lateral gene transfer events resulted in the acquisition of genes from the 

nuclear as well as organelle genomes (as evidenced from genes encoding plastid associated 

proteins) of the endosymbiont.  

 

 

 

 

 

 

 

 

Figure-26: Phylogeny of alveolate infrakingdom and its relationship with free-living Stramenopiles. 

Alveolate species are highlighted by the dotted outline box and the phyla are marked by different color codes on 

the right. The phylum with red algae derived plastids and the conservation of T. gondii F-ATPase ASAPs are 

shown with gray background. Adapted with modifications from [27]. 
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Thus it is likely that the novel ASAPs present in alveolate F-ATPase may have been acquired 

from the secondary endosymbiotic event, which gave rise to the plastid organelle in these 

organisms.  

 

 

 

 

 

 

 

Figure-27: Schematic representation of the evolutionary events resulting in the acquisition of the plastid 

organelle by alveolates. These events where originally described by the chromalveolate hypothesis which 

postulated a single secondary endosymbiotic event. But subsequent studies have shown that tertiary and possibly 

other higher order endosymbiotic events might have played a role in the origin of the plastid in dinoflagellates, 

and likely in other alveolate species. Adapted from [136]. 

To summarize, the presence of novel ASAPs in all apicomplexan parasites provides an 

unprecedented opportunity to study mitochondrial energy metabolism in these parasites. T. 

gondii will be an excellent model organism for these studies, since mutants that are dependent 

on mitochondrial oxidative phosphorylation as the only bulk source of ATP are already 

available (for example, the hexokinase enzyme knockout mutants). This will also facilitate 

inhibitor identification studies from whole cell screens. Given that many subunits of the 

parasite F-ATPase are completely different from the human enzyme, they will be excellent 

targets for discovering the next generation of antiparasitic agents, particularly as antimalarial 

therapy. 
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Summary: 

In this study, we have successfully identified the novel subunit constituents of F-type 

ATP synthase from T. gondii, a model apicomplexan parasite. First, intact monomeric and 

dimeric forms of the enzyme were identified by BNP analysis of detergent solubilized parasite 

mitochondrial preparations. Twenty novel hypothetical proteins were identified as subunit 

constituents of the T. gondii F-type ATP synthase, by LC-MS/MS analysis on enzyme that was 

partially purified using BNP, IP and SEC techniques. These were named as ATP synthase 

associated proteins (ASAPs). Some of these ASAPs are likely counterparts of the missing FO 

subunits, while others are most likely accessory proteins required for dimerization or 

oligomerization of the enzyme. Importantly, putative FO sector subunits a, b and d can be 

identified based on conserved structural features despite extreme sequence divergence in 

comparison to yeast or mammalian counterparts. Results from CRISPR/Cas9 knock out study 

indicated that the F1 subunits β and FO subunit c were essential in T. gondii. Interestingly, a 

genome wide CRISPR/Cas9 mediated gene essentiality screen found that all known subunit of 

F-type ATP synthase, along with 18 ASAPs were essential in T. gondii. In the same study, five 

ASAPs were localized to the mitochondrion. We have interrogated the mitochondrial 

localization for all subunits of T. gondii F-type ATP synthase by first considering evidence 

from in silico prediction of mitochondrial localization signals, followed by experimental 

localization of four selected ASAPs. Furthermore, evidence from transcript co-expression 

analysis indicated that the expression levels of all the novel subunits of F-type ATP synthase 

were highly correlated with the known F1 subunits, independently in both T. gondii and P. 

falciparum transcriptome datasets. This strongly supports the possibility of functional 

interaction between these proteins. 

The phylogenetic analysis of the highly diverged ASAPs identified in T.gondii revealed 

that most ASAPs identified from T. gondii are conserved across the phylum Apicomplexa and 
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also in two other plastid bearing alveolate phylums, Chromerida and Dinoflagellata. This 

scenario is interesting from an evolutionary perspective, since the ciliates, which are basal 

alveolates, have a completely different, unique set of ASAPs. Interestingly, the ciliates also 

dramatically differ from other alveolates by way of missing the secondary endosymbiotic 

plastid and having a more complex mitochondrion. In summary, evidence from gene 

essentiality, subcellular localization, transcript co-expression and phylogenetic analysis 

together provide independent levels of support for the identification of ASAPs as bona fide 

subunits of F-type ATP synthase in T. gondii and other alveolate organisms, except the ciliates. 

This novel and highly diverged parasite F-ATPase is important as a drug target and hence 

further structure function studies on this protein are warranted. 

Future perspectives:  

The mitochondrion of apicomplexan parasite is already a valid drug target. In this study, we 

have shown that the novel F-ATPase ASAPs identified in T. gondii are conserved across all 

apicomplexan parasites including the deadly human malaria parasite P. falciparum, which 

easily develops resistance to currently available anti-parasitic drug. It is very interesting that 

orthologs of the novel ASAPs identified in this study are restricted only in alveolate species 

and most importantly are absent in host organism. The novel parasite F-ATPase is essential for 

survival of the parasite and so provides a selective target for inhibition with new drugs. 

Therefore, gaining a more complete understanding of the function of F-ATPase enzyme is a 

critical area of investigation that may facilitate the development of newer antiparasitic 

therapeutics. 

  For obtaining a deeper understanding of the structure and function of this enzyme, we 

are currently pursuing the cryo electron microscopy technique. We hope that the availability of 

the dimeric structure of the T. gondii F-ATPase will facilitate the discovery of novel anti-
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parasitic compounds with pan-apicomplexan effect. Since, the novel ASAPs are also conserved 

in other free-living alveolates, such as Chromera velia and Perkinsus marinus, the enzyme can 

be purified in bulk from these species for structural and functional studies. These studies are 

also likely to shed light on the shared evolution of this important and unusual enzyme in 

parasitic as well as free-living organisms. 
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