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Chapter 1 

Introduction 

 

History of malaria 

Malaria occupies a major place in history throughout ages affecting neolithic dwellers, ancient 

Chinese and Greeks. Being one of the most ubiquitous diseases, the early origin of malaria has 

been testified by its around 125 different species which afflict mammals, birds and reptiles. In 

the 20th century malaria claimed around 200 to 300 million lives (1). Most of the convalescents 

belong to the Sub Saharan Africa, Asia and the Amazon basin. By propriety of climate, ecology 

and poverty, 80-90% cases of malaria and deaths exist in Africa. Stronger evidence of the ancient 

prevalence of malaria in Africa is affirmated with the occurrence of the sickle cell trait where 

individuals with one copy of the gene have a selective advantage over malaria by virtue of the 

sickle shaped RBCs containing needle shaped cluster of haemoglobin (2). The remarkable 

prevalence of malaria exemplifying to 20-40% were recorded in certain Mediterranean 

populations, African tribes and Indian aboriginal groups. The coexistence of the sickle cell trait 

(SCT) and malarial endemicity ushered A.C. Allison to conclude with the conjecture that the 

heterozygous sickle cell trait bestows a selective advantage against malaria (3). .Long reign of 

malaria has been illustrated through ancient writings which also include those from the Indian 

Vedic period (1500 to 800 BC), the Chinese  Nei Chin (270 BC), clay tablets with cuneiform 

script from Mesopotamia etc (4), ancient Egyptian writings (1550 BC) and Greek scripts (413 

BC). In the 21st century in Africa, Malaria arose as a zoonotic disease in primates. Since the time 

these parasites were discovered, research has been focussed on the parasite as well as vector 

biology of mosquitoes which transmit the parasites. It was ascertained by a French army doctor 

named Charles Laveran (1845-1922), that malaria was also rampant in the temperate zones apart 



from the tropical areas. Though malaria had been associated with marshes and swamps giving 

rise to the Roman terminology as “bad air”, Laveran discerned that these many diseases linked 

to bad vapors were actually caused by microbes (Jarcho, 1984). On October 20, 1988, while 

looking through the blood of a delirious soldier, Laveran found out crescent shaped transparent 

bodies containing a dot. Later hemozoin (byproduct of haemoglobin digestion) in the blood and 

spleen of malaria patients was detected by Meckel, Virchow and Frerichs. Soon Laveran 

identified the four diverse stages of asexual malarial parasite as  female and male  gametocytes, 

trophozoite and schizont  stages (5). That the recurrence of fever on 3rd and 4th days in case of P. 

vivax and P. falciparum and is linked to the parasite release or outburst from schizonts was 

established by Camillo Golgi. The Italian scientists Raimondo Filetti and Giovanni Batista Grassi 

characterised P. vivax and P. malariae in 1890.  In 1897, William H Welch coined the term P. 

falciparum for the lethal human tertiary parasite. John William Watson Stephens   characterised 

P. Ovale in 1922. P. knowlesi which first infested human in 1965 was peculiarized by Brij 

Mohan Dasgupta and Robert Knowles in the year 1931. Ronald Ross, in 1895 undertook the 

investigation to resolve if mosquitoes played role as the vectors in transmission of human 

malaria. The Plasmodium life cycle involves two hosts- a definite/primary host which is the 

mosquito and the secondary or intermediate host- the human. Exflagellation of 

microgametocytes (sexual stages) of Plasmodium vivax occurs in the mosquito and barely 

appears in human peripheral blood. Sir Ronald Ross noticed  flagellation of Plasmodium in the 

blood meal of mosquitoes which was further investigated by McCallum in the year 1897 (6) In 

July 1897, after rearing mosquitoes from larvae  He investigated the gametocyte stage derived 

from the infected patient blood. The mosquitoes feeding on this bloodstage  were sacrificed to 

observe the “exflagellation” (male gametocyte production) (6) Ross had concluded that 

mosquitoes take up the gametocytes while feeding from an infected host which later developed 

into sporozoites for infecting the new host (7, 8). 



 

Chemoprevention and Drug Resistance 

Throughout ages, traditional herbal remedies have been have been useful in treating malaria. (9). 

The history of modern antimalarial therapy started with methylene blue, (one of the three magic 

bullets invented by Paul Ehrlich) which was the world’s first synthetic drug against malaria 

patients in 1890s (10). Following arrival, Spanish missionaries learnt from Indian tribes the use 

of a medicinal bark for treating fevers. The countess of Chinchon was treated of her illness with 

the bark of this tree. The bark of tree by this means was acknowledged as the Peruvian bark and 

the tree was entitled as Cinchona. Quinine having antimalarial properties is thus extracted from 

the bark. Besides spasmodic cognition of quinine resistance , it remains the favoured treatment 

of choice till date (11). Depending on the recurrence of drug resistance, different species of 

Plasmodium are cured by different lines of antimalarials. Chloroquine remains choice of drug in 

treating non-P. falciparum malaria, while newer drugs are required against P. falciparum. The 

only drug targetting hypnozoites of P. ovale and P. vivax (dormant liver stage responsible for 

relapse of infection), after clearance of infection is primaquine. Pyrimidine derivative Proguanil 

also emerged from the pipeline and paved way for the unravelling of Pyrimethamine (12). 

Sulfones and sulphonamides were used in combination with Proguanil or pyrimethamine for 

preventing resistance against monotherapies. Sulfadoxine and sulfamethoxypyridazine based  

antimalarial drugs inhibit the dihydropteroate synthetase to kill parasite (13). Atovaquone targets 

the cytochrome bc1 complex belonging to the electron transport chain taking place in parasite 

mitochondria. Pyrimethamine and Proguanil kill the parasite by inhibiting the enzyme 

dihydrofolate reductase (DHFR) (14). Antibiotics like Tetracycline, Clindamycin, and 

Doxycycline have also been used to treat malarial parasites as mono or combination therapy (15). 

Progress of malaria control in endemic regions is vulnerable due to the emergence of 

sulfadoxine–pyrimethamine as well as chloroquine-resistant Plasmodium parasites, majority 



being P. falciparum strains. The resistance developed by the parasite to this line of treatment, 

threatened the efficacy of these drugs and raised a concern in their design. This resulted in the 

use of combinations of these drugs and development of novel drugs and identification of new 

targets.  Artemisinin from Artemisia annua (sweet wormwood) was extracted by Chinese 

scientists in 1972 which proved as an efficient antimalarial like Quinine and Chloroquine. 

Artemisinin combination therapy with associated drugs having higher shelf lives increased 

efficacy of Artemisinin and also helped to combat resistance (16). In response to the resistance 

against various antimalarials - chloroquine, pyrimethamine and sulfadoxine, combination 

therapies with artemisinin (ACTs) are approved nowadays for treating uncomplicated malaria, 

and their practice is effective in decreasing global malaria burden remarkably. Though, there are 

reports of declining sensitivity towards derivatives of ART in P. falciparum patients from 

Cambodia, Southeast Asia and greater Mekong subregion, after monotherapy, which poses a 

potential threat for partner drug resistance as well (17). Such an observation threatens the 

continued efficacy of ACTs to contain and abolish resistance to artemisinin. Current treatment 

recommended for curing uncomplicated P. falciparum malaria involves ACTs, which involves 

combination of artemisinin derivative with a quinine derivative (WHO 2015). Semisynthetic 

water-soluble derivatives of artemisinin are used in combination therapies namely, DHA, 

artesunate or artemether. Studies conducted between the period of 2010 and 2017 have shown 

ACTs to be efficiently successful in global malaria control (WHO 2018). It is speculated that the 

emerging resistance against ACTs has risen largely due to faulty medical practice, including 

profound mono-therapeutic usage of artemisinin derivatives.  

Development of Novel Antimalarials  

   Medicines for Malaria Venture (MMV) is a composed library of 400 exclusive compounds, 

termed as the Malaria Box (Spangenberg, Burrows et al. 2013), which displayed antimalarial 

activity against the blood stage parasite. The MMV library was compiled from the 13,533 



compounds available from the GlaxoSmithKline's chemical library- Tres Cantos antimalarial set 

(TCAMS) for inhibitors of P. falciparum (18). MMV collaborated with researchers and the 

pharmaceutical industry to screen these lead compounds in order to build novel antimalarials 

(19)( Promising compounds have been identified using three different approaches: development 

of alternatives to already marketed compounds (ozonides); target-based screening of inhibitors 

[for e.g. P. falciparum dihydroorotate dehydrogenase (PfDHODH)]; and phenotypic screens. 

 

Global distribution of malaria 

Malaria is a public health concern of immense degree predominantly in the developing countries. 

As per the latest estimates, 219 million malaria cases were reported all over the world in 2017 as 

compared to 239 million cases in 2010 and 217 million in 2016. 92% cases were reported in the 

WHO African Region. India and Sub-Saharan Africa were having around 80% of the global 

burden of malaria. In 2017, deaths from malaria globally counted to around 4,35,000. Plasmodium 

falciparum is rampantly prevalent in Africa, responsible for 99.7% of cases in 2017, while P. vivax 

represents the key parasite in WHO Region of America, in lieu of 74.1% of malaria cases (WHO 

2018). As per the latest released world malaria report, there are 229 million malaria cases in 2019 

and the assessed death rate counted to 409000. The WHO African Region shares the highest stake 

globally. The region had 94% malaria deaths and cases in the year 2019 and 6 countries were 

bearing half of the burden globally- Nigeria (23%), United Republic of Tanzania (5%), the 

Democratic Republic of the Congo (11%), Burkina Faso (4%), Niger and Mozambique (4% each). 

Children below 5 years of age are worst affected with malaria.  



 

Figure 1: Indigenous cases of malaria status-2019 (Adapted from WHO malaria map) 

Malaria incidence in India 

Malaria has jeopardised India from ancient times and this is relevant from Vedic Indian literature 

as well. Around one fourth of India was disease stricken with the advent of the twentieth century 

specially Bengal and Punjab (20). According to WHO 2017, India is one of the 15 countries to 

have the highest cases and deaths in malaria. India along with other Sub Saharan countries 

accounts for 80% of the world’s cases and deaths. In 1947, about 75 million out of 330 million 

people were affected with malaria annually and the approximated deaths were around 0.8 million 

every year (21). As per the World malaria report (WMR) released in the year 2020 by WHO, 

India has considerably reduced its malaria load. India reported a decline of 17.6% in a span of 

one year from 2018 to 2019. Region wide cases have also reduced from 20 million to round 6 

million. 

The cases and mortalities have reduced encouragingly by 21.27% and 20% in 2019 (77 deaths, 

3,38,494 cases) in comparison to 2018 (96 deaths ,4,29,928 cases). The over-all malaria cases as 

testified up till October 2020 have also reduced by 45 % from 2019.  

Efforts for malaria elimination after beginning in 2015, strengthened in 2016 after the launch of 

National Framework for Malaria elimination (NFME). 



 Chhattisgarh, Meghalaya, Orissa, Madhya Pradesh, Jharkhand, Meghalaya and Madhya Pradesh 

reported for around 45.47 percent (1,53,909 cases within 3,38,494 cases) and 70.54 % (1,10,708 

cases out of 1,56,940) of   P.falciparum  cases in 2019.   

“High Burden to High Impact (HBHI)” as implemented by WHO in 11 countries entailing India 

has reignited the progress in malaria reduction. This initiative is applied in 4 states of India   as 

of now in July 2019- Madhya Pradesh, Chattisgarh, West Bengal and Jharkhand. 

Malaria has been made notifiable in 31 states/UTs (Andhra Pradesh, Arunachal Pradesh, Gujarat, 

Chhattisgarh, Assam, Jammu & Kashmir, Goa, Haryana, Himachal Pradesh, Kerala, Jharkhand, 

Madhya Pradesh, Manipur, Karnataka, Nagaland, Mizoram, Odisha, Sikkim, Punjab, Tamil 

Nadu, Rajasthan, Tripura, Telangana, Uttarakhand, Uttar Pradesh, West Bengal, Chandigarh, 

Pudducherry, D&N Haveli, Daman & Diu, and Lakshadweep) and cases have also declined in 

the highly endemic states. Trend of decline in 2019 in comparison to 2018 is as suveyed: 

Meghalaya- 59.10%, Odisha – 40.35%, Madhya Pradesh –36.50% Jharkhand – 34.96%, and 

Chhattisgarh –23.20%. Hence these figures and implications within previous two decades 

displays the essential decrease in malaria.  

 

 



 

Figure 2: Epidemiology trend of Malaria in India (2000-2019) Pv; Plasmodium Vivax & pf; 

Plasmodium Falciparum (Adapted from the WHO world malaria report 2020) 

 

Figure 3: Current epidemiology in India (2015 – 2019) 

 



 Life cycle of Plasmodium 

The five known human malaria species known till date are P. falciparum, P. vivax, P. malariae, 

P. ovale, and P.knowlesi. The recent one to vitiate individuals was perceived by WHO as the 

fifth species in 2008- P.knowlesi. The main mode of transmission implicates an infested female 

Anopheles (during blood meal) which stings and inoculates the infectious stage into a healthy 

individual (22).  Malaria infects diverse genres of organisms including various reptiles, birds and 

mammals. Among more than 100 species belonging to Plasmodium, 5 species infect humans and 

around 29 species are infective to non-human primates, rodents, bats, squirrels and porcupines 

(23). Further ways of transmission entail transplantation, diseased blood transfusion, infected 

needles, and also from a pregnant mother to her foetus (congenital malaria) (CDC). The life cycle 

of Plasmodium constitutes the following stages- the sporozoite stage infective to human, the 

asexual and sexual stages in the RBCs.  

The infectious stage for human is the sporozoite stage which is injected into the bloodstream via 

an infected Anopheles mosquito. Thereby the asexual reproduction in human proceeds through 

the liver stage and erythrocytic schizogony. In a period of one hour of sporozoites’ 

administration, they enter the liver through the bloodstream. The sporozoites after entering the 

hepatocytes start proliferating into schizonts within a week(24). The schizonts propagate into 

thousands of merozoites which entering into bloodstream initiate the erythrocytic schizogony. 

P. ovale  and P. vivax and not P. falciparum liver sporozoites often remain dormant in the 

hepatocytes(25). These hypnozoites later recommence reproduction and begin infection as 

merozoites reinvading the bloodstream after infinite time (26).  The clinical symptoms generally 

appear 7–10 days after the mosquito bite i.e., exoerythrocytic phase lasts for up to 10 days. These 

merozoites as released into the bloodstream target the RBCs and begin the erythrocytic 

schizogony. The cycle initiates with a dormant signet ring which develops into the feeding 

trophozoite. The trophozoite cannot digest heme so converts it to hemozoin via heme polymerase 



and utilizes the globin as source of amino acids to assist their replication. Schizonts enact in the 

subsequent stages bursting into numerous merozoites. These merozoites on being released in 

bloodstream   attack other red blood cells accompanied by clinical symptoms of fever chills and 

enhanced parasitemia. Unlike the erythroschizogony of liver stage, this phenomenon happens in 

multiple cycles. A second form in the RBCs is the differentiation of parasite into the dormant 

gametocytes (male and female). After a gametocyte is committed for sexual differentiation, it 

takes ~11 days for them to develop into mature infectious gametocytes. During this 

developmental phase, they remain sequestered within bone marrow so as to evade splenic 

clearance until they appear in the peripheral circulation for uptake by a feeding mosquito (27). 

Once ingested by a mosquito, gametocytes develop to form extracellular female and male 

gametes in midgut. After fusing of micro- and macrogamete, the resultant zygote elongates into 

an ookinete over an interval of 24 h, which travels across midgut epithelium and encysts to form 

oocyst wherein asexual sporogenic replication takes place. Following the oocyst rupture, motile 

sporozoites come out to the  hemocoel, which then pass on to the mosquito salivary glands to be 

injected to next human host (28, 29). 

 



 

Figure 4: Schematic representation of Life cycle of human malaria parasite. (Adapted from 

Kappe et al., 2010 (30)  

6.  Malaria symptoms and diagnosis  

   Clinical indications of malaria are accredited to asexual stage of parasite owing to lysis of 

parasite infected RBCs. Following haemolysis, symptomatic malaria occurs in response to the 

release of parasites and malaria endotoxins (hemozoin in association with parasite DNA) in the 

blood stream, that triggers Toll-like receptor 9 (TLR9), which in turn induces production of 

tumour necrosis factor (TNF) (31). Symptoms include mild fever, chills, arthralgia (joint pain) 

& vomiting. These symptoms typically appear between 10 to 15 days post mosquito bite, and 

progress to the sweats and high temperature fever. The delayed treatments for malaria may cause 

severe complications include severe anemia, hemoglobinuria, acute kidney failure, 

hypoglycemia, abnormalities in blood coagulation and acute respiratory distress syndrome. P. 



falciparum may cause periodic fever every 36-48 hours or almost continuous fever. Severe 

malaria can often be fatal due to underlying anaemia and displays microvascular obstruction 

leading to multi-organ damage. 

 

   Rapid and active diagnosis of malaria mitigates suffering and reduces community transmission 

(32). The usual laboratory techniques are conventional Giemsa staining of peripheral blood 

smears (33), concentration methods like quantitative buffy coat (QBC) (34), fast diagnostic tests 

like OptiMAL (35), SD Bioline (36) as well as molecular diagnosis  methods as polymerase 

chain reaction (PCR) (37).  

Malaria prevention 

Since the causal agent of malaria is Plasmodium and vector is female Anopheles mosquito 

spreading it to the mammalian host (humans), the control measures are very inclusive of the    

three genera and hence daunting. Moral education of humans is very important for controlling 

malaria since they can be educated and thus take part in controlling the disease. Inspite of the 

diverse vaccine candidates tested against the malarial parasite, their complicated life cycle and 

genetic heterogeneity variations have rendered it unintelligible to develop a plausible vaccine 

against malaria (38). Many prophylactic drugs for treating malaria including primaquine, 

chloroquine, doxycycline, mefloquine, pyrimethamine and atovaquone. Antibiotics like 

Tetracycline, Clindamycin, and Doxycycline have also been used to treat malarial parasites as 

mono or combination therapy (15). However, the extensive use of these antimalarials over past 

several years has led to drug resistance’ development. Currently, artemisinin (derived from 

Artemisia annua) and  derivatives are in use for effective malaria treatment (16, 39). Artemisinins 

are administered orally in uncomplicated malaria whereas intramuscular and intravenous routes 

are preferred for severe malaria. Artemisinin derivatives (artesunate, dihydroartemisin, 



artemether and arteether) are developed for improving the artemisinin bioavailability and to 

improve the effectiveness of antimalarial therapy. Uncomplicated P. falciparum malaria is 

treated by one of the following recommended ACTs: 

 

 lumefantrine + artemether  

 amodiaquine + artesunate  

  mefloquine + artesunate  

 Piperaquine + dihydroartemisinin  

 sulfadoxine–pyrimethamine (SP)+ artesunate  

 

ACT treatment involves 3 days' treatment with an artemisinin derivative. 

 P. falciparum malaria sufferers should be treated with utmost care and in view of possibility of 

resistance to antimalarials. Primaquine is also used as a gametocytocidal drug to avert spread. In 

case of merged infections blood schizonticides are endorsed against P. falciparum and 

Primaquine is recommended for treating P. vivax. In case of suppressive treatment, falciparum 

malaria can be abolished by eliminating the erythrocytic stages which is achieved through the 

administration of schizonticidal drugs.  

Primaquine, by virtue of its tissue schizonticidal activity eradicates the liver forms thus curing 

P. vivax/ P. ovale malaria in about 2 weeks and also inhibits recurrence. Primaquine is 

gametocidal in case of P. falciparum malaria thus preventing transmission in the primary host 

mosquito. Since P. vivax is not supposed to be chloroquine resistant unlike falciparum, 

chloroquine is the drug of choice for treatment (www.cdc.gov). More recently the malarial 

parasite has started showing resistance against Artemisinin too. The need of higher artemisinin 

http://www.cdc.gov/


dose for antimalarial therapy in Thailand, Myanmar, Cambodia and Vietnam is cause for deep 

concern (40, 41). 

 

Treatment for Pf and Pv malaria in India 

Initial diagnosis and treatment of malaria aims at aims at the stoppage of the advancement from 

uncomplicated malaria to the severe state. Hence this reduces spreading of resistant parasites. 

Treatment of uncomplicated malaria after  diagnosis by microscopy/RDT must be attended 

promptly (42). 

A. Treatment of P. vivax cases: The P.vivax cases are cured with chloroquine at a dosage of 

25mg/kg throughout 3 days. P. vivax malaria also relapses by virtue of hypnozoites in 

the liver. For inhibition, primaquine is administered at dosage of 0.25 mg/kg regularly 

upto 14 days. On the other hand, Primaquine is not advisable in pregnant women, infants, 

as well as G6PD deficient patients. Primaquine might lead to hemolysis in G6PD 

deficiency (42). 

B. Treatment of P. falciparum cases: Artemisinin Combination Therapy (ACT) is   

administered in drug resistant areas and chloroquine is advisable in drug susceptible areas 

after confirmation by RDT/microscopy. 

ACT comprises of the artemisinin derivative in conjugation with lengthy acting antimalarial 

(amodiaquine, mefloquine, lumefantrine, or sulfadoxine-pyrimethamine). The ACT used in India 

is artesunate + sulfadoxine-pyrimethamine (SP). Also, Artemether + Lumefantrine fixed dosage 

combination as well as blister pack of artesunate + mefloquine are also available. According to 

the current WHO guidelines, ACTs are administered in 2nd and 3rd trimester of pregnancy. The 

endorsed treatment in 1st trimester is quinine (42). 



In severe malaria cases, quinine or artemisinin derivatives are given. Specific antimalarial 

treatment of severe malaria should be given promptly.  

• Artesunate:  At the dosage of 2.4 mg/kg intramuscularly/intravenously (i.m/i.v) diluted in 5 % 

NaHCO3 at time=0 and then at 12 and 24 hours respectively is given. 

 • Quinine: 20 mg quinine salt/kg is administered intravenousy in infusion of 5% dextrose 

saline/dextrose throughout 4 hours. This is followed by a dosage of 10mg/kg for 8 hours 

regularly. In case this parenteral therapy continues past 2 days, the dosage should be decreased 

to 7mg/kg for 8 hours.  

• Artemether: This is administered at the dosage of 3.2 mg/kg intramuscularly at day=0 of 

admission and then this is reduced to 1.6mg/kg per day.  

• αβ Arteether: This is not recommended for children. Hence this is administered to adults only 

at the dosage of 150 mg (i.m) consecutively for 3 days (42).  

 

Plasmodium falciparum genome 

  A detailed investigation of the genomic sequence belonging to Plasmodium falciparum-3D7 

clone reveals a nuclear genome of 23 megabase. The genome of P. falciparum is nearly double 

the size of   Schizosaccharomyces pombe   genome. Asexual blood stage Pf in total involves 14 

chromosomes, encoding around 5300 genes. Pf genome is the most abundant (A+T) rich 

genome, around 80.6% with only 17-19 % of (G+C) which has been sequenced till date (43, 44).  

In 1995, the “Malaria genome project” was started for sequencing the P. falciparum genome. 

Gene sequence of chromosome 2 was released first in 1998 followed by chromosome 3 sequence 

in 1999. The entire sequence of P. falciparum gene was released in 2002 (44). The genome of 

parasite mitochondria (45) and apicoplast (46) was earlier reported separately in 1991 and 1996 



respectively. The genes responsible for causing the antigenic variations are positioned in 

subtelomeric sections of the chromosomes. Though the genome of Plasmodium encodes for few 

transporters and enzymes, a greater chunk of genes is dedicated to host-parasite interplay. The 

nuclear-encoded proteins target the apicoplast which takes part in isoprenoid and fatty acid 

metabolism. Transcriptome analysis using ribosome profiling has established that transcription 

and translation in the infected cell are tightly coupled for 90% of the genes (47) Exception to this 

transcription pattern are translationally upregulated genes encoding cell surface proteins 

associated with merozoite egress and invasion. Till now over 5,300 Plasmodium genes have been 

described and annotated in PlasmoDB, GeneDB and UCSC Malaria Genome Browser. The 

genome sequence delivers the basis for upcoming studies of this organism, and hence is being 

exploited in search of novel vaccines and drugs in order to combat malaria. 

 



 

Figure 5: Nucleotide sequence of the densely packed P. falciparum mitochondrion (mt) and 

apicoplast (apico) genomes. Protein-coding (green) and non-translated RNA (blue) regions in 

the ‘annotation’ ring are transcribed from either strand (inner, negative strand; outer, positive 

strand). (Adapted from Preston et al., 2014) (48) 



Malarial translational machinery 

Aminoacyl tRNA synthetases (aaRS) and    Aminoacyl tRNA synthetase interacting 

multifunctional proteins (AIMPs) 

  Aminoacyl-tRNA synthetases append the requisite amino acids to their tRNAs. The reaction of 

aminoacylation which annexes the appropriate aminoacyl group to   3’ CCA terminal of   tRNA 

takes place in two-steps as shown in Fig 6. With the energising of the amino acid with ATP, it 

produces an aminoacyladenylate intermediate. This further relocates to   3’ terminal end of the 

analogous tRNA for processing during translation. Basic architecture of their active sites divides 

aaRS into two classes. Eleven amino acids constitute the Class I aaRS and are inclusive of Tyr, 

Trp, Val, Met, Lys, Leu, Ile, Cys, Gln and Glu. Class II aaRSs encompasses ten amino acids 

namely Pro, Ser and Thr, Asp, Ala, Asn, His, Phe. Gly, Lys, Class I enzymes possess a pivotal 

domain namely Rossman fold which embodies β sheets and α-helices. The domain is downright 

convoluted in binding ATP and has two conserved motifs ('KMSKS' and 'HIGH'). Class II 

enzymes house a catalytic site which displays a solitary fold having a cardinal core comprising 

of anti-parallel β sheets encircled by α helices (49). The two classes of aaRS also demonstrate 

contrasting approaches of aminoacylation - class I enzymes aminoacylating   the 2'OH end of the 

cognate tRNA and class II enzymes that of the 3’OH end. (exception PheRS) (50). 

Plasmodium falciparum constitutes of 36 synthetases which fall under 20 varieties and an entire 

forum of tRNAs (51). Duplicate copies of synthetases are due to active translating compartments 

as apicoplast and mitochondria which being of bacterial origin are potent targets of antimalarials. 

The synthetases in congruence with other auxiliary protein factors accomplish many non-

canonical tasks apart from translation. Though mostly found in eukaryotes, many of these 

multisynthetase complexes have also been discovered in bacteria and archaea where they 

accomplish various functions of transcriptional and translational regulation with apoptosis and 

splicing as well. (52). A section of aaRS embodies the multiaminoacyl tRNA synthetase complex 



(MARS/MSC) in advanced eukaryotes. The MSC is composed of 9 aaRS embracing glutaminyl 

(QRS), lysyl (KRS), , aspartyl (DRS), isoleucyl (IRS),  arginyl (RRS), methionyl (MRS), leucyl 

(LRS), and bifunctional glutamyl-prolyl aminoacyl-tRNA synthetase (ERS,PRS) in the higher 

eukaryotes ranging all over from arthropods to vertebrates. These synthetases are found in a 

consortium with three other auxiliary proteins namely p38 (AIMP2), p18(AIMP3) and 

p43(AIMP1) (53)(54). MSC might play a role in accentuating  protein synthesis by separating 

activated  tRNAs from biological pool and augmenting the plethora of tRNA in the vicinity of 

protein synthesis (51). These MSC have been recognized in both archaea and bacteria (52). 

Eukaryotic complexes are larger and function multifariously beyond translation. In the lofty 

eukaryotic cell, the synthetases continue to remain amalgamated into a well-organized tRNA 

transport machinery and are thus in approximation with the protein synthesis machinery (55). 

The minor complex of aminoacyl-tRNA synthetase enzymes entailing ERS and MRS synthetases 

with the protein ARC1p have been recognised in yeast (56). The C-terminal ARC1p docks a 

tRNA-binding domain (TRBD), well sustained in p43 and additional proteins (57, 58). These 

proteins interact through their N terminal domains. ARC1p houses an EMAPII-like domain at 

the C-terminal portion, which encompasses the oligonucleotide-binding (OB) fold. These bestow 

ARC1p with equity of binding tRNA (52, 59, 60). 

 

An alpha helical glutathione-S-transferase C-terminal-like domain trailed by the EMAPII–like 

domain comprises Tg-p43 protein. (MRS, QRS, ERS, and YRS) constitute the interactive 

proteome of the Tg-p43 protein in Toxoplasma mutisynthetase complex (53).  Aquifex aeolicus 

consists of the  tRNA-binding protein (Trbp111) which shares sequence based connexions with  

human p43 C terminal domain  (accessory protein of the mammalian MSC) &  ARC1p (61). 

These tRNA binding motifs are also shared by metazoan AIMP1 and Tgp43 proteins (62). 

Although bound to the multisynthetase complex, p43 is cleaved into EMAPII (endothelial 



monocyte activating protein) under hypoxic conditions and turns into a  proinflammatory 

cytokine on diverse targets  like dendrites, fibroblasts, endothelial cells, pancreatic a cells 

,monocyte/macrophage etc (63–65). Of the three nonsynthetase proteins in the MARS assembly, 

p18 interacts with EF-1γ thus facilitating tRNA transfers to the ribosome (66). p38 functions in 

assemblage of the multifaceted complex (67) and p43 being a cytokine precursor has tRNA 

binding properties , modulates aminoacylation activity and plays role in integration of MSC (68, 

69). In higher eukaryotes, new interactions have been reported which ascertain that AIMP1 binds 

to both EPRS and AIMP3 in addition to AIMP2. Thus the three auxiliary proteins form the core 

of the MSC (70). The organisation of the tRNA binding domain of p43 has been deciphered, 

exemplifying the chief part of it to be an OB fold or oligonucleotide binding fold (71).  

  

 The N terminal domain of Plasmodium p43 is homologous to GST domain and C terminus 

displays an OB fold with tRNA binding domain. The sequence identity between Plasmodium 

p43 and human counter parts of p18 and p38  is < 20% for  N-terminal GST like domain and   C 

terminal tRNA binding domain shares 30 % identity with that of the human p43 (53). 

Lately apicomplexa specific P. falciparum (Pf)AIMP1/p43 has been annotated and characterized 

for its tRNA-binding capability and termed tRNA import protein (tRIP) (72). In addition, it was 

advocated that Plasmodium N-terminal GST-like domain encloses a transmembrane domain that 

permits this protein to accept tRNA in malaria parasite sporozoites (72).  

In order to address the structural features of Plasmodium p43, we undertook the production of  

recombinant full-length, N-terminal GST-like as well as C-terminal OB-fold domain in the 

heterologous bacterial system (E. coli) and purified it to homogeneity. Our structural analyses of 

these domains sheds light on their overall oligomeric structure, and reveal several notable 

features which suggest that Plasmodium p43 is likely to be a soluble, cytosolic protein. The 



structural analysis of these proteins forms the basis of elucidation of the MARS complex in 

Plasmodium. 

 

Aminoacyl tRNA synthetases as drug targets 

Over the past decades, studies have focused on protein synthesis machinery, with an aim to 

identify druggable targets (73, 74). Protein translation is an essential process accomplished by 

codon-anticodon recognition by aminoacyl-tRNA synthetases (aaRSs) (75, 76). Inhibitors of 

bacterial synthetases are utilized in parasites and current inhibitors of bacterial synthetases have 

been utilized in parasites and the unique ones have been established to combat parasite enzymes. 

Aminoacyl tRNA synthetases are targeted by compounds which may hence develop as 

antiparasitic drugs (77). The synthetases are multi-domain proteins with - an anticodon, a 

catalytic and the editing domains. The translational fidelity is dependent on aaRSs that safeguard 

appropriate charging of amino acids to respective tRNA. Many binding sites on aaRS proteins 

like that for amino acid, tRNA or ATP might be examined for druggability.  

Various natural compounds with their derivatives as well are presently being concentrated on for 

drugging malarial synthetases. We have previously shown and established three cytosolic aaRSs 

– phenylalanyl, prolyl or lysyl tRNA synthetases as advanced antimalarial drug targets that are 

being pursued currently against the leads – cladosporin, halofuginone and bicyclic azetidine 

derivatives, respectively (73)(78–84) . Borrelidin (fungal metabolite) acts as a noncompetitive 

inhibitor against some bacterial and eukaryotic ThrRS. Recently a few of its derivatives also 

potent inhibitors of Pf ThrRS. Again muciprocin from fungus also blocks the interaction of Ile-

AMP thus inhibiting PfIleRS (85). 

 



 

Figure 6:Role of (aaRS) in translation by triggering addition of amino acids to cognate tRNAs 

(Adapted from Singh et al., 2013)(86) 

  



                                                              

 

 

Chapter-2 

Structural characterization of the two domains of Plasmodium 

vivax p43 protein 

Introduction 
 

Aminoacyl-tRNA synthetases (aaRSs) are ubiquitous enzymes that are key players in protein 

translation (75). In complex eukaryotes, some aaRSs form a larger multi-aaRS (MARS) 

complex collected of a mixture of class I and class II aaRSs alongside with three non-aaRS 

scaffolding proteins known as aaRS-interacting multifunctional proteins (AIMP1/p43), 

(AIMP2/p38) and (AIMP3/p18) (54). The protein-protein interaction studies divulge that a 

significant role of the AIMPs is to initiate congregating of MARS complexes (69).  

Lately, the structure of the tRNA binding domain of p43 has been unravelled, displaying that 

portion of it resumes the OB fold, an oligonucleotide-binding structural motif (71, 87).  

Structural and biochemical studies imply that the GST domains of p38 and p43 are 

responsible for associations in the MARS complex (56, 60, 70, 88). Subjecting upon the 

cellular localization and cooperating partners, AIMP1/p43 displays miscellaneous tasks.  For 

example, the splitting of p43 into EMAPII supports in angiogenesis and induction of 

apoptosis (53, 89). The EMAP II domain is homologous to the bacterial tRNA-binding 

protein but has an extra domain with no homology to known proteins (71). The EMAP II 

domains are monomers, whereas the corresponding bacterial tRNA-binding domains are 

dimers and bind one tRNA per dimer (57, 61, 71).  



In addition to driving the assembly of MARS complexes, the AIMPs are involved in various 

biological functions and signalling pathways (64, 69, 90–95).  The AIMPs contain an N-

terminal glutathione S-transferase (GST)-like module and a C-terminal 

oligonucleotide/oligosaccharide-binding (OB) fold containing a tRNA-binding domain 

(TRBD) (53). Structural and biochemical studies have suggested that the N-terminal GST 

like domain of the AIMPs is responsible for their association with the MARS complex (56, 

88, 96). For instance, the interaction and complex formation of AIMP2/p38 and AIMP3/p18 

with glutamylprolyl-tRNA synthetase (EPRS; PDB entries 5a34 and 5bmu, respectively; (96) 

and that of AIMP3/p18 with methionyl-tRNA synthetase (MRS; PDB entry 4bvx) via the 

AIMP2/p38 GST-like domain have been reported (53, 56, 70). Furthermore, in yeast, a 

smaller aaRS complex consisting of MRS and glutamyl-tRNA synthetase (ERS) as well as 

the ARC1p protein (the yeast homologue of p43) has been identified both in vivo and in vitro 

(56). Experimental evidence shows that the catalytic efficiencies of the in vitro-reconstituted 

complexes of MRS or ERS with ARC1p are substantially increased compared with those of 

the uncomplexed aaRSs (56). Further, the C-terminus of ARC1p harbours a TRBD that is 

conserved in p43 as well as in other AIMPs (97, 98). However, the biological role of AIMPs 

in MARS complexes remains poorly understood. Depending upon its cellular localization 

and collaborating partners, p43 displays diverse functions; the cleavage of p43 into 

endothelial monocyte activating polypeptide II (EMAP II) aids in the induction of apoptosis 

and angiogenesis (53, 89). More recently, the tRNA-binding ability of the apicomplexan-

specific Plasmodium falciparum p43 (Pfp43) has been characterized and it has been termed 

a tRNA-import protein (tRIP; (62). These authors suggested membrane association of Pfp43 

via a transmembrane-helix motif within the p43 sequence and therefore Pfp43-aided 

transport of tRNAs (62). In the absence of Pfp43, the fitness of P. falciparum in its asexual 

stages was compromised, suggesting that the parasite requires Pfp43 for the import of tRNA 



from the host (62). In order to address the structural features of wild type, full length Pv p43 

(PVX_118375), we produced the protein recombinantly in bacteria and purified it to 

homogenity. The full length Pv p43 failed to crystallise. Subsequently, the NTDs and CTDs 

of Pv p43 were separately cloned, purified and crystallized. Here, we describe the crystal 

structures of the N terminal GST like domain (NTD) and C terminal tRNA-binding domain 

(CTD) of Pv p43 protein. Our structural analyses of these domains sheds light on their overall 

oligomeric structure, and reveals several notable features which suggest that Pv p43 is likely 

to be a soluble, cytosolic protein. 

  



 

Materials and methods 

 

Gene cloning and protein purification 

Protein sequences for PfP43 (PF3D7_1442300) and PvP43 (PVX_118375) were accessed from 

Plasmodium database PlasmoDB (www.PlasmoDB.org). Full-length Pvp43 (1-405 amino aicds) 

Pfp43 (1-402 amino acids) were synthesized and purchased from GeneArt, and the shorter 

constructs corresponding to the N and C-terminal domains (NTD and CTD) of Pvp43 encoding 

residues 1-180 and 206-405 respectively were synthesised for optimum expression in E.coli). The 

NTD retained the GST domain and the CTD corresponded to the oligonucleotide binding fold. 

Primers used for cloning are -5’-GGGCCCATGGCAATGTGTGTTCTGACCCTG-3’and 5’-

CCCGGCCGGTACCTTATTATTCCAGGCTATCACGAAC-3’ for NTD and 5’-

GCGGGGCCATGGCAGATAAAAACGCCAAAAATGAG-3 and 5’-

GGGGGTACCTTATTAGCTAATGGTGCCCTGTTCCAG-3’for CTD of Pv p43. The N and C 

terminal constructs were cloned into pETM11 vector having protease cleavable His6 tag using 

NcoI and KpnI restriction sites. Expression of protein was induced by adding 0.8 mM IPTG to 

cells grown at 37° upto OD600 0.8. The bacterial culture pellets of these short constructs were 

harvested 18-20 hours post induction at 18 degree Celsius. The cell pellets were resuspended in 

lysis buffer constituting of 50 mM Tris–HCl pH 8.0, 300 mM NaCl, 2 mM β-me and 10 percent 

glycerol with 0.1 mg ml-1 lysozyme and 1 mM PMSF. The bacterial cells were thus lysed by 

sonication and cleared by centrifugation at 20,000 g for 45 minutes. Recombinant proteins were 

affinity captured applying supernatant to Ni-NTA agarose beads (Qiagen) followed by cleavage 

at 20° C overnight by TEV protease in the presence of 1 mM DTT and 0.5 mM EDTA for the 

removal of 6X-His tag. TEV protease was added at a mass ratio of 1:40. After another round of 

buffer exchange to 50 mM Tris–HCl pH 8.0 and 200 mM NaCl, the proteins were passed through 

nickel-nitrilotriacetic acid (His-Trap FF; GE Healthcare) column to get liberated of the TEV 

http://www.plasmodb.org/


protease. The cleaved N and C terminal Pvp43 were concentrated using 10 kDa cutoff Centricon 

centrifugal device (Millipore) and further purified to homogeneity by gel filtration 

chromatography on Superdex 200 column 16/60 GL (GE Healthcare) equilibrated with 50 mM 

Tris–HCl pH 8.0, 200 mM NaCl and 10 mM β-Me. The pure fractions were analyzed through SDS 

PAGE, pooled and concentrated to 20 mg ml-1, 15 mg ml-1 for NTD/CTD of Pv p43 respectively. 

These were stored at -80°C for further crystallization. The full-length p43 was purified similarly 

with an additional step of heparin chromatography (GE Healthcare) after TEV cleavage using 

NaCl gradients with buffer A and B containing 50 mM Tris–HCl pH 8.0 each and 80 mM NaCl 

and 1.5 M NaCl respectively in buffer A and B. The protein was eluted at 20 % of buffer B. We 

observed degradation of full length Pv p43 at even 4°C during the purification process. We made 

several attempts to obtain crystallized full length Pv p43 protein, but were unsuccessful. Hence 

we proceeded with NTD/CTD of Pv p43. 

Analytical size-exclusion chromatography 

  The oligomerization of Pvp43 was examined by sizeexclusion chromatography (SEC) using an A¨ 

KTAexplorer system (GE Healthcare) equipped with a Superdex 200 HR 10/300 column (GE 

Healthcare) in 50 mM Tris–HCl pH 8, 200 mM NaCl, 5 mM -Me. A total of 500 ml full-length 

Pvp43 protein at a concentration of 4 mg ml1 was applied to the column; 100 ml Pvp43 NTD and 

Pvp43 CTD at a concentration of 2 mg ml1 were separately injected into the column. The 

molecular-weight standards used are indicated in Fig. 7(b). A standard curve was generated of 

partition coefficient (Kav) against log10 (molecular weight) (log10 MW) for each standard 

marker. The curve was fitted to a linear equation and apparent molecular weights were deduced 

from the Kav values for the respective proteins. 

Crystallization and data collection 

  The purified full-length Pvp43 and Pvp43 NTD and CTD proteins were used for crystallization by 

the hanging-drop vapour-diffusion method at 293 K using commercially available crystallization 



screens (Index, JCSG-plus, Morpheus, PACT premier, PGA, Crystal Screen, PEG/Ion and 

ProPlex; Hampton Research and Molecular Dimensions). Initial screening was performed in 96-

well plates using a nanodropdispensing Mosquito robot (TTP Labtech). Three different drop ratios 

were used for the crystallization trials by mixing 75, 100 or 50 nl purified protein solution with 

75, 50 or 100 nl reservoir solution, respectively (i.e. 1:1, 2:1 and 1:2 drop ratios). Each of the drops 

was equilibrated against 100 ml of the corresponding reservoir solution. The full-length Pvp43 

protein (crystal form 1) crystallized in 20% PEG 3350, 0.2 M sodium bromide, 5% ethyl acetate. 

Pvp43 NTD crystallized in several conditions and crystals of unliganded Pvp43 NTD (crystal form 

2) were obtained from condition B8 of the JCSG-plus crystallization screen (Table 1). The crystals 

of Pvp43 NTD in complex with GSH (crystal form 3) were obtained from condition F5 of the 

PACT premier crystallization screen (Table 1). Crystals of forms 1 and 2 of Pvp43 CTD were 

obtained from condition H4 of the Morpheus crystallization screen (Table 1). All crystals were 

mounted in nylon loops (Hampton Research) or litho loops (Molecular Dimensions) after being 

soaked for 10–30 s in a cryoprotectant containing the corresponding crystallization mother liquor 

with 20%(v/v) glycerol. The crystals were subsequently flash-cooled in liquid nitrogen (Fig. 14). 

Preliminary data sets were collected at 100 K using in-house Cu K radiation = 1.54 A˚) generated 

by a Rigaku MicroMax-007 HF rotating-anode X-ray generator operated at 40 kV and 20 mA with 

Osmic mirrors, and the diffraction images were recorded using a MAR345dtb image-plate 

detector. The full-length Pvp43 protein crystals were soaked in cryoprotectant containing 200 mM 

CoCl2 for 30 s and several Co SAD data sets were collected on beamline I02 at Diamond Light 

Source (DLS), United Kingdom at a wavelength of 1.59 A˚. The data sets for unliganded (form 2) 

and GSH-complexed (form 3) Pvp43 NTD and for form 2 Pvp43 CTD were collected on beamline 

I03 at DLS. The data set for form 1 Pvp43 CTD was collected on the PROXIMA2 beamline at 

SOLEIL, France. The in-house data sets were processed using HKL-2000. The data collected on 

the DLS beamlines were processed by the xia2 auto-processing pipeline (99) using DIALS (100) 



for integration. The data set collected on the PROXIMA2 beamline at SOLEIL was integrated 

using XDS (101). Data were scaled with AIMLESS (102) and processing statistics are shown in 

Table 2. 

 

Figure 7:The overall assembly of p43 proteins. (a) The domain architectures of P. vivax p43 

(Pvp43), P. falciparum p43 (Pfp43), aminoacyl-tRNA synthetase (aaRS)-interacting 

multifunctional proteins (AIMP) AIMP1/p43, AIMP2/p38, AIMP3/p18, ARC1p and tRNA-

binding protein 111 (TRBP111) are shown. The boundaries of the N-terminal glutathione S-



transferase (GST)-like domain are shown [the N-terminal thioredoxin domain (GST-N) and 

Cterminal helical domain (GST-C) are shown in purple and blue, respectively]. The C-terminal 

tRNA-binding domain (TRBD) is shown in light brown and the linker region is shown in orange. 

(b) Size-exclusion chromatography (SEC) profiles for full-length Pvp43 protein (residues 1–

402), the GST-like N-terminal domain (NTD; residues 1–180) and the C-terminal domain (CTD; 

residues 239–402). Kav = Ve-Vo/Vt-Vo, where Ve is the elution volume of the native proteins 

from the SEC column, Vo is the void volume of the column and Vt is the total volume of the 

column. Log10 (MW) is the logarithm of the molecular weight in kDa. (c) SDS–PAGE gels of 

full-length Pvp43 (pink), Pvp43 NTD (green) and Pvp43 CTD (blue). 

 

 

Table 1: Crystallization conditions for full-length Pvp43, Pvp43 NTD and Pvp43 CTD 

Protein PDB code Space group Well solution 

Pvp43 (NTD) 6jre (form 1) P41212 Polyethylene glycol (PEG) 

3350, 0.2 M sodium bromide, 

5% ethyl acetate 

NTD (unliganded) 5zkf (form 2) P21 0.2 M magnesium 

chloride_6H2O, 0.1 M Tris 

pH 7, 10%(w/v) PEG 8000 

 

NTD 5zke (form 3) P212121 0.2 M sodium nitrate, 0.1 M 

bis-tris propane pH 6.5, 

20%(w/v) PEG 3350 

 

CTD 5zkg (form 1) P43 12.5%(w/v) PEG 1000, 

12.5%(w/v) PEG 3350, 

12.5%(v/v) 2-methyl-2,4-

pentanediol (MPD), 0.02 M 



sodium l-glutamate, 0.02 M 

dl-alanine, 0.02 M glycine, 

0.02 dl-lysine–HCl, 0.02 M 

dl-serine, 0.1 M 

2-(N-

morpholino)ethanesulfonic 

acid (MES) buffer 

 

6ipa (form 2) P212121 12.5%(w/v) PEG 1000, 

12.5%(w/v) PEG 3350, 

12.5%(v/v) MPD, 0.02 M 

sodium l-glutamate, 0.02 M 

dl-alanine, 0.02 M glycine, 

0.02 M dl-lysine–HCl, 0.02 M 

dl-serine, 0.1 M MES buffer 

 

 

Structure determination and refinement 

 The structure of the crystallized fragment of the full-length protein Pvp43 was determined using 

Co SAD data. SHELXC and SHELXD from the SHELX suite (103) and phenix.xtriage (104), 

Phaser (105), AutoSol and AutoBuild (106) from the Phenix package (107, 108) were used for 

anomalous signal analysis, heavy-atom location, phasing and density modification as well as for 

model building. The ARP/wARP web server (109) and the automated model-building platform 

Auto-Rickshaw (110) were also used for phasing and model building. Structure refinements were 

performed using REFMAC5 (111) in the CCP4 package and phenix. refine (112, 113). After each 



refinement step, the models generated were inspected and manually rebuilt in Coot (114). During 

refinement, water molecules were manually added and included in the refinement based on 

positive peaks in difference Fourier maps. The structures of forms 2 and 3 of Pvp43 NTD were 

determined by the molecular-replacement (MR) method using Phaser (105) with form 1 of Pvp43 

NTD as the template. Forms 1 and 2 of Pvp43 CTD were solved by MR using Phaser (105) with 

an EMAP II-like domain (PDB entry 1ntg; (115) as the template. Form 2 (space group P21) of 

Pvp43 NTD has four molecules in the asymmetric unit. Form 1 (space group P43) and form 2 

(space group P212121) of Pvp43 CTD have two and four molecules in the asymmetric unit, 

respectively. The different copies of a molecule in the asymmetric unit have different overall 

displacements and these can be accounted for by refining translation–libration–screw (TLS) 

parameters for each molecule. Therefore, TLS refinement was carried out as implemented in 

phenix.refine (112, 113) or REFMAC5 (111), and systematic comparisons of the inclusion or the 

absence of TLS parameterization were performed by monitoring any decrease in the R factors 

(particularly of >1–2% in Rfree). An improvement was indeed confirmed for the Pvp43 NTD and 

CTD models. Hence, TLS groups were maintained in the final refinement cycle. Full anisotropic 

refinement was carried out for the Pvp43 NTD data at 1.49 A˚ resolution (form 3; Table 2). The 

occupancies of alternate side-chain conformations and water molecules were also refined. Prior to 

the deposition of atomic coordinates, validation and final corrections were completed using 

MolProbity (116). The rotameric conformations of the modelled side chains were validated using 

the PDBREDO server (117). Final refinement statistics are shown in Table 2. The stereochemical 

quality of each model was assessed using MolProbity (116). All figures were generated using 

UCSF Chimera (118) and PyMOL v.2.0 (Schrodinger; http:// www.pymol.org). 

  

http://www.pymol.org/


 

Results  
 

Domains and recombinant production of P. vivax p43 

The domain boundaries were assessed using several web servers, including InterPro (119), 

SMART (120) and PROSITE (121), and the NCBI CDD (122) and Pfam (123) databases. Low-

complexity regions were predicted for residues 181–190 and 215–226 using the Pfam protein 

domain database, along with a tRNA-binding domain for residues 242–344. The boundaries of the 

GST-like Pvp43 NTD were predicted using the Pfam protein domain database to include residues 

93–163. However, based on analyses of crystal structures of AIMP3/p18 (PDB entry 4bvx), 

AIMP2/p43 (96) II-like domain (PDB entry 1ntg; (115) and the crystal structures of Pvp43 NTD 

and Pvp43 CTD reported in this work, we suggest that the GST-like Pvp43 NTD includes residues 

1–180 (Fig. 7a). The oligomeric states of the full-length Pvp43 and the Pvp43 NTD and CTD 

proteins were analyzed using SEC. Single bands for the purified full-length Pvp43 (48 kDa) and 

the Pvp43 NTD/CTD (22 kDa) proteins were observed on SDS–PAGE (Fig. 7b). The full-length 

Pvp43 protein eluted at a position similar to aldolase, indicating it to be a tetramer of 204 kDa. 

The Pvp43 NTD protein eluted with ovalbumin, suggesting a dimer of 46 kDa, while the Pvp43 

CTD protein eluted near chymotrypsinogen, indicating it to be a monomer of 29 kDa (Fig. 7b).  

Table 2: Summary of data collection and refinement statistics. Values in parentheses are for the highest 

resolution shell. 

 

Pvp43-NTD form 

1 (Co-SAD) 

Pvp43-NTD 

form 2 

Pvp43-NTD form 

3 

Pvp43-CTD 

form 1 

Pvp43-CTD 

form 2 

PDB code 

6JRE 

 

5ZKF 

 

5ZKE 

 

5ZKG 

 

6IPA 

 

      



Data collection 

Beam line DLS I02 DLS I03 DLS I03 

SOLEIL 

PROXIMA 

2 

DLS I03 

Wavelength(Å) 1.59 0.9763 0.9763 0.980 0.9763 

Detector type 
DECTRIS 

PILATUS 6MF 

DECTRIS 

PILATUS3 6M 

DECTRIS 

PILATUS3 6M 

DECTRIS 

EIGER X 

9M 

DECTRIS 

PILATUS3 

6M 

Crystal-to-detector 

distance (mm) 
625 600 238 317 514 

Oscillation (°) 0.1 0.1 0.1 0.2 0.1 

Exposure (s) 0.050 0.010 0.010 0.010 0.010 

Beam size (μm) 

(elliptical) 

100 x 20 80 x 20 80 x 20 5 x 5 80 x 20 

Flux (photons s-1) 6.54 x 1010 1.28 x 1012 1.28 x 1012 1.0 x 1013 4.6 x 1011 

Transmission (%) 3.0 100 100 50 40 

Number of images 9900 3600 3600 3600 3600 

Software used for 

data processing 

XIA2 (Winter et 

al., 2013) 

XIA2 (Winter et 

al., 2013) 

XIA2 (Winter et 

al., 2013) 

XDS 

(Kabsch, 

2010) 

XIA2 (Winter 

et al., 2013) 

Cell dimensions 

a, b, c (Å) 

α, β, γ (°) 

87.40, 87.40, 

53.41; 

90.0, 90.0, 90.0 

53.18, 86.96, 

78.41; 

90.0, 91.81, 90.0 

59.15, 74.62, 

77.45; 

90.0, 90.0, 90.0 

105.20, 

105.20, 

36.97; 

90.0, 90.0, 

90.0 

37.17, 146.90, 

146.93; 

90.0, 90.0, 90.0 



Space group P41212 P21 P212121 P43 P212121 

Resolution (Å) 

61.80-2.59 (2.63-

2.59) 

45.35-2.75 (2.80-

2.75) 

77.45-1.49 (1.52-

1.49) 

47.05-3.30 

(3.50-3.30) 

40.75-2.47 

(2.51-2.47) 

Rmeas (%) 0.081 (3.353) 0.063 (1.964) 0.045 (1.162)  0.174 (1.806) 

 〈I/σ(I)〉 27.1 (1.2) 5.4 (0.9) 18.9 (2.2) 5.92 (0.98) 12.0 (1.2) 

Completeness (%) 95.8 (71.8) 99.5 (89.8) 99.8 (98.5) 99.8 (98.8) 99.98 (100) 

Average 

redundancy 

58.1 (28.3) 6.4 (5.3) 13.0 (13.3) 12.8 (10.3) 12.8 (11.4) 

CC1/2 1.0 (0.70) 1.0 (0.40) 1.0 (0.80) 0.99 (0.44) 0.99 (0.56) 

Number of unique 

reflections 

6539 (242) 18633 (844) 56387 (2772) 6367 (993) 29902 (1455) 

 

Refinement 

     

Resolution (Å) 
61.51-2.59 (2.66-

2.59) 

43.36-2.75 (2.89-

2.75) 

37.31-1.49 (1.52-

1.49) 

47.05-3.30 

(3.50-3.30) 

36.73-2.47 

(2.53-2.57) 

No. of reflections 

in 

Work set/test set 

5177/623 18182/952 56319/2752 6347/318 25848/1995 

Rwork/Rfree (%) 22.0/27.4 22.1/27.9 14.6/17.1 21.7/27.8 22.6/27.8 

Number of atoms      

Protein/Water/Ions 1381/0/2 (Co2+) 5748/30 2975/201 2344/0 4978/32 

Average B factor 

(Å2) 
     

Protein/water/ion 113.9/103.5 58.3/46.8 30.1/40.8 85.4 47.3/46.5 



RMSD from ideal 

geometry 
     

Bond length (Å) 0.010 0.008 0.009 0.003 0.014 

Bond angle (°) 1.470 1.160 1.020 0.799 1.830 

Ramachandran plot 

favored/allowed 

(%) 

92.0 (8.0) 96.0/4.0 97.0/3.0 98.0/2.0 92.0 (7.0) 

 

Structure determination of the Pvp43 N-terminal domain (NTD)  

The crystals obtained from the full-length Pvp43 protein diffracted to between 3.0 and 3.5 A˚ 

resolution at an in-house X-ray source. Our preliminary analysis of the data indicated that these 

crystals belonged to the tetragonal system and the data sets consistently processed in point group 

P422. However, the asymmetric unit volume was too small for the full-length Pvp43 protein. 

Further analysis of the crystallized protein via SDS–PAGE revealed the molecular weight of the 

crystallized protein fragment to be 22 kDa (Fig.16). This indicated that only a fragment of Pvp43 

had crystallized, i.e. either Pvp43 NTD or CTD. Attempts were made to solve the structure by the 

molecular-replacement method using GST-like or EMAP II-like tRNA-binding domains as 

templates. The sequence identity between the available templates for Pvp43 NTD and Pvp43 CTD 

are 10–20 and 20–40%, respectively. Structure solution of this crystallized fragment of Pvp43 was 

unsuccessful using MR methods. This was attributed to the low sequence identity between the 

GST-like domains or possibly because the fragment was indeed not the tRNA-binding domain. 

Therefore, we concurrently attempted heavy-atom derivatization for phase determination. Thus, 

crystals obtained from full-length Pvp43 protein were soaked in cryoprotectant solution containing 

200 mM CoCl2 for 30 s and several Co SAD data sets were collected at a wavelength of 1.59 A˚ 

(Table 3). The Co SAD data sets were collected using ten different crystals and multiple data sets 



were also collected from each crystal at a different region within the crystal. The data sets with an 

anomalous signal-to-noise ratio [hF/(F)i] of >1.0 are listed in Supplementary Table S1. We 

selected two data sets, x10_3 (where x10 is the crystal number and the number after the underscore 

refers to the number of the data set) and a merged data set (x3_2, x3_4, x7_2, x10_3 and x10_6) 

with an anomalous signal-to-noise ratio [hF/(F)i] of >1.5 for structure solution (Table 3). The 

substructure was determined using SHELXD (124) and AutoSol (107) and the top two located 

sites were found to be identical using either program. The phasing and density modification 

produced an interpretable map in space group P41212 (Fig. 15). The figure of merit (FOM) 

before/after density modification (0.19/0.64), the overall score (BAYES CC, 30±15) and the map 

skew (0.07) were moderate for Co SAD data set x10_3 and these data alone were sufficient to 

solve the structure. However, improved phasing parameters (FOM before/after density 

modification, 0.28/0.67; BAYES CC, 37±14; map skew, 0.09) were observed for the merged data 

set (Fig. 15). Three rounds of iterative model building resulted in the fitting of 103 amino acids 

within nine fragments with an Rwork and Rfree of 38.9% amd 45.0%, respectively. The traced 

model had five helices and thus the crystallized fragment of the Pvp43 protein was identified as 

the N-terminal GST-like NTD (Fig. 17). The remaining residues were manually traced using Coot 

(Emsley et al., 2010). The final model consists of 173 N-terminal residues of Pvp43. The 

asymmetric unit of form 2 (space group P21) of Pvp43 NTD contains two dimers (four molecules 

per asymmetric unit). TLS refinement was used and resulted in a 2% decrease in Rwork and Rfree. 

In the final refinement step, isotropic riding H atoms were introduced into the model, followed by 

individual anisotropic B factors for the highresolution (1.49 A˚) form 3 (space group P212121) of 

Pvp43 NTD. Several attempts were made to crystallize Pvp43 NTD (form 3) in the presence of 5 

mM glutathione (GSH). However, no electron density for a GSH molecule was observed.  

 



 

Figure 8: The crystal structure of Pvp43 NTD. (a) The monomeric structure of the Pvp43 N-

terminal GST-like domain with the canonical four-stranded _-sheet (PDB entry 5zke chain A). 

(b) A molecular-surface representation highlighting the solvent-exposed cysteine residues 

(yellow) is shown. Cys2 and Cys112 are exposed to the surface. Cys2 has been modified as S-

(2-amino-2-oxoethyl)-l-cysteine or cysteine-S-acetamide (YCM) during protein production; see 

the main text. The difference Fourier electron-density map (Fo_ Fc) was generated without the 

coordinates of the carboxamido group of the modified Cys2, as was the alternate conformation 

of Cys112. The Fo_ Fc (green) and 2Fo _ Fc maps (blue) are contoured at the 4_ and 1_ levels, 

respectively. (c) Structural superposition of the Pvp43 GST-like domain (GST-N and GST-C are 

in purple and blue, respectively) with other GST-like domains from AIMP3 (PDB entry 2uz8 

chain B, magenta), AIMP2 (PDB entry 5a34 chain B, yellow) and EPRSGST (PDB entry 5a34 

chain C, green). 

Crystal structure of the Pvp43 N-terminal domain (NTD) 

The overall fold of Pvp43 NTD is similar to GST family proteins, with two domains: an N-

terminal sandwich thioredoxin domain (GST-N) and a C-terminal all--helical domain (GST-C) 

(Fig. 8a). The asymmetric unit of the orthorhombic space group P212121 contained one dimer 

(chains A and B) and that of the monoclinic space group P21 contained four copies, chains A to 

D, that associated into two dimers AC and BD. Clear electron density was observed for four 

additional residues (GAMA) at the N-terminus of chain B in the orthorhombic form (Fig. 13). 



These residues were part of the vector pETM-11 containing the NcoI restriction-enzyme site that 

was used during the cloning of Pvp43 NTD. The superposition of molecules in the asymmetric 

units of the tetragonal, monoclinic and orthorhombic forms yielded a root-mean-square deviation 

(r.m.s.d.) value of 0.6 A˚ for 171 C atoms. Superposition of the monoclinic dimers onto the 

orthorhombic dimers yielded r.m.s.d. values of 1.6 A˚, which was owing to small structural 

differences that were distributed throughout the two monomers. Hereafter, we will discuss the 

high-resolution (1.49 A˚) orthorhombic form of the Pvp43 NTD dimer AB. Pvp43 NTD has five 

cysteine residues per molecule, of which three are buried and two (Cys2 and Cys112) are surface-

exposed (Fig. 8b). None of these five cysteine residues form internal disulfide bonds. The residue 

Cys2 in Plasmodium spp. is unique when compared with p43 proteins from other organisms. The 

covalent modification of the surface-exposed Cys2 was apparent in the electron-density maps 

(Fig. 8b). Based on the electron density and the surrounding environment, this covalent 

modification was modelled as S-(2-amino-2-oxoethyl)-l-cysteine or cysteine-Sacetamide. It is 

probable that Cys2 of Pvp43 was covalently modified during protein expression in E. coli, during 

protein purification or by the crystallization buffer. However, additional experiments such as 

mass spectrometry are needed to confirm the Cys2 modification of Pvp43 (125–127). Further, 

the second surface-exposed Cys112 in chain A of the orthorhombic crystal form was found to 

adopt two different conformations (Fig. 8b). A search against the 25% redundant Protein Data 

Bank (PDB25) using DALI (Holm & Sander, 1993) yielded several proteins that were 

structurally similar to Pvp43 NTD, including GSTs and other proteins with a GST fold (Fig. 8c 

and Table 5). Several GST family proteins showed Z-scores ranging from 9 to 15, although with 

low sequence homology (9–19%). The structure of Pvp43 NTD was compared with the 

EPRSGST domain that contains a canonical four-stranded -sheet and with AIMP3 and AIMP2, 

which have three-stranded and five-stranded -sheets, respectively (Fig. 8c). The assembly of 

Pvp43 NTD is a dimer of 48 kDa as observed in SEC experiments (Figs. 7c and 9a). The buried 



surface area per monomer is 867 A˚ 2. The dimer is stabilized via hydrophobic interactions, 

seven hydrogen bonds and three salt bridges. The central core of the dimer interface is composed 

of five aromatic residues (Phe58, Phe90, Tyr54, Tyr62 and Tyr71) that are conserved only in 

Plasmodium p43 proteins. The aromatic ring of Phe58 in one monomer (chain A) is at a face-to-

face stacking distance of 4.0 A˚ from the aromatic ring of Phe90 of its partner (chain B). The 

complementary interaction is not observed (left panel of Fig. 9b), thereby establishing a 

nonsymmetric dimer contact. In the monoclinic form 2, Phe90 of one monomer (chain B) is at a 

face-to-face stacking distance of 4.3 A˚ from Phe90 of its partner (chain D; right panel of Fig. 

9b). Similar asymmetric interactions were observed for hydrogen bonds and salt bridges (Figs. 

3c, 3d and 3e). In Pvp43 NTD helices 2 and 3 of one monomer pack against helices 20 and 30 

of its partner (2 against 20 and 3 against 30; Fig. 10a). In the canonical GST dimeric association, 

helices 2 and 3 of one monomer pack against helices 30 and 20 of its partner (2 against 30 and 3 

against 20; Fig. 10b). Thus, the dimerization assembly of Pvp43 NTD is different when 

compared with other GSTs. In addition, the dimerization helices (2 and 3) of one monomer are 

perpendicular to its partner helices (20 and 30; Fig. 10c). In contrast, in the canonical GST 

assembly the helices of one monomer are aligned parallel to the other monomer (Fig. 10c). An 

alternate dimer formation has also been observed in the fungal-specific class A1 GSTs from 

Phanerochaete chrysosporium (PcGSTFuA1 or GST5118) and the -esterase enzymes LigE and 

LigF from Sphingobium sp. strain SYK-6 (128, 129). In these, helix 4 of one subunit packs in 

the groove between helices 4 and 5 of the other protomer (128); thus, the entire dimer interface 

is contained within the -helical domain. The additional -hairpin prevents the packing of the 4 and 

5 helices of one monomer against the N-terminal domain of its partner. Thus, the GST dimer 

formation displays differences in the assembly modes, and Pvp43 NTD here presents another 

example of this. Further experiments are required to determine the biological relevance and 

function of these observations. 



 

Figure 9:Conformational asymmetry at the Pvp43 NTD dimer interface. (a) The Pvp43 NTD 

dimer is shown. The helix involved in the dimer interface is highlighted in magenta and green. 

(b) The aromatic stacking interaction at the dimer interface in crystal forms 2 and 3 of Pvp43 

NTD is shown. In the orthorhombic form Phe58 of one monomer stacks against Phe90 of its 

partner, and in the monoclinic form Phe90 of one monomer stacks against Phe90 of its partner. 

(c, d) Hydrogen bonds and salt bridges observed in the high-resolution structure of NTD at the 

dimer interface. The marked hydrogen-bond lengths are in the range 2.5–3.6 A. (e) Comparison 

of the monoclinic and orthorhombic forms of Pvp43 NTD reveals the asymmetric chain–chain 

contacts (black dashed lines) at the dimer interface. 



 

Figure 10 :Dimeric Pvp43 NTD versus canonical GST dimers. (a) The dimeric Pvp43 NTD 

association is shown. The last helix (α2, magenta) of the N-terminal thioredoxin domain (GST-

N) and the first helix (α3, green) of the C-terminal helical domain (GST-C) are involved in 

oligomerization. Helices α2 and α3 of one monomer pack against helices α20 and α30 of its 

partner (α2 against α20 and α3 against α30). (b) The canonical GST dimeric association observed 

in AIMP3 (PDB entry 2uz8) and other GSTs, where α2 and α3 of one monomer pack against 

α30 and α20 of a partner (α2 against α30 and α3 against α20). (c) A representation of the helix 

orientations in canonical and noncanonical GST assemblies is shown. Helices α2 and α3 of one 

monomer in Pvp43 NTD are perpendicular to those in their partner molecule (left panel). The 

same helices are parallel to each other in other canonical GST assemblies (right panel). 

 Structure determination of the Pvp43 C-terminal domain (CTD) 

The Pvp43 CTD protein crystallized in the tetragonal space group P43 in two different crystal 

forms (form 1, unit-cell parameters a = b = 105.2, c = 36.97 A˚; form 2, unit-cell parameters a = 

b = 146.99, c = 37.18 A˚). The twin fraction was estimated using phenix.xtriage (Britton analysis, 

H-test and maximum-likelihood method values for form 1 are 0.04, 0.07 and 0.02, respectively, 

and those for form 2 are 0.45, 0.46 and 0.46, respectively). The structures of both forms were 

solved by the MR method using Phaser (105) with an EMAP II-like domain (PDB entry 1ntg; 



(115) as the search model. The MR solutions obtained for Pvp43 CTD (form 2) belonged to 

space groups P43 (LLG 1850 and TFZ 16) and P43212 (LLG 215 and TFZ 12). However, the 

refinements did not converge in either space group, since the Rwork and Rfree for refined Pvp43 

CTD (form 2) models were 37% and 44%, respectively, in space group P43 and 46% and 50%, 

respectively, in space group P43212. Therefore, the Pvp43 CTD (form 2) data were reprocessed 

in the orthorhombic space group P212121, with unit-cell parameters a = 37.17, b = 146.90, c = 

146.93 A˚. The data were pseudomerohedrally twinned and the suggested operator was h, k, l. 

The twin fraction was estimated using phenix.xtriage (104); the calculated twin fraction was 

0.35, 0.37 and 0.33 using Britton analysis, the H-test and the maximum-likelihood method, 

respectively). There are four Pvp43 CTD molecules in the asymmetric unit in space group 

P212121 and the LLG and TFZ scores were 7124 and 34, respectively, for the obtained MR 

solution. Twin refinement resulted in decreases in Rwork and Rfree of 3.7% and 4.5%, 

respectively, and we observed dramatic improvements in the connectivity of the electrondensity 

map. The refined twin fraction was 0.35 with the pseudomerohedral twinning operator h, k, l. 

The final structure refinement converged to an Rwork and Rfree of 20.2% and 26.1%, 

respectively. The statistics for data collection and structure refinement for both forms 1 and 2 of 

Pvp43 CTD are listed in Table 2. 

Crystal structure of the Pvp43 C-terminal domain (CTD)  

The Pvp43 CTD protein (residues 241–405) along with the linker region (residues 204–240) was 

recombinantly expressed. Purified protein (202 amino acids, molecular mass 22 kDa; Fig. 7c) 

was used for crystallization and its structure was solved. The final model of Pvp43 CTD includes 

165 residues (Leu241–Ser405). No electron density was observed for the low-complexity linker 

region (204-KDDKNAKNE NGDNEKGKKKNNAQNKNAQKKKVEEPKN-240). The 

asymmetric units of forms 1 and 2 contain two and four molecules, respectively. The 

superimposition of independent chains gave an r.m.s.d. of 0.4 A˚ for C atoms, suggesting that 



their conformations were similar. The Pvp43 CTD protein can be divided into two subdomains 

(CTD-N and CTD-C; Fig. 11a). The first subdomain, CTD-N, is a -barrel (Leu24–Val319) that 

resembles an OB-fold. This domain consists of seven -strands, i.e. OB strands 1–5 and linker 

strands 0 1 and 0 2, as well as two short 310-helices at the N-terminus and between strands 3 and 

4. The -sheets (1–2–3 and 1–4–5) share the twisted 1 strand and interact at almost a right angle 

with each other (Fig. 11a). The second subdomain, CTD-C, is from Leu320 to Ser405 (Fig. 11) 

and consists of two -sheets (8–11–12 and the curved 6–7–13–9–10), with a long loop between 8 

and 9 that joins the two sheets (Fig. 11a). The OB-fold is commonly found in RNA-binding 

proteins and in several other proteins unrelated to oligonucleotide binding (130, 131). A search 

against all entries in the 25% redundant Protein Data Bank (PDB25) using DALI (132) yielded 

models of low homology similar to Pvp43 CTD (Table 4). The sequence identity between these 

proteins is in the range 23–38% (Supplementary Table S4). While Pvp43 CTD is a monomeric 

protein and is similar to the EMAP II-like tRNA-binding protein (71, 133), other bacterial tRNA-

binding OB-fold proteins are dimers (57, 61). The dimerization interface of the OB-fold in Pvp43 

CTD is masked by an additionally present pseudo OB-fold subdomain when compared with 

dimeric TRBP111 (PDB entry 1pyb; Fig. 11b; (61).  



 



Figure 11:Pvp43 CTD in comparison to bacterial dimeric tRNA-binding domains. (a) The 

structure of Pvp43 CTD with its EMAP II-like domain is shown. The OB-fold (green) and pseudo 

OB-fold (orange) subdomains are highlighted. (b) Superposition of monomeric CTD on dimeric 

bacterial TRBP111 (PDB entry 1pyb). Chains A (cornflower blue) and B (purple) of TRBP111 

are colored differently. 

 

 

 

Figure12:The transmembrane domain predicted by Bour et al. (2016) in p43 versus the Pvp43 

NTD structure. (a) The predicted transmembrane domain as per Bour et al. (2016) is highlighted 

in the P. falciparum and P. vivax sequences (orange box). (b) The crystal structure of Pvp43 

NTD (PDB entry 5zke) reveals the protein core/buried nature of the predicted transmembrane 

domain (in orange) within the GST fold. This therefore suggests that p43 is likely to be a soluble 

protein. 

  



 

Discussion and conclusion  

A previous study has suggested that Pfp43, termed tRIP (tRNA-import protein), is a membrane-

anchored protein with an N-terminal GST-like domain and a C-terminal tRNAbinding domain 

along with a predicted transmembrane domain such that tRIP directs the import of exogenous 

tRNAs (62). This membrane association of Pfp43 was established by Bour et al. (2016) using 

detergent (Triton X-100)-based extraction of membrane proteins from blood stages of P. 

falciparum. However, our crystal structures of Pvp43 NTD and CTD show that these are soluble 

proteins that contain GST-like and tRNA-binding modules, respectively. Further, the 

transmembrane motif (residues 121- RHASIVDIFYFCSVYKPLS-139) predicted by Bour et al. 

(2016) is in fact fully buried within the GST fold of Pvp43 NTD and residues 123–139 form an -

helix in the protein core (Figs. 12a and 12b). Therefore, the crystal structure of Pvp43 NTD makes 

it unlikely that the transmembrane motif predicted by Bour and coworkers is a structural feature 

that will allow membrane association. It is feasible, however, that Plasmodium p43s may associate 

with membranes via binding to authentic membrane proteins. Therefore, further experiments are 

required to assess alternative modes of membrane association, if any, for the Plasmodium p43 

proteins. Size-exclusion chromatography and crystal structures reveal a dimeric assembly of 

Pvp43 NTD (Figs. 7b and 10b). This is unique when compared with the known canonical GST 

assembly (Fig. 10b). This special feature of Pvp43 NTD as a dimer is consistent in the structures 

determined here from different crystal forms. Size-exclusion chromatography of the full-length 

Pvp43 protein suggests the formation of a tetrameric assembly. We made several attempts to 

crystallize the full-length Pvp43 protein but were unsuccessful. However, based on analyses of 

the data at hand, we propose a tetrameric assembly for Pvp43 possibly via a linker (residues 181–

240). This work therefore provides a platform for further analysis of p43 and its orthologs in the 



context of their roles in the assembly of multi-protein MARS complexes in eukaryotes, especially 

in apicomplexans (53). 

 

 

 

Figure 13:The ordered linker residues (GAMA) between the 6X-His tag and the Pvp43 NTD 

(orthorhombic form, PDB ID: 5ZKE_B). The final 2Fo-Fc map was contoured at 1.0  level. The 

N-terminal tag residues are: MKHHHHHHPMSDYDIPTTENLYFEGAMA-Pvp43 NTD. 

 



 

Figure 14- The beam shape x is marked as red elliptical circle and beam size (μm) is marked at 

lower right and values of the beam size is listed in Table 2. (a) Crystal obtained for full-length 

Pvp43 was cryo-soaked in 200 mM CoCl2 salt for 30 s (Form 1 SG P41212). (b) Native crystal 

of NTD of Pvp43 (Form 2 SG P21) and (c) NTD of Pvp43 in complex with GSH (Form 3 SG 

P212121). (d) Form 1 (SG P43) and (e) Form 2 (SG P212121) crystals of Pvp43 CTD. 

  



 

Figure 15- Map contrast after phasing and density modification for (a) Co-SAD data set x10_3 

and (b) merged Co-SAD data set. The map was contoured at 1  level.  

 

 

Figure 26- SDS PAGE analysis of the crystallized fragment size of Pvp43 full-length protein. 

a b



 

Figure 37-The partially built model (orange) from Co-SAD data was overlapped with the final 

refined model of Pvp43 NTD. The N-terminal thioredoxin fold (GST-N, purple) and C-terminal 

all α-helical domain (GST-C, blue) are labeled.  

 

  



Table 3a- Summary of anomalous data collection and anomalous signal analysis## 

 

Data Set## Co-x3_2 Co-x3_4 Co-x5_2 Co-x7_2 

Beam line DLS I02 DLS I02 DLS I02 DLS I02 

Wavelength () (Å) 1.59 1.59 1.59 1.59 

Detector type DECTRIS 

PILATUS 

6MF 

DECTRIS 

PILATUS 

6MF 

DECTRIS 

PILATUS 

6MF 

DECTRIS 

PILATUS 

6MF 

Crystal-to-detector 

distance (mm) 

625 625 625 625 

Oscillation  (°) 0.1 0.1 0.1 0.1 

Exposure (s) 0.050 0.050 0.050 0.050 

Beam size (μm) 

(elliptical) 

100 x 20 100 x 20 100 x 20 100 x 20 

Flux (photons s-1) 1.16 x 1011 1.16 x 1011 1.16 x 1011 1.16 x 1011 

Transmission (%) 4.94 4.94 4.94 4.94 

Number of images 7200 7200 7200 9900 

Cell dimensions a, b, 

c (Å) 

86.99, 86.99, 

53.29 

86.93, 86.93. 

53.34 

86.72, 86.72. 

53.24 

86.81, 86.81. 

53.48 

Space group P41 21 2 P41 21 2 P4 21 2 P4 21 2 

Resolution (Å) 86.99-2.67 

(2.72-2.67) 

61.47-2.71 

(2.76-2.71) 

61.32-3.11 

(3.16-3.11) 

61.39-2.75 

(2.80-2.75) 

Rmeas (%) 0.111 (4.468) 0.110 (3.625) 0.266 (3.004) 0.134 (3.404) 

 〈I/σ(I)〉 19.2 (1.0) 20.8 (1.1) 10.3 (0.7) 20.4 (1.3) 

Completeness (%) 96.0 (71.1) 96.9 (73.3) 100.0 (96.2) 92.2 (47.9) 

Average redundancy 44.4 (27.3) 44.9 (29.6) 42.1 (20.5) 65.4 (63.8) 

CC1/2 1.0 (0.5) 1.0 (0.5) 1.0 (0.2) 1.0 (0.6) 

Number of 

observations 

263434 (5778) 257492 (6327) 166795 (3661) 343056 (8670) 

Number of unique 

reflections 

5929 (212) 5734 (214) 3963 (179) 5245 (136) 

[ΔF/σ(ΔF)] 1.22 1.30 1.01 1.25 

(〈ΔF〉/〈F〉) 0.065 0.067 0.131 0.065 



Practical resolution 

limit of anomalous 

signal (Å) 

4.9 4.6 8.4 4.9 

 

  



 

Table 3b- Summary of anomalous data collection and anomalous signal analysis# 

 

Data Set# Co-x7_4 Co-x9_2 Co-x10_3 Co-x10_6 

Beam line DLS I02 DLS I02 DLS I02 DLS I02 

Wavelength () (Å) 1.59 1.59 1.59 1.59 

Detector type DECTRIS 

PILATUS 

6MF 

DECTRIS 

PILATUS 

6MF 

DECTRIS 

PILATUS 6MF 

DECTRIS 

PILATUS 

6MF 

Crystal-to-detector 

distance (mm) 

625 625 625 625 

Oscillation  (°) 0.1 0.1 0.1 0.1 

Exposure (s) 0.050 0.050 0.050 0.050 

Beam size (μm) 

(elliptical) 

100 x 20 100 x 20 100 x 20 100 x 20 

Flux (photons s-1) 1.12 x 1011 9.62 x 1010 6.54 x 1010 5.57 x 1010 

Transmission (%) 4.94 4.94 3.0 3.0 

Number of images 9900 7200 9900 9900 

Cell dimensions a, b, 

c (Å) 

87.00, 87.00. 

53.29 

86.66, 86.66. 

53.33 

87.40, 87.40. 

53.41 

86.97, 86.97. 

53.283 

Space group P4 21 2 P41 21 2 P41 21 2 P42 21 2 

Resolution (Å) 61.52-2.67 

(2.72-2.67) 

86.66-2.75 

(2.80-2.75) 

61.80-2.59 

(2.63-2.59) 

61.50-2.81 

(2.86-2.810 

Rmeas (%) 0.122 (3.883) 0.188 (3.039) 0.081 (3.353) 0.092 (2.885) 

 〈I/σ(I)〉 23.9 (1.5) 14.6 (0.7) 27.1 (1.2) 22.7 (1.1) 

Completeness (%) 88.9 (42.9) 100.0 (100.0) 95.8 (71.8) 100.0 (98.8) 

Average redundancy 65.3 (61.4) 44.3 (23.4) 58.1 (28.3) 63.3 (43.3) 

CC1/2 1.0 (0.6) 1.0 (0.5) 1.0 (0.7) 1.0 (0.9) 

Number of 

observations 

359633 (7803) 251067 (6671) 379840 (6850) 338184 

(10387) 

Number of unique 

reflections 

5504 (127) 5664 (285) 6539 (242) 5338 (240) 

[ΔF/σ(ΔF)] 1.38 1.22 1.71 1.29 



(〈ΔF〉/〈F〉) 0.056 0.118 0.062 0.052 

Practical resolution 

limit of anomalous 

signal (Å) 

4.5 5.4 4.0 4.5 

 

# Several Co-SAD data sets were collected using ten different crystals (x1-x10) and multiple 

datasets were collected for each crystal at a different spots. The statistics of the selected data sets 

with (ΔF)/σ(ΔF) >1.0 were listed Supplementary Tables S1a and S1b. 

## In the data set name, x1 to x10 refer the crystal number and the number after the underscore 

refer to the number of the dataset that was collected on a particular crystal at different spots. 

  



 

Table 3c- Statistics of merged Co-SAD data set and anomalous signal analysis 

 

Data Set Merged data#  

Beam line DLS I02 

Wavelength () (Å) 1.59 

Detector type DECTRIS PILATUS 6MF 

Crystal-to-detector distance (mm) 625 

Oscillation  (°) 0.1 

Exposure (s) 0.050 

Beam size (μm) (elliptical) 100 x 20 

Flux (photons s-1) 1.12 x 1011 

Number of images 44100 

Cell dimensions a, b, c (Å) 86.99, 86.99. 53.35 

Space group P4 21 2 

Resolution (Å) 61.51-2.67 (2.72-2.67) 

Rmeas (%) 0.107 (2.193) 

 〈I/σ(I)〉 40.8 (1.1) 

Completeness (%) 97.1 (77.9) 

Average redundancy 136.0 (19.7) 

CC1/2 1.0 (0.6) 

Number of observations 1521516 (8672) 

Number of unique reflections 11188 (441) 

[ΔF/σ(ΔF)] 2.01 

(〈ΔF〉/〈F〉) 0.043 

Practical resolution limit of anomalous 

signal (Å) 

3.7 

 

# The merged five different data sets are: x3_2, x3_4, x7_2, x10_3 and x10_6 

 



Table 4-Results of DALI search for Pvp43 CTD (residues 241-405) against PDB25 (a subset 

of Protein Data Bank).  

The structure was specified by concatenating string of the PDB identifier (4 characters) and a 

chain identifier (1 character). The match list is sorted by Z-scores (Z-scores between 8 and 20 

means the two are probably homologous). The other listed parameters in the Table S3 are: root-

mean-square deviation (RMSD) of Cα atoms in superimposition; Lali (number of structurally 

equivalent positions; and Nres - length of the structural neighbor and %id - percentage amino acid 

identity in aligned positions. 

 

No PDB_Chain Z-

Score 

RMSD Lali Nres % Description 

1 1NTG_A 26.5 1.3 162 171 38 Tyrosyl-Trna Synthetase 

2 4R1J_A 25.5 1.4 162 174 31 Gu4 Nucleic-Binding Protein 1 

3 5H34_B 14.0 1.7 103 112 36 Methionine-Trna Ligase 

4 2Q2H_A 12.1 2.3 104 118 23 Secretion Chaperone, Phage-Display Derived 

5 3PCO_B 9.7 3.0 102 795 28 Phenylalanyl-Trna Synthetase, Alpha 

Subunit 

6 3BU2_A 9.3 3.4 96 195 28 Putative Trna-Binding Protein 

 

 

  



Table 5-Results of DALI search for Pvp43 NTD (residues 1-180) against PDB25 (a subset 

of Protein Data Bank).  

The structure was specified by concatenating string of the PDB identifier (4 characters) and a 

chain identifier (1 character). The match list is sorted by Z-scores (Z-scores between 8 and 20 

means the two are probably homologous). The other listed parameters in Table S3 are: root mean 

square deviation (RMSD) of Cα atoms in superimposition; Lali (number of structurally 

equivalent positions); Nres - length of the structural neighbor and %id - percentage amino acid 

identity in aligned positions. 

 

No. PDB_Chain Z-

score 

RMSD Lali Nres %

id  

Description 

1 5A34_C 15.0 2.6 153 170 17 Bifunctional Glutamate/Proline-tRNA Ligase 

2 3MDK_B 14.9 2.7 159 206 10 Stringent Starvation Protein A 

3 1NHY_A 14.8 2.4 158 219 13 Elongation Factor 1-Gamma 1 

4 4ZB7_A 14.8 2.7 152 171 12 Pcure2p6 

5 3VK9_B 14.7 2.7 156 213 13 Glutathione S-Transferase Delta 

6 5G5A_A 14.6 2.8 157 219 13 Glutathione S-Transferase U25 

7 5Y6L_B 14.5 3.2 150 173 14 Methionine--Trna Ligase, Cytoplasmic 

8 5NR1_A 14.3 2.5 156 226 10 Ftsz-Binding Protein Fzla 

9 4KDU_A 14.0 2.7 155 207 12 Glutathione S-Transferase Domain 

10 4GLT_A 13.9 2.6 153 208 8 Glutathione S-Transferase-Like Protein 

11 5FT3_B 13.7 2.7 154 221 16 Glutathione S-Transferase Epsilon 2 

12 4O92_A 13.7 2.8 147 196 12 Glutathione S-Transferase 

13 5U51_C 13.6 2.5 151 195 11 Stringent Starvation Protein A 

14 4MPG_B 13.6 2.6 156 252 12 Glutathione S-Transferase Theta-2 

15 4XT0_A 13.5 2.3 152 243 14 Protein Ligf 

16 6F70_A 13.4 2.6 157 242 12 Glutathione Transferase 

17 1OYJ_C 13.4 2.8 157 227 11 Glutathione S-Transferase 



18 3RBT_D 13.2 2.6 155 242 14 Glutathione Transferase O1 

19 5O84_A 13.1 2.9 153 216 14 Glutathione S-Transferase U23 

20 4MDC_B 13.0 2.7 153 233 11 Putative Glutathione S-Transferase 

21 4IW9_B 13.0 2.8 159 215 12 Glutathione Transferase 

22 3M8N_D 12.9 2.7 149 222 12 Possible Glutathione S-Transferase 

23 4AGS_A 12.9 2.9 157 445 8 Thiol-Dependent Reductase 1 

24 4EXJ_B 12.9 2.9 153 222 17 Uncharacterized Protein 

25 3LXT_D 12.3 3.2 152 205 7 Glutathione S Transferase 

26 4JBB_A 12.3 2.5 145 208 10 Putative Glutathione S-Transferase 

27 3LG6_A 12.3 2.7 152 229 11 Putative Glutathione Transferase 

28 3LXZ_A 12.2 3.2 153 218 10 Glutathione S-Transferase Family Protein 

29 5UUN_A 12.1 2.9 161 286 10 Glutathione S-Transferase-Like Protein 

30 4BVY_A 12.1 2.6 144 211 10 Methionine--Trna Ligase, Cytoplasmic 

31 2YCD_A 12.0 2.6 147 213 13 Glutathione S-Transferase 

32 2HQT_J 11.9 2.5 98 121 19 Gu4 Nucleic-Binding Protein 1 

33 2HRA_A 11.8 2.9 144 180 9 Glutamyl-Trna Synthetase, Cytoplasmic 

34 4KF9_A 11.7 2.6 151 318 10 Glutathione S-Transferase Protein 

35 4G10_A 11.7 2.9 154 263 7 Glutathione S-Transferase Homolog 

36 4AI6_A 11.7 3.1 150 2650 13 Glutathione S-Transferase Class-Mu 26 Kda 

Isozyme 

37 2WB9_A 11.5 2.8 147 211 12 Glutathione Transferase Sigma Class 

38 5LKD_A 11.4 3.0 160 352 9 Glutathione S-Transferase Omega-Like 2 

39 4PTS_B 11.3 3.1 158 333 11 Glutathione S-Transferase 

40 5A5H_D 11.3 3.3 151 213 7 Bifunctional Glutamate/Proline--Trna Ligase 



41 5XFT_A 11.1 2.7 142 215 8 Dehydroascorbate Reductase 

42 3H1N_B 11.0 3.4 154 242 11 Probable Glutathione S-Transferase 

43 5U51_A 10.7 2.9 142 203 13 Stringent Starvation Protein A 

44 4W66_A 10.7 3.0 153 236 8 Glutathione S-Transferase Domain Protein 

45 2D2Z_B 10.6 2.9 145 240 12 Chloride Intracellular Channel Protein 4 

46 1Z9H_A 10.2 2.8 145 274 10 Membrane-Associated Prostaglandin E 

Synthase-2 

47 4LMV_A 10.0 3.0 148 252 9 Glutathione Transferase 

48 2YV9_A 10.0 3.1 154 285 11 Chloride Intracellular Channel Exc-4 

49 2FNO_A 9.9 3.5 153 239 6 Agr_Pat_752p 

50 3IR4_A 9.2 3.5 141 218 11 Glutaredoxin 2 

 

  



Chapter-3 

Functional and biological characterization of Plasmodium vivax 

p43 protein 

 

Introduction 

 

As evident from the functional point of view, human AIMP1 (ARS-interacting multifunctional 

protein 1) was primarily stated as a supporting factor in the multisynthetase (ARS) complex 

consisting of  9 ( Glu, Ile, Met, Pro, Leu, Arg, Gln, Asp, and Lys) diverse tRNA synthetases and 

2 other auxiliary non-enzyme proteins-AIMP2 and 3 (70). The higher eukaryotes exhibit a 

substantious categorization of amino acid and tRNA association through the emergence of the 

multisynathetase complex (MSC). The MSC complex of the eukaryote nematode- 

Caenorhabditis elegans consists of eight of the nine synthetases (7 are common with human) 

(134).  

Lower eukaryotes on the other hand involve a smaller constitution comprising of methyl tRNA 

synthetase (MRS) and glutamyl tRNA synthetase (ERS) together with the cofactor protein 

ARC1p which is a counterpart of mammalian AIMP1(56). ARC1p, by virtue of binding to 

tRNAGlu and tRNAMet surges the local concentration of tRNA for their respective synthetases. 

ARC1p also involves in maintenance of telomeres, regulation of transcription and ribosomal 

biogenesis (135). The GST-like domains of the three proteins are involved to form this complex 

(59).  

The mammalian AIMP1 lacks the GST-like domain of ARC1p, though the AIMP3 of 18kDa 

constitutes a GST-like domain interacting with methionyl (MRS)  (136) and glutamyl-prolyl 

tRNA synthetase (EPRS) (96). Since the AIMP1 binds to both the EPRS and AIMP2 and also to 

AIMP3 by lieu of its entire tertiary structure ; all the three subordinate non-synthetase proteins 



form the central anchoring structure  for the nine synthetases in the multisynthetase complex 

(70).  The MSCs outlined from eukaryotes and archaea improve the early translation proficiency, 

stability of proteins, event synchronization during elongation , tRNA synthesis and its transfer 

to ribosome (52).  

The Plasmodium p43 or tRNA import protein (tRIP) hence also might interact with aminoacyl 

tRNA synthetases in the parasite in a way similar to yeast ARC1p, Toxoplasma gondii p43 (53) 

or human AIMP1 (62). We have reviewed here the complex specific as well as the non-canonical 

functions of these non-synthetase complex interacting proteins in all the genera and have tried 

to speculate the biological functions of Plasmodium p43 on the basis of our experimental and 

bioinfomatic characterization. 

aaRS complex interacting multifunctional proteins (AIMPs) and their roles in complex 

formation 

 

In 1990, Quevillion et al found out the sequences of the three non-enzymatic structural 

subordinate proteins from the CHO cell library (137, 138).  

AIMP3/p18 is sturdily affixed to methionyl-tRNA synthetase (MRS) which assigns methionine 

(Met) to initiator tRNA (tRNAi Met). Hence MRS has a major role in initiation of translation.  

AIMP3 recruits eIF2γ to the MRS–AIMP3 complex. The level of Met-tRNAi Met which is 

bound to eIF2 complex was also reduced by knocking down of AIMP3. This resulted in 

diminished translation thus elucidating AIMP3 as a critical player for effective protein synthesis 

(139). The third subordinate factor p18 shares homology with the N terminal domain of human 

Valyl tRNA synthetase (VRS) which mediates complex formation with EF-1H (66, 138). The 

EF-1A also binds to lysyl tRNA synthetase (KRS) thus providing a capable means to transport 

tRNAs from the multisynthetase complex to ribosomes for efficient protein synthesis (140). 



The p38/AIMP2 auxiliary protein has no homologue in archaea, bacteria and yeast. The non-

synthetase scaffold protein p38 also mediates protein protein interactions. It harbors a leucine 

zipper motif. Precisely, p38 dimerizes upon itself and also interacts with p43, class I synthetases-

arginyl (RRS) and glutaminyl tRNA synthetases (QRS), class II ones-aspartyl (DRS) and lysyl 

tRNA synthetases (KRS) and also with the glu-pro (EPRS) (136). The interconnection between 

the association in the mammalian MSC is elucidated by the static that binding of glutaminyl 

tRNA sythetase (QRS) to p38 is boosted in the company of arginyl tRNA synthetase as well as 

p43. This proves that a quaternary complex facilitates the foundation of the multisynthetase 

complex (52). AIMP1 binds and facilitates the catalytic reaction of arginyl tRNA synthetase also 

(141). Arginyl tRNA synthetase (RRS) of higher eukaryotes has an extended N terminal domain 

which promotes translation and cell growth and anchorage into the multisynthetase complex. 

The crystal structure of the glutaminyl (QRS), arginyl (RRS) and the auxiliary protein AIMP1 

displays characteristic features of the MSC. Here the N terminal portion of RRS forms a coiled 

coil architecture with the N terminal helical domain of AIMP1 and also anchors the C terminal 

domain of the QRS thus constituting the assemblage of the MSC (142). As per the previous 

research, the MSC components are divided into 2 subdomains basing on their alliance with 

AIMP2. One of them consists of RRS, QRS and AIMP1 (p43) which is connected to the N 

terminus of AIMP2. Another one includes DRS, MRS, KRS and AIMP3.This subdomain is 

associated with the C terminal GST domain of AIMP2 (143). The knockdown of p38 in cell 

culture released KRS and DRS from the MSC. Henceforth, the MSC was overall divided into 

two stable complexes – complex I consisted of EPRS, LRS, IRS, MRS, LRS and p18 whereas 

subcomplex II constituted p43, QRS and RRS. Knockdown of p18 released MRS and that of p43 

resulted in an MSC deprived of RRS and QRS  (144). 4 aminoacyl tRNA synthetases consisting 

of the GST domains- MRS-AIMP3-EPRS-AIMP2 constitute the core of the complex by their 

protein protein interactions (96). These four together with DRS, LRS and IRS constitute the 



subcomplex I whereas AIMP1, QRS and RRS with KRS dimer and AIMP2 form the subcomplex 

II (145). Thus  p38/AIMP2 conclusively forms the core structural protein for mediating protein 

protein interactions with AIMP1 and other synthetases like DRS, RRS, QRS and KRS (137). 

AIMP1 thus conclusively binds to GST-like domains of EPRS and AIMP3 and also interacts 

with AIMP2, thus behaving as a docking site for tRNA and GST-like domain harboring proteins 

of the multisynthetase complex  (70).  

 

 



Figure 18- Proposed two-dimensional architecture of the multi synthetase complex in higher 

eukaryotes (Adapted from Liang et al) (137) 

  



Non canonical functions of AIMPs 

 

AIMP2 

 

As far the non-canonical functions are concerned, the p38/AIMP2 also binds to the FUSE-

binding protein (c-myc activator), thus ubiquitinylating it and hence promoting the 

downregulation of c-myc. P38 also undergoes ubiquitinylation by associating with Parkin (146, 

147). FBP1 is a transcriptional regulator of the proto-oncogene c-myc. C- myc is a regulator of 

cell proliferation, apoptosis and differentiation. FBP1 binds to the central domain of AIMP2 via 

its C terminal portion. Invivo studies have proved that when AIMP2 is knocked down, the level 

of FBP1 and hence expression of c-myc rise in fetal lungs.  This in turn leads to defects in lung 

differentiation and respiratory distress syndrome (148). AIMP2 is also involved in the cell fate 

decision of proliferation vs apoptosis by virtue of signaling pathways which involve p53, FBP1 

and TNF-receptor associated factor 2 (TRAF 2) (94).  

AIMP1 

 

The C terminal portion of the auxiliary protein p43/AIMP1 houses an endothelial monocyte 

activating polypeptide II (EMAP-II) like domain that displays tRNA binding (56, 149). This 

domain shares homology with the ARC1p protein of yeast which aids the association of tRNA 

to glutamyl and methionyl tRNA synthetases (150). Following its cleavage from the full length 

p43, it gets involved in mediating endothelial functions as proinflammatory cytokine (52). 

The non-canonical functions of mammalian AIMP1 (p43) entail several extracellular functions 

on various targets. AIMP1 also allows for fractional homology with a few inflammatory 

cytokines as RANTES (regulated on activation, normal T cell expressed and presumably 

secreted) as well as MCP-1 (monocyte chemotactic protein-1) and also acts like a cytokine on 

monocytes, fibroblasts and endothelial cells. CD23  also acts as receptor of AIMP1 and promotes 

cell migration and TNFα secretion by it (151).  It also performs alike a glucagon-like hormone 



(141). In native state, p43 might function for channeling of tRNA but after processing in the 

tumorigenic cells, it imbibes inflammatory properties akin to programmed cell death (149). The 

p43 also exists in the endoplasmic reticulum holding back the heat-shock protein (hsp) gp96 thus 

preventing its extracellular exposure which might activate autoimmune reactions (141). Hence 

the retention of gp96 in endoplasmic reticulum is attributed to its interaction with the central 

region of mammalian AIMP1 (151). AIMP1 by virtue of is C terminal region also inhibits 

ubiquitylation of Smurf2 which negatively regulates the TGF-β signaling. Hence, p43 indirectly 

governs the TGF-β dependent cell growth (152). The secretory form also acts upon endothelial 

cells, immune cells, fibroblasts etc. The pancreatic α cells also contain the p43 which is secreted 

into the bloodstream in hypoglycemic condition to maintain the blood sugar level (153).  

Many neurologic disorders like pontocerebellar hypoplasias (PCH) and leukodystrophies arise 

due to pathogenic variants of synthetase genes. Also loss of function mutations (nonsense vaiant 

and bi-allelic frameshift) in AIMP1 has been linked to hypomyelinating leukodystrophy-3 (MIM 

260600)(154). This results in hypomyelination, progressive microcephaly, cerebral atrophy, 

early neurodegeneration as well as epilepsy (155–157). On the other hand missense variants 

cause intellectual disability either with or without neurodegeneration(158). 

AIMP1 is secreted from a variety of cells like immune cells and prostate cancer cells. It thereby 

acts upon macrophages/monocytes, fibroblasts and endothelial cells and also activates 

proinflammatory cytokines like TNF-α, interleukin (IL-8), macrophage chemotactic protein-1 

(MCP-1), IL-1b, macrophage inflammatory protein-1a (MIP-1a). AIMP1 also controls 

angiogenesis and helps for the proliferation of fibroblasts (159). 

  



 

AIMP3 

 

AIMP3 also plays role in tumorigenesis and aging. AIMP3/p18 controls cellular ageing through 

ubiquitylation of lamin A and its degradation through E3 ubiquitin ligase Siah1 (160). Also, the 

AIMP3 binds strongly to MRS. In the MSC, MRS and AIMP3 also interact with the GTPase 

domain of eukaryotic initiation factor 2γ (eIF2γ) via their GST domains (139). The AIMP3/p18 

also triggers the ataxia telangiectasia mutated (ATM) and ATR (ATM and Rad3-related) protein 

kinases. This in turn promotes the increase of p53 to combat DNA damage (161). 

The AIMPS are also expressed in the Schwann cells in case of injured peripheral nerves. The 

levels of AIMPs decrease during nerve regeneration. Hence another non-canonical function of 

AIMPS is to act as the morphological intracellular indicator of degenerating peripheral nerves 

(162). 



 

Figure 19-Domain structures and biological non-canonical functions of AIMPs; a. Key 

domains of AIMPs, b. Different biological functions of AIMP. (Adapted from Zhou et al)(163) 

  



 

 

Material and methods 

 

Thermal shift assay with metal ions and reduced glutathione- GSH 

  

Pvp43 was diluted in the thermal shift assay buffer (50 mM Tris pH 8, 200 mM NaCl, 5% 

glycerol, 5mM β-Me) at a final concentration of 2 µM.  SYPRO orange dye (Life Technologies, 

470/570 nm, 5000X) from Invitrogen was used at a final concentration of 2X for binding the 

protein. Different metals ligands (2mM of copper, cesium, cadmium, barium, magnesium, 

manganese, calcium chloride) and reduced glutathione-GSH in varying concentrations from 1 to 

20 mM were added to the protein in TSA buffer and incubated at room temperature for ten mins. 

Then, samples were heated from 25 to 99 C at a rate of 1°C min-1 and fluorescence signals 

monitored by StepOnePlus quantitative real-time PCR system (Life technologies). Each curve 

was an average of three measurements and data were analyzed using thermal shift software from 

Applied biosystems. Assay buffers along with dye only and no protein were used as controls 

where flat lines were observed for these fluorescence readings at all temperatures. Boltzmann 

Tm (melting temperature) and derivative Tm were found to have similar values and latter was 

used for analysis. 

Western blotting  

 

Polyclonal antibodies were raised against highly purified recombinant Pvp43 in rabbits cand 

procured commercially. To check the expression and molecular size of native p43, parasites in 

asynchronous cultures were released from infected RBCs by 0.05 % w/v saponin lysis and pellets 

were washed in phosphate buffered saline (PBS). Parasites were lysed by three rounds of freeze-

thawing in RIPA buffer (Sigma) that contained protease inhibitors cocktail. Lysates were 



centrifuged and supernatants were separated on SDS-PAGE. Proteins were then transferred to 

PVDF membrane (Bio-Rad) and blots were probed using specific primary antibodies (1:10000) 

and secondary horseradish peroxide (HRP) conjugated antibodies (1:300000 dilutions). Bands 

were visualized using an ECL-femto detection kit (Pierce). The recombinant protein was also 

checked for expression using primary antibodies (1:1000) and secondary horseradish peroxide 

(HRP) conjugated antibodies (1:5000 dilutions). Western blots were developed with colorimetric 

substrate DAB. The antibody recognizes the full-length protein also with the N terminal protein. 

Immunofluorescence assay 

 

Immunofluorescence assay (IFA) was performed as described earlier (164). Cells were washed 

in PBS and fixed in solution using 4 % w/v paraformaldehyde and 0.0075 % w/v glutaraldehyde 

in PBS for 25 min. After a PBS wash, cells were permeabilized by using 0.1 % v/v Triton X-100 

in PBS for 10 min. After another PBS wash, cells were treated with 0.1 mg ml-1 sodium 

borohydride in PBS for 10 min. Cells were washed again with PBS, blocked in 4 % w/v BSA in 

PBS for 1 h and incubated overnight with purified rabbit anti-protein IgG antibody (1:200 

dilution) at 4°C. Cells were then washed three times with PBS for 10 min each and incubated 

with Alexa Flour 488 tagged anti-rabbit secondary antibody (Life technologies) and Alexa Flour 

594 tagged anti-rabbit secondary antibody (Life technologies) for 1 h at room temperature, and 

cells were allowed to settle onto coverslips coated with poly-L-lysine (100 µg ml-1 ). Finally, 

the coverslips were washed three times in PBS, mounted in antifade with DAPI reagent (Life 

technologies) and sealed. Confocal microscopy was performed on a Nikon A1R-A1 microscope. 

Pre-immune sera were taken as negative controls. 

 

 



Glutathione-S-Transferase (GST) assay 

 

Glutathione-S-transferases (GSTs) are enzymes which detoxify xenobiotics in mammals. The 

enzymes hence exert a protective effect on the cells by conjugation of the thiol group of 

glutathione to electrophilic xenobiotics. GST activity is also present in bacteria, insects, yeast, 

plants, and mammalian liver tissues. The Glutathione S-Transferase (GST) Assay Kit employs 

1-Chloro-2,4-dinitrobenzene (CDNB). When the thiol group of the glutathione is conjygated to 

the cDNB substrate, the absorbance at 340 nm increases which is indicative of a cDNB 

conjugate.Upon conjugation of the thiol group of glutathione to the CDNB substrate, there is an 

increase in the absorbance at 340 nm. This assay kit measures the total GST activity in lysates, 

tissue homogenates, proteins etc. The GST assay was done with standardization in UV absorbant 

96 well plates.  Saturating concentration of GSH at 5mM and cDNB were added to PBS 

(substrate solution). GST enzyme was used as the positive control and substrate solution as the 

blank. Proteins were used upto 2uM. Readings were taken at A340 at 25 degrees upto 30 minutes 

at 30 secs intervals (linear reaction). Other synthetases and bovine serum albumin (BSA) were 

used as negative controls along with the test samples of Pvp43 full length, N terminal and C 

terminal proteins. 

Multisynthetase complex in Plasmodium as speculated bioinformatically 

 

We tried to speculate the interacting partners of p43 in the malaria parasite with the help of 

STRING software which could delineate its protein association networks. We ran it for the 

synthetases which were part of the MSC in Apicomplexan eukaryote like Toxoplasma gondii 

(53) eukaryotes along with p43. The partners delineated for p43 and those of the synthetases 

were cross checked for each other’s partners by the software. The settings were customized to 

increase the stringency. The network association chosen in the software was restricted to physical 

interaction only which denoted that the proteins constitute a physical complex only rather than 



being just functionally related. The minimum required interaction score was also fixed to 0.9 

(0.7 for MRS) which indicated the highest confidence. Hence the top five hits were chosen as 

interacting partners for all the synthetase proteins including p43 with an interaction score ranging 

from 0.7 to 0.9. 

  



 

  

 

  

Sl No. Metal ion Tm°C ΔTm (°C) 

1. Apo 50°C    _ 

2. Copper chloride 46°C -4°C 

3. Cesium chloride 50°C No shift 

4. Barium chloride 50°C No shift 

5. Cadmium chloride 50°C No shift 

6. Manganese chloride 50°C No shift 

7. Magnesium chloride 50°C No shift 

8. Calcium chloride 50°C No shift 
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Figure 20- Thermal shift assay (TSA) of Pvp43 with different metal ions 



 

 

 

Sl No. Metal ion Tm°C ΔTm (°C) 

1. Apo 51±0.3 °C      _ 

2. Barium chloride 51±0.2 °C No shift 

3. Calcium chloride 51±1 °C 1°C 

4. Cesium chloride 51±0.2 °C No shift 

5. Magnesium chloride 51±0.3 °C No shift 

 

 

 

 

 

Figure 21- Thermal shift assay (TSA) of Pvp43 with different metal ions 



 

 

 

 

 

  

Sl No. Substrate Tm°C ΔTm (°C) 

1. Apo 53.28±0.2 °C      _ 

2. GSH 1 mM 53.39±0.3 °C No shift 

3. GSH 2 mM 53.30±0.2 °C No shift 

4. GSH 5 mM 53.85±0.2 °C 0.5 °C 

5. GSH 10 mM 54.15±0.2 °C 0.87 °C 

6. GSH 20 mM 55.99±0.2 °C 2.14 °C 
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Figure 22- Thermal shift assay (TSA) of Pvp43 with Glutathione Reductase (GSH) 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23-Western blot developed with ECL and imprinted on X ray film using full length 

antibodies in parasite lysate. There is signal around 48 kDa. There is also a degradation product 

around 25 kDa recognized by antibodies, which shows that the p43 also got processed invivo in 

the lysate. This could be either N or C terminal of the p43. 

 

Figure 24-Western blots developed with colorimetric substrate DAB using N term antibodies in 

recombinantly purified proteins (N term Pvp43 and full length Pvp43). The antibody recognizes 

the full-length protein also with the N term protein. 
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Figure 25- Readings were taken at A340 at 25 degrees upto 30 mins at 30 secs intervals. Only the 

full length p43 protein was active in conjugating cDNB with reduced GSH thus elucidating the 

GST activity retained in its N terminal GST-like domain. The BSA and rest of the synthetases 

were inactive for the GST activity. The p43 proteins are showed in a separate panel with their 

specific activities.  
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Figure 26- Only the full length p43 protein was active in conjugating cDNB with reduced GSH 

thus elucidating the GST activity retained in its N terminal GST-like domain. The specific 

activities of the p43 proteins are plotted. Though less as compared to the positive control of the 

GST enzyme, the full length Pvp43 was significantly active in forming the GS-cDNB conjugate 

as compared to the shorter constructs. This is evident from the plotted specific activities.  
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Figure 27- Confocal microscopy-data based spatial distribution of Pfp43 antibodies against P. falciparum (asexual 

stage D10-ACP line) in infected RBCs (trophozoites). Shown are DAPI staining of nucleus in blue , Pfp43 stained 

with Alexa 594 in red.   The non-apicoplast , non-nuclear, cytoplasmic localization of  Pfp43 is evident in 

P.falciparum where apicoplast is stained green (D10-ACP-GFP). There is also no background in the pre immune 

sera. 
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Figure 28-Confocal microscopy-data based spatial distribution of PfP43 (asexual stage-3D7 line) 

in infected RBCs. Shown are DAPI staining of nucleus in blue, PfP43 stained with Alexa 488 in 

green and PfVRS stained with Alexa 594 in red.  PfP43 is non-nuclear in blood stages of the 

parasite and resides in its cytoplasm. Non-nuclear localization with control PfVRS is also shown. 
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Table of protein-interactions: The major interactions of the p43 complex are marked red; 

the distant interactions are marked green 

 

Proteins Partner 1 Partner 2 Partner 3 Partner 4 Partner 5 

P43 ERS QRS IRS 

(putative) 

LRS (putative) TRS (putative) 

ERS EF1 

(uncharacterize

d) 

MRS-β-

subunit; tRNA 

binding 

protein, 

putative  

IRS 

(putative) 

LRS  

(uncharacterized) 

PRS 

(putative) 

(uncharacterized) 

 

QRS MRS-β-

subunit; tRNA 

binding 

protein, 

putative 

IRS (putative) PRS LRS  

(uncharacterized) 

ARS 

YRS MRS-β-

subunit; tRNA 

binding 

protein, 

putative 

CRS 

(putative) 

IRS 

(putative) 

TRS (putative) ARS 

MRS QRS (putative) LRS 

(uncharacterize

d) 

TRS 

(putative) 

ERS (putative)  

 

 

Figure 29- Predicted complex of Plasmodium p43- The black lines denote direct 

interactions of p43. The pink lines indicate individual interactions of the synthetases. 

ERS=glutamyl tRNA synthetase, EF1=elongation factor 1, QRS=glutaminyl tRNA 

synthetase, YRS=tyrosyl tRNA synthetase, ARS=alanyl and PRS=prolyl tRNA synthetase. 



 

STRING interaction fig. of p43                               STRING interaction fig. of ERS 

         

STRING interaction fig. of QRS                                STRING interaction fig. of YRS 

 

 

 

Figure 30- STRING interaction network of the proposed complex proteins (Adapted from 

STRING software (165)) 

 

 



Results and discussion 

 

We did the thermal shift assays with reduced glutathione (GSH) as well as metals to delineate 

any metal binding or GSH binding properties in p43. But we didn’t find any significant shift 

either of these. Hence no metal binding properties and hence active sites could be deciphered for 

p43. Only with a very high concentration of GSH as 20 mM, we could have a 2-degree shift 

which was indicative of a mild form of interaction. GSH being a natural substrate didn’t enforce 

a tight binding leading to strong conformational chnage. Hence the shift indicated little thermal 

stability only with a milder shift towards the right unlike any strong inhibitor that would cause a 

shift of atleast 5 degrees indicating enhanced thermal stability and thus major conformational 

change. This was at consensus with our GST assays where the full length Pvp43 was active 

towards conjugating GSH with cDNB displaying its minor GST activity due to the GST-like 

fold. 

The western blotting against recombinant proteins as well as in lysates confirms the presence of 

p43. Since Pv and Pf p43 share almost 80 % identity among themselves and the whole native 

protein was used to raise antibody, the antibody recognises both the recombinant Pvp43 as well 

as the Pfp43 in the culture lysate. Since we experienced autodegradation of p43 during 

recombinant protein purification, we had to clone two separate domains keeping in view the 

lysine and asparagine rich linker region in between the N and C terminals. This linker region 

being disordered, looped and prone to degradation cleaved the protein into two even in the native 

state. This showed us a degradation product around 25 KDa in the western blot of Pf lysate.  

The confocal studies of Pfp43 showing colocalization with cytosolic PfVRS with a Pearson’s 

correlation coefficient ranging between 0.7-0.9 also proved and supplemented the cytosolic 

localization of the p43 protein in the Plasmodium parasite.  



Though it was already shown that the p43 or tRNA import protein is important for the parasite 

in importing exogenous tRNAs from the extracellular space or host into the parasite, the p43 

protein was not essential for the survival of the Plasmodium parasite, though integrity of the 

asexual blood stage growth was compromised (62). The tRIP/p43 also had similar tRNA binding 

capacity in its C terminal domain like that of Trbp111, ARC1p and AIMP1 (62). The p43 protein 

has a constitutive expression throughout the sexual and asexual blood stages as well as mosquito 

stages of the parasite.  

We speculated that the multisynthetase complex as delineated in the apicomplexan Toxoplasma 

should be similar to the complex of the apicomplexan Plasmodium too. The scaffold proteins 

p38 and p18 are also absent in the Plasmodium. The interactors of Tg-p43 included MRS, ERS, 

QRS and YRS. Hence after analyzing through the STRING software, we found out that- p43 had 

major interactions with ERS, YRS, QRS and vice versa. Also, the ERS was associated with the 

elongation factor 1 (EF1). QRS had interactions with PRS and ARS too. YRS, together with 

associating with p43 also was associated to ARS. Though few of the interactions in these 

analyses were putative/uncharacterized; keeping in view the high confidence score and literature-

based data, we can project that the multisynthetase complex in Plasmodium too consists of ERS, 

QRS and YRS. The MRS-β-subunit; tRNA binding protein, (putative) is a homologue of p43 as 

delineated through DALI software in the previous chapter. Hence when we got MRS-β-subunit 

as a putative interactor of ERS/QRS and YRS, we hypothesized that being structurally related, 

it can be deciphered as none other than the scaffold protein p43.  The distant functional 

interactions can include those of QRS with ARS and PRS and that of YRS too with ARS. The 

alpha helical GST-C terminal like domains of p43, QRS, YRS and ERS together might interact 

to contribute to the formation of the multisynthetase complex like that in Toxoplasma. Since p43 

is not essential for the survival of the parasite as already mentioned, we provide an insight to 

develop inhibitors which could target these interactions. Any inhibitor like that could hence 



prove to be multi-targetting. The hindrance of these interactions could devastate the translational 

machinery as well as any other non-canonical functions as well thus proving detrimental to the 

parasite. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Summary 
 

 

Plasmodium parasites are single celled organisms that are the root cause malaria and resultant 

morbidity in stricken regions around the world. Although most terrible of human malaria 

parasites is P. falciparum, its variant P. vivax is also common in India, South East Asia and Latin 

America. On global scale, malaria is a grave health concern despite synchronized and active 

efforts. Amongst the five human malarial species of Plasmodia, P. falciparum is accountable for 

maximum ill health and demises.  

Due to the present status of evolving resistance to existing anti-malarials, there is a crucial need 

for the progress of new therapeutic agents and, finding potential drug targets. Over the past few 

years, several laboratories are fervent regarding the malarial translational apparatus as it can be 

targeted for inhibitor discovery or might help to elucidate the functional biology of the parasite.  

 

In higher eukaryotes, few aaRSs are existing as a larger multi- aaRS complex (MSC) composed 

of nine synthetases (arginyl-, aspartyl-, glutamyl-, glutaminyl-, leucyl-, lysyl-, isoleucyl-, 

methionyl- and prolyl-tRNA synthetases). The MSC has a combination of class I and class 

II aaRSs with three non- aaRS proteins p38, p43 and p18. This is ambiguous why certain aaRSs 

occur as a complex while some exist in free form. MSC might aid in effectual translation by 

arresting mingling of charged tRNAs with cellular pool and by increasing local concentration of 

tRNA alongside the site of translation. As in the case of the translational apparatus, few of these 

aminoacyl-tRNA synthetase-interacting multifunctional proteins (AIMPs) partake regulatory 

roles as cytokines or precursors thereof . Particularly, p43 is identified to be cleaved into EMAP 

II, a secreted peptide responsible for angiogenesis and induction of apoptosis. Protein-protein 



interaction studies demonstrate that the major roles of the AIMPs are as the primary factors 

driving the assemblage of MARS complexes.  

In case of Plasmodium, the parasite may require host tRNAs to sustain its own protein synthesis 

and/or as regulatory RNAs. Thus, these functions of the complex as well as integrity of the 

complex might be attributed to the scaffold proteins as p43. Plasmodium lacks p38 and p18. 

Hence our focus was to delineate the structural protein p43 and its implicated biological role in 

the malaria parasite.  

Many conserved domains are recognized in both the non-catalytic extensions of the AIMPs as 

well as the aaRS . For example, a motif with homology to C-terminal domain of glutathione-S-

tranferase (GST-like domain) is present often in proteins related to protein synthesis  and  

initiates protein-protein interactions for these assemblies . The precise molecular basis of these 

interactions and how they relate to the function of these poorly understood complexes yet awaits 

additional studies. 

Being a part of the multisynthetase complex, these scaffold proteins as p43 thus suggest a tRNA 

binding capability for probable sustenance of the parasite. Overall, the present work was 

envisaged to the biochemical and structural characterization of p43 protein of Apicomplexan 

parasites as Plasmodium falciparum/vivax involved in key essential pathways as protein 

translation, complex formation etc which are essential to the biology of the parasite.  

The structure of p43 thereby gave us an insight of its GST-C like domains as well as the 

oligonucleotide binding (OB) fold. The overall full-length structure delineated was tetrameric 

assembly and the GST-C like N terminal domain was found to be dimer with the monomeric 

OB-fold like C terminal domain. Earlier characterizations from Bour et al give us a clear insight 

of tRNA binding capability of the C terminal domain of Plasmodium p43. The GST-like domains 

discovered structurally might contribute to associations within the multisynthetase complex of 



the malarial parasite. The cytosolic localizations were re-asserted for the scaffold protein p43 

invivo. The thermal shift assays with metals and GSH did not suggest any conformational 

stability. Through protein-protein interaction software and based on literature review of 

Toxoplasma, we delineated similar partner synthetases (ERS, QRS and YRS) for p43 and 

suggested a model for the MSC in malaria. These interactions could also be targeted. Since p43 

is not indispensable for survival of the malarial parasite as already mentioned, we provide an 

insight to develop inhibitors which could target these interactions. Any inhibitor like that could 

hence prove to be multi-targeting. The hindrance of these interactions could devastate the 

translational machinery as well as any other non-canonical functions as well thus proving 

detrimental to the parasite. 
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Scaffold modules known as aminoacyl-tRNA synthetase (aaRS)-interacting

multifunctional proteins (AIMPs), such as AIMP1/p43, AIMP2/p38 and AIMP3/

p18, are important in driving the assembly of multi-aaRS (MARS) complexes

in eukaryotes. Often, AIMPs contain an N-terminal glutathione S-transferase

(GST)-like domain and a C-terminal OB-fold tRNA-binding domain. Recently,

the apicomplexan-specific Plasmodium falciparum p43 protein (Pfp43) has been

annotated as an AIMP and its tRNA binding, tRNA import and membrane

association have been characterized. The crystal structures of both the N- and

C-terminal domains of the Plasmodium vivax p43 protein (Pvp43), which is an

ortholog of Pfp43, have been resolved. Analyses reveal the overall oligomeric

structure of Pvp43 and highlight several notable features that show Pvp43 to be

a soluble, cytosolic protein. The dimeric assembly of the N-terminal GST-like

domain of Pvp43 differs significantly from canonical GST dimers, and it is tied to

the C-terminal tRNA-binding domain via a linker region. This work therefore

establishes a framework for dissecting the additional roles of p43 orthologs in

eukaryotic multi-protein MARS complexes.

1. Introduction

Aminoacyl-tRNA synthetases (aaRSs) are ubiquitous enzymes

that are key players in protein translation (Ibba & Söll, 2000).

In eukaryotes, several aaRSs form larger multi-aaRS (MARS)

complexes composed of a mixture of class I and class II aaRSs

along with three non-aaRS scaffold proteins known as aaRS-

interacting multifunctional proteins (AIMPs): AIMP1/p43,

AIMP2/p38 and AIMP3/p18 (Lee et al., 2004).

In addition to driving the assembly of MARS complexes,

the AIMPs are involved in various biological functions and

signalling pathways (Ko et al., 2001; Park et al., 2002, 2005,

2006; Kim et al., 2003; Choi et al., 2009; Wolfe et al., 2005).

The AIMPs contain an N-terminal glutathione S-transferase

(GST)-like module and a C-terminal oligonucleotide/oligo-

saccharide-binding (OB) fold containing a tRNA-binding

domain (TRBD) (van Rooyen et al., 2014). Structural and

biochemical studies have suggested that the N-terminal GST-

like domain of the AIMPs is responsible for their association

with the MARS complex (Simos et al., 1996; Cho et al., 2015;

Simader et al., 2006). For instance, the interaction and complex

formation of AIMP2/p38 and AIMP3/p18 with glutamyl-

prolyl-tRNA synthetase (EPRS; PDB entries 5a34 and 5bmu,

respectively; Cho et al., 2015) and that of AIMP3/p18 with

methionyl-tRNA synthetase (MRS; PDB entry 4bvx) via the

AIMP2/p38 GST-like domain have been reported (Schwarz

et al., 2018; van Rooyen et al., 2014; Simos et al., 1996).

Furthermore, in yeast, a smaller aaRS complex consisting of
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Malaria parasite erythrocytic stages comprise of repeated bursts of parasites via cyclical

invasion of host erythrocytes using dedicated receptor-ligand interactions. A family of

erythrocyte-binding proteins from Plasmodium knowlesi (Pk) and Plasmodium vivax (Pv)

attach to human Duffy antigen receptor for chemokines (DARC) via their Duffy binding-like

domains (DBLs) for invasion. Here we provide a novel, testable and overarching

interaction model that rationalizes even contradictory pieces of evidence that have so far

existed in the literature on Pk/Pv-DBL/DARC binding determinants. We further address

the conundrum of how parasite-encoded Pk/Pv-DBLs recognize human DARC and

collate evidence for two distinct DARC integration sites on Pk/Pv-DBLs.

Keywords: Duffy antigen receptor for chemokines (DARC), Duffy binding-like domains (DBLs), malaria,

Plasmodium, Structure

INTRODUCTION

Engagements of specific host receptors with parasite-encoded ligands between human erythrocytes
and malaria parasite surface proteins are key events in invasion of merozoites into erythrocytes
(Cowman et al., 2017). The signature Duffy binding-like domain (DBL) is present in
parasite-encoded erythrocyte binding proteins (EBPs) and in protein families like Plasmodium
falciparum (Pf ) erythrocyte membrane protein 1 (EMP1; Cowman et al., 2017). The latter are
part of the var gene family where they assist in cytoadherence—these contain several copies of
DBLs in each protein, whereas the Pf -EBP named EBA-175 harbors two copies (F1 and F2) of
DBLs (Mayor et al., 2005; Tolia et al., 2005). In contrast EBPs of Plasmodium knowlesi (Pk) and
Plasmodium vivax (Pv) contain only single copy of DBL each. There are multiple EBPs present
in the malaria parasite Pk (α, β, and γ), and it is the Pkα-DBL and Pv-DBL that mediate Duffy
antigen receptor for chemokines (DARC)-dependent invasion of erythrocytes in humans (Choe
et al., 2005; Hans et al., 2005; Chitnis and Sharma, 2008). Other DBL variants of Pk-EBPs: β and
γ likely use alternate receptors on rhesus/human erythrocytes and may mediate invasion by Duffy
antigen-independent pathways (Chitnis and Miller, 1994; Cowman et al., 2017). The Pk/Pv-DBLs
(as part of their EBPs) are present on merozoite surface and are responsible for binding to the
DARC receptor on reticulocytes (Figure 1) and thence mediating junction formation that is vital
for the parasite invasion process (Adams et al., 1990, 1992; Cowman and Crabb, 2006; Cowman
et al., 2017).
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