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Summary

Interplay between ATP generating and utilizing pathways in a cell is responsible for maintaining cellular
ATP /energy homeostasis that is reflected by Adenylate Energy Charge (AEC) ratio. Adenylate kinase (AK),
that catalyzes inter-conversion of ADP, ATP and AMP, plays a major role in maintaining AEC, and is regulated
by cellular AMP levels. Hence, the enzymes AMP deaminase (AMPD) and nucleotidases, which catabolize
AMP, indirectly regulate AK activity and in-turn affect AEC. Here, we present the first report on AMPD from
Plasmodium, the causative agent of malaria. The recombinant enzyme expressed in Saccharomyces cerevisiae
was studied using functional complementation assay and residues vital for enzyme activity have been identified.
Similarities and differences between Plasmodium falciparum AMPD (PfAMPD) and its homologs from yeast,
Arabidopsis and humans are also discussed. The AMPD gene was deleted in the murine malaria parasite P.
berghei and was found to be non-essential for intra-erythrocytic growth of the knockout parasites. However,
when episomal expression was attempted, viable parasites were not obtained, suggesting that perturbing AMP
homeostasis by over-expressing AMPD might be lethal. As AMPD is known to be allosterically modulated by

ATP, GTP and phosphate, allosteric activators of PFAMPD could be developed as anti-parasitic agents.

1 Introduction

Malaria caused by the parasitic protozoan Plasmodium is one of the deadliest diseases causing 445,000 deaths per
annum worldwide (WHO, 2017). Although the PlasmoDB database is replete with information on the genome
and proteome of the organism, most proteins are uncharacterized or have putative status (Aurrecoechea et al.,
2008; Bahl et al., 2002, 2003). This inadequacy of proper understanding of the biochemistry of the organism
has been a major impediment to the efforts put forth towards mitigation of this menacing disease. With
genetic manipulation being highly challenging in P. falciparum, understanding the physiological significance
of these uncharacterized/putative proteins becomes a non-trivial task (de Koning-Ward et al., 2000). As
the parasite is completely dependent on salvage of precursors (predominantly hypoxanthine) for its purine
nucleotide bio-synthesis (Downie et al., 2008), the enzymes involved in this pathway have been sought after as
potential drug targets. Although many enzymes of the purine nucleotide metabolism in Plasmodium have been
studied in great detail (Hypoxanthine-guanine-xanthine phosphoribosyltransferase (HGXPRT), adenylosuccinate
synthetase (ADSS), adenylosuccinatelyase (ASL), purine nucleoside phosphorylase) (Jayalakshmi et al., 2002;
Eaazhisai et al., 2004; Bulusu et al., 2009; Mehrotra et al., 2010; Roy et al., 2015a,b; Madrid et al., 2008),
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a few more remain uncharacterized (AMPD, IMP dehydrogenase, IMP-specific nucleotidase and other purine
nucleotidases). Through this study, we add further knowledge to the existing understanding of this protozoan
parasite by examining one more enzyme involved in purine nucleotide metabolism, AMP deaminase (EC. 3.5.4.6),
a previously uncharacterized protein, which has been implicated in physiological disorders such as myoadenylate
deaminase deficiency (a muscular disorder) and pontocerebellar hypoplasia (a neurological disorder) (Fishbein
et al., 1978; Shumate et al., 1979; Morisaki et al., 1992; Hellsten et al., 1999; Akizu et al., 2013). AMP
deaminase has also been considered as a herbicide target and inhibition of its isoform in humans has been

known to provide relief during myocardial infarction (Sabina et al., 2007; Bazin et al., 2003).

AMPD belongs to amidohydrolase superfamily of enzymes characterized by a conserved («/f3)s- barrel core
and a mononuclear metal centre (Seibert and Raushel, 2005). Salient features of AMPD in particular include,
exclusive eukaryotic occurrence, presence of a divalent zinc at the metal centre and a highly divergent N-terminus
(Sabina and Mahnke-Zizelman, 2000; Marotta et al., 2009). Although detailed biochemical characterization of
S. cerevisiae AMPD (ScAMPD) (Yoshino et al., 1979; Murakami, 1979; Murakami et al., 1980; Meyer et al.,
1989; Merkler et al., 1989; Merkler and Schramm, 1990, 1993), and other AMPDs (from rabbit skeletal muscle,
gold fish, sea scorpion etc.) have been carried out earlier (Marotta et al., 2009; Waarde and Kesbeke, 1981;
Lushchak et al., 1998; Mangani et al., 2003; Martini et al., 2007), the only crystal structure available in the PDB
database for this enzyme is from Arabidopsis thaliana, solved in 2006 by the group of Richard L Sabina (Han
et al., 2006). Recently, Akizu et al., identified mutations in AMPD2 in families where individuals were found
to be suffering from a neurodegenerative brainstem disorder termed ‘pontocerebellar hypoplasia’ (Akizu et al.,
2013). In addition to this, a new mechanism of action for the anti-diabetic drug metformin has been proposed
by Ouyang et al., where it was shown that AMPD inhibition in L6 rat skeletal muscle cells by metformin, led
to an increase in AMP levels which in-turn activated AMP activated protein kinase (AMPK) (Ouyang et al.,
2011). Also, AMPD and AMPK have been reported to counter-regulate each other and are implicated in hepatic

steatosis (Lanaspa et al., 2012).

AMPD can modulate AEC in a dual manner by being part of purine nucleotide cycle as well as by independently
regulating the equilibrium of the adenylate kinase reaction. Adenylate kinase catalyses a reversible reaction;
where two ADP molecules are converted to one ATP and one AMP (2ADP <+ ATP + AMP) (Atkinson, 1968;
Chapman and Atkinson, 1973). This reaction maintains the three way equilibrium between ATP, ADP and AMP
levels in a cell. The ATP generated will be utilized by energy consuming processes, while AMP gets deaminated
to IMP by AMPD (Scheme 1). In conditions where AMPD is not operating (either due to a mutation in case

of the genetic disorder or a knock-out where the gene has been deleted) AMP accumulation takes place and
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this adversely affects the adenylate kinase reaction by shifting the reaction equilibrium towards ATP depletion.
This leads to several consequences of which, most prominent in the literature is fatigue and muscle weakness
reported in subjects suffering from myoadenylate deaminase deficiency, an autosomal recessive genetic disorder
(Hellsten et al., 1999; Isackson et al., 2005). In the absence of AMPD activity insufficient production of ATP
and accumulation of AMP synergistically bring down the AEC of the cell. Further, in patients suffering from
pontocerebellar hypoplasia, lack of AMPD activity results in accumulation of AMP which leads to inhibition of de
novo purine biosynthesis pathway which eventually manifests in impaired protein production due to insufficient
GTP pools. Also, AMPD2 and AMPD3 double knockout in mice has been found to be post-nataly lethal,
while mutation in AMPD gene (FAC1) was found to be embryonically lethal in Arabidopsis, making it a good

herbicide target (Akizu et al., 2013; Sabina et al., 2007; Xu et al., 2005).

Studies have documented increase in AMPD activity in the soil-living amoeba Dictiostelium discoidium in
response to nutrient starvation or treatment with hadacidin (inhibitor of ADSS) (Jahngen and Rossomando,
1986). It was also found that loss of AMPD function resulted in increased AMP secretion, impaired ratio of
prestalk to prespore cells and reduced sporulation efficiency (Chae et al., 2002). In the context of malaria, a gain-
of-function mutation in erythrocytic AMPD was found to increase RBC turnover and confer resistance in mice
against P. chabaudi infection (Hortle et al., 2016). Also, an indirect evidence for the presence of AMPD activity
in Plasmodium was provided by Cassera et al., where it was shown that erythrocytic AMP can be taken up by the
parasite and converted to IMP by the action of AMPD (Cassera et al., 2008). But, a detailed biochemical and
physiological characterization of this enzyme from the parasite has remained hitherto unavailable. In the current
report we provide a comprehensive biochemical description of the P. falciparum enzyme, making judicious use
of the information from the crystal structure of Arabidopsis thaliana AMPD (AtAMPD) and forward genetics
studies conducted on human AMPD?2 as well as the Arabidopsis enzyme (Akizu et al., 2013; Han et al., 2006;
Xu et al., 2005; Hortle et al., 2016). We have used a functional complementation assay to identify and validate
essentiality of key conserved residues required for this 693 amino acid protein to remain functional. Our results
throw light upon some of the key features of P. falciparum AMPD (PfAMPD) in comparison with human,
Arabidopsis and yeast counterparts. Further, the in vivo genetic manipulation carried out in P. berghei (Pb),
involving genetic ablation and GFP tagging provides evidence for the dispensable nature of this cytosolic enzyme
during the intra-erythrocytic stages, while expression of wildtype GFP-tagged P. berghei AMPD (PbAMPD)

protein through an episomal construct was found to be toxic.
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2 Materials

Chemicals and reagents were procured from Sigma Aldrich, USA; Fischer Scientific; SRL, India. Media com-
ponents were purchased from Himedia, Mumbai, India. Primers were custom synthesized from Sigma Aldrich,
Bengaluru, India. Restriction enzymes, reverse transcriptase, Phusion DNA polymerase, Tag DNA polymerase
and T4 DNA ligase were obtained from New England Biolabs, USA and used according to the instructions of

I™ was from Invitrogen, USA. Antibiotics ampicillin, tetracycline and chloramphenicol

the manufacturer. Trizo
were bought from USB chemicals. G418 was bought from Sigma Aldrich, USA and Zeocin from Invitrogen,
USA. Plasmid isolation, PCR clean-up and gel extraction kits were from Qiagen. E. coli strain XL-1 blue,
and expression strain Rosetta (DE3) pLysS and plasmid pETduet-1 were from Novagen. pJAZZ library clone
(PbG02 B-44h05); plasmids, pSC101BAD, R6K Zeo/pheS and E. coli pir strains were procured from Plasmo-
Gem, Sanger Institute, UK. E. coli TSA cells were obtained from Lucigen. Plasmid pBCEN5 was a gift from
Dr. Shiroh Iwanaga, Japan. Wild type (BY4742; MAT«; ura3A0; leu2A0; his3A1; lys2A0), Aamd1 (BY4742;
MAT«; ura3A0; leu2A0; his3A1; lys2A0; YMLO35c::kanMX4), Aadel (BY4741; MATa; ura3A0; leu2A0;
his3A1; metl5A0; YAROI5W::kanMX4) and Aade2 (BY4741; MATa; ura3A0; leu2A0; his3A1; met15A0;
YORI128C::kanMX4) S. cerevisiae strains were from EUROSCARF, Germany. Plasmid pYES2C/T was from
Invitrogen, USA. Codon harmonised PFAMPD gene was synthesized and procured from Shinegene, China. P.
falciparum 3D7 and P. berghei ANKA strain were procured from MR4. RPMI-1640 and Albumax-l were from
Sigma Aldrich, USA and Gibco, respectively. Amaxa 4D nucleofector and P5 Nucleofection kit were from
Lonza, Germany. Infusion assembly kit was from TaKaRa Bio, USA. Random primer kit was from BRIT, India.
Male/female BALB/c mice aged 6-8 weeks were used for cultivation and transfection of P. berghei. Gene
sequencing by Sanger sequencing method was carried out in the in-house central instrumentation facility, JN-

CASR, Bangalore. Sequences of oligonucleotides used are provided in the section 'Supplementary information’

(Table S1).

3 Experimental Procedures

3.1 RNA isolation, cDNA synthesis and RT-PCR

Saponin released P. falciparum cell pellet from 40 mL of in vitro culture was treated with 1 mL Trizol™ reagent
at room temperature for 15 minutes and then centrifuged for 30 minutes at 18000 x g to remove the cell

debris. The supernatant was transferred to a fresh tube and 200 L of chloroform was added and kept at room


https://doi.org/10.1101/447789
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/447789; this version posted October 31, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

temperature for 15 minutes. This was centrifuged at 18000 x g for 30 minutes at 4 °C for phase separation.
The top layer was aspirated to a fresh tube and 400 ulL of isopropanol was added and kept at -20 °C for 4
hours. This was centrifuged at 18000 x g for 30 minutes at 4 °C to obtain a RNA pellet. This pellet was
washed once with 75 % ethanol made in diethylpyrocarbonate (DEPC) treated water and allowed to air dry.
The pellet was resuspended in 20 uL of DEPC treated water and stored at -80 °C. For RNA isolation from P.
berghei, blood was harvested from mice at 10 - 15 % parasitemia and collected in heparin (200 units mL~1).
The cells were lysed by resuspending them in 10 volumes of erythrocyte lysis buffer (155 mM NH4Cl, 12 mM
NaHCO3 and 0.1 mM EDTA) and kept at 4 °C for 5 minutes. The cells were harvested by centrifugation at
500 x g for 10 minutes, the supernatant was discarded and the pellet was used for RNA isolation. The steps
used for RNA isolation were identical to that described for P. falciparum. The cDNA was synthesized using
gene specific reverse primer (P1 for P. falciparum and P73 for P. berghei) and Moloney Murine Leukemia Virus
(MMLV) reverse transcriptase according to manufacturer’s protocol. This cDNA was used as template for PCR

amplification of AMPD gene.

3.2 Generation of plasmid constructs

All clones were generated in XL-1 blue strain of E. coli cells (Table S2 lists the plasmid constructs used in
the study). Using cDNA as template PFAMPD gene was PCR amplified using primers P2 and P3. The PCR
product was digested with EcoRI and HindlIl and cloned into double digested pETDuet-1 vector. Similarly, the
truncated versions of PFAMPD gene were PCR amplified using the full length clone as template and primer pairs
P4, P5 for A59; P6, P7 for A94 and P8, P9 for A178. All PCR products were digested using EcoRI and Hindlll
enzymes and cloned into double digested pETDuet-1 vector. Using genomic DNA from yeast as template,
yeast AMPD gene was PCR amplified using primers P10 and P11. The PCR product was digested with Sacl
and Xhol enzymes and cloned into double digested pYES2/CT plasmid. Using full length clone of PFAMPD
(PETDuet-1 PfAMPD) as template and primers P12, P13 PfAMPD gene was PCR amplified, digested with
Kpnl and Xbal enzymes followed by cloning into double digested pYES2/CT plasmid. Harmonised PfAMPD
gene segment was released from pMD19 hPfAMPD vector using the enzymes Kpnl and Xhol and subcloned
into pYES2/CT plasmid which was cut using the same restriction sites. eGFP was amplified using primers
P14, P15 and pRS306 as template, double digested using enzymes BamHI and Xhol and ligated into double
digested pYES2/CT vector. Cloning of GFP tagged yeast and PFAMPD was done by ligating three DNA
segments i.e., vector, gene fragment and GFP fragment. ScAMPD was amplified using primers P16, P17

followed by digestion with Sacl and Kasl enzymes. eGFP was amplified by using primers P18, P19 followed by
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digestion with Kasl and Xhol enzymes. These two fragments were ligated with Sacl, Xhol digested pYES2/CT
plasmid. Similarly PFAMPD was amplified using primers P20, P21 and pMD19 hAMPD as template, followed
by digestion with Kpnl and Xbal enzymes. eGFP was amplified by using primers P22, P23 followed by digestion
with Xbal and Xhol enzymes. These two fragments were ligated with Kpnl, Xhol digested pYES2/CT plasmid.
PCR product for pYES2/CT _(His)s _hPfAMPD GFP construct was generated using primers P56, P55 and
pYES2/CT hPfAMPD GFP (pYES2/CT clone containing harmonised PFAMPD gene with C-terminal GFP
tag) as template. The PCR product was digested with enzymes Kpnl and Xhol and cloned into digested
pYES2/CT plasmid. PCR product for pYES2/CT hPfAMPD GFP_(His)s construct was generated using
primers P54, P57 and pYES2/CT _hPfAMPD _GFP as template. The PCR product was digested with enzymes
Kpnl and Xhol and cloned into digested pYES2/CT plasmid.

3.3 Bacterial transformation and expression

Competent E. coli cells were prepared by following the method described by Chung et al., Trasformation was
carried out as described in ‘Molecular cloning’ by Sambrook and Russel (Sambrook and Russell, 2006). For
expression, single colony was inocluated into 5 mL LB media with ampicillin (100 g mL~1) and chloramphenicol
(34 ug mL~!) and grown overnight at 37 °C, 180 rpm. The overnight culture was added to a secondary culture
(TB) at 1 % inoculum in the presence of the antibiotics ampicillin and chloramphenicol and incubated at 37
°C, 180 rpm till the ODggg reached 0.6. The culture was then induced using IPTG at a concentration of 1 mM
and further incubated at 37 °C, 180 rpm for four more hours. 1 mL culture was lysed by resuspending in 1 x
loading dye and separated on SDS-PAGE followed by Western blot. Anti - (His)g antibody from mouse was used
to probe the blot followed by anti - mouse antibody from goat conjugated to horse radish peroxidase (HRP)
as secondary antibody. The blot was developed using amino ethyl carbazole (AEC) and hydrogen peroxide as

substrates.

3.4 Yeast transformation and expression

Saccharomyces cerevisiae trasformation was performed according to the protocol described by Gietz et al.,
(Gietz and Woods, 2002). For expression, single colony was inocluated into 5 mL SD-Ura (synthetically defined
minus uracil) medium containing glucose (2%) as carbon source and incubated at 30 °C, 180 rpm for 15-20
hours. The overnight culture was harvested by centrifugation, washed once with sterile water and resuspended

in 5 mL of SD-Ura medium containing galactose (2 %) as carbon source and incubated at 30 °C, 180 rpm. 1
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mL aliquots were taken at different time points and TCA was added to the cells (final concentration 12 %)
and stored at -80 °C overnight for precipitation. The aliquots were thawed and the cells were harvested by
centrifugation at 12000 x g. The supernantant was discarded and the pellet was washed in 250 L 80 % cold
acetone twice. After the second wash, acetone was removed and the pellet was air dried, resuspended in 1
% SDS/0.1 N NaOH solution. The lysates were boiled in the presence of 1 x loading dye and separated on
SDS-PAGE followed by Western blotting. Mouse anti - (His)g antibody or anti - GFP antibody was used to
probe the blot followed by anti - mouse antibody from goat conjugated to (HRP) as secondary antibody. The

blot was developed using AEC and hydrogen peroxide as substrates.

3.5 Serial dilution and spotting of S. cerevisiae cells

Single colonies were inoculated in to 5 mL SD-Ura medium containing glucose as carbon source and grown
overnight at 30 °C, 180 rpm. The cells were harvested by centrifugation at 5000 x g and washed once with
sterile water. ODggo was determined and serial dilutions were made starting from 1 OD mL~! to 10=2 OD
mL=. 2 ul from each dilution was spotted on SD-Ura plate containing galactose as carbon source with or
without 50 g mL~! S - adenosyl methionine (SAM). The plates were allowed to air dry and incubated at 30
°C (37 °C for temperature sensitivity studies) for 60-72 hours. The plates were observed for cell growth and

photographically documented.

3.6 Site-directed mutagenesis and PFTAMPD truncations

Using pYES2/CT hPfAMPD GFP (pYES2/CT clone containing harmonised PFAMPD gene with C-terminal
GFP tag) plasmid as template site-directed mutagenesis was performed by following overlap extension PCR
and AQUA cloning protocol (Beyer et al., 2015). Partial amplicons for each mutant were obtained by PCR
using Gal promoter-forward primer (P54)/ mutagenic-reverse primer and Cyc terminator-reverse primer (P55)/
mutagenic-forward primer pairs (Table S1). The fragments were gel purified and mixed with double digested
(Kpnl and Xhol) and gel purified pYES2/CT vector in molar ratio 1:3:3:: vector:insertl:insert2. This mix was
used to transform competent XL1-Blue E. coli cells and plated on LB plates containing 100 g mL~! ampicillin.
The clones were confirmed by PCR, restriction digestion and sequencing. These constructs were used to perform
functional complementation in Aamd1 yeast by serial dilution and spotting assay. PFAMPD lacking 60 and 180
residues from N-terminal end, hPfAMPD AN60 and hPfAMPD AN180 were PCR amplified using primer
pairs P24, P55 and P25, P55 (Table S1); respectively. The PCR product was double digested (Kpnl and Xhol)
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and cloned into digested pYES2/CT plasmid.

3.7 Generation of P. berghei transfection vectors

The library clone for P. berghei AMPD (PbG02 B-44h05) was obtained from PlasmoGem. The procedures
for knockout construct generation were described earlier (Godiska et al., 2009; Pfander et al., 2011). The
intermediate vector and final knockout construct were confirmed by PCR and restriction digestion. The final
knockout construct was subjected to Notl digestion, purified and used for transfection. For episomal expression
of GFP-tagged PbAMPD, P. berghei AMPD gene was amplified by PCR using cDNA from P. berghei as
template and primers P74, P75 (Table S1); followed by cloning into BamHI digested pBCEN5 plasmid using
InFusion assembly kit from TaKaRa. The clone was confirmed by PCR, restriction digestion and sequencing.
H245A/H247A mutant of PbAMPD (pBCEN5 PbAMPD H245A/H247A GFP) was generated by AQUA
cloning protocol as described earlier (Beyer et al., 2015). Partial amplicons were generated using primer pairs

P76, P79 and P77, P78 (Table S1) and pBCEN5 PbAMPD _GFP vector as template.

3.8 Cultivation of P. falciparum, P. berghei and transfection in P. berghei

Fresh blood (O-+ve blood group) was collected from healthy human volunteers and stored in the presence of
the anticoagulant, acid citrate dextrose solution at 4 °C overnight. Plasma was separated and discarded. The
erythrocytes were washed with 1 x PBS three times and stored at 4° C in incomplete RPMI media containing
25 mM HEPES at 50% hematocrit in the presence of the antibiotic gentamycin 2.5 ug mL~'. P. falciparum
parasites were grown in complete RPMI medium (20 mM glucose, 0.2% sodium bicarbonate, 0.5% Albumax
and 50 M hypoxanthine) at 5% hematocrit under micro-aerophillic conditions using candle jar setup at 37 °C.
Parasitemia was checked regularly by making Giemsa stained smears. 5-10 % parasitemia was maintained and

media change was given daily (Trager and Jensen, 1976).

Glycerol stock of wild type P. berghei ANKA parasites was injected to a healthy male BALB/c mouse (6-8
weeks old) through intra-peritoneal mode. The parasitemia was monitored by drawing blood from tail snip and
observing Giemsa stained blood smears under the microsope (100 x oil immersion objective). Transfection of
the parasites was done by following the protocol described by Janse et al., (Janse et al., 2006) using Amaxa
4D nucleofector (P5 solution and FP167 program). Drug resistant parasites were harvested in heparin solution
(200 units mL~!) made in incomplete RPMI medium. Glycerol stocks were made by mixing 300 uL of 30 %

glycerol and 200 pL of the harvested blood and stored in liquid nitrogen.
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3.9 Genomic DNA isolation and genotyping of transgenic parasites

The harvested parasites were treated with cold 1 x erythrocyte lysis buffer for 5 minutes at 4 °C and centrifuged
at 500 x g for 10 minutes. The supernatant was discarded and the pellet was used for either Western blotting
or DNA isolation immediately or stored at -80 °C for future use. For DNA isolation, the parasite pellet was
resuspended in 350 uL of TNE (Tris, NaCl and EDTA) buffer. To this 10 uL (10 mg mL~! stock) RNAseA
and 50 uL of 10 % SDS were added and volume was made up to 0.5 mL with TNE buffer. This was incubated
at 37 °C for 10 minutes followed by pronase treatment for 1 hour (10 uL of 10 mg mL~! stock). 1 mL of
Tris-saturated phenol was added to the sample and mixed gently by inverting. The sample was centrifuged
for 5 minutes at 10000 x g and the supernatant was carefully removed and treated with 1 mL of 1:1 phenol-
chloroform solution and centrifuged for 5 minutes at 10000 x g. The resultant supernatant was treated with 1
mL of chloroform-isoamyl alcohol solution and centrifuged at 10000 x g for 5 minutes. The supernatant was
mixed with 1/10 volume of 3 M sodium acetate (pH 4.5) and 1 mL of absolute ethanol. Sample was mixed by
inverting gently in order to precipitate the DNA. The sample was centrifuged at 10000 x g for 1 minute and
the supernatant was discarded. The DNA pellet was washed once with 70 % ethanol solution, air dried and
resuspended in 50 uL DNAse free water. This was used for genotyping of parasites by PCR. Southern blotting
was done on DNA from knockout parasites by following standard protocols (Sambrook and Russell, 2006). P.
berghei DHFR 3" UTR was PCR amplified using primers P71, P72. This PCR product was used to generate

the probe for Southern blotting using random primer kit from BRIT and 3?P labeled dATP.

3.10 Localization studies in Plasmodium

For P. berghei, parasites were harvested in heparin solution and centrifuged at 2100 x g for 5 minutes and the
supernatant was discarded. The cells were resuspended in 1 x PBS containing Hoeschst 33342 (10 pug mL™1)
and incubated at room temperature for 15 minutes. The cells were centrifuged at 2100 x g for 5 minutes and
the supernatant was discarded. The cells were washed once with 1 x PBS and the pellet was resuspended in
70 % glycerol. Cells were mounted on glass slide using cover slips, then sealed and stored at 4 °C. The cells

were observed under oil immersion objective (100 x) of Ziess LSM 510 Meta confocal microscope.

3.11 Determination of growth rate of wildtype and Aampd P. berghei

Glycerol stocks of wildtype and clone C1 of Aampd P. berghei were injected to two separate mice and parasitemia

was monitored by Giemsa stained smears. Blood was harvested in heparin solution once parasitemia reached
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0.5-1 % and 10° parasites were injected into 5 fresh mice for both wildtype and Aampd P. berghei. Parasitemia
was monitored by counting parasites in Giemsa stained smears regularly starting from day 1 post-injection and
growth rate was determined by plotting percentage parasitemia on y - axis against time (number of days) on
x - axis. Mortality rate among mice infected with either wildtype or Aampd P. berghei parasites, was also

determined by plotting percentage survival of mice on y - axis against time (number of days) on x - axis.

3.12 Generation of cell lysates for Western blotting

For yeast, 1 mL of culture was mixed with 200 pL of 70 % TCA and kept at -80 °C for 1 hour. The sample
was thawed and centrifuged at 10000 x g and the supernatant was discarded. The pellet was washed with 80
% acetone twice and allowed to air dry. The dried pellet was resuspended in 40 uL of 1x SDS-PAGE loading
dye, incubated in boiling water bath for 5 minutes, centrifuged to separate the debris and the supernatant was
separated on a 12 % SDS-PAGE. Western blotting was performed by semi-dry transfer method on to PVDF

membrane.

For P. berghei, blood from mice was harvested in heparinised RPMI medium and RBCs were lysed by treating
with 1x erythrocyte lysis buffer (155 mM NH4Cl, 12 mM NaHCO3 and 0.1 mM EDTA) at 4 °C for 5 minutes.
The sample was centrifuged and the supernatant was discarded. The parasite pellet was lysed by resuspending
it in equal volumes of 2x SDS-PAGE loading dye in the presence of protease inhibitor cocktail. The sample
was incubated in boiling water bath for 5 minutes, centrifuged to separate the debris and the supernatant was
separated on a 12 % SDS-PAGE. Western blotting was performed by semi-dry transfer method on to PVDF

membrane.

4 Results

4.1 Expression of AMPD in P. falciparum and functional characterization by complemeta-

tion

PfAMPD gene (PlasmoDB gene ID: PF3D7 1329400) is 3173 bp in length encompassing 7 introns which
upon splicing gives rise to a 2082 bp mRNA encoding a 693 amino acid protein. RT-PCR resulted in a 2.1 kb

amplicon matching the description in the database (Fig. S1a).

Full-length recombinant PFAMPD with N-terminal (His)s-tag when expressed in E. coli showed very high levels

of degradation and both the full-length and degraded fragments were found to be present in the insoluble
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fraction of the lysate. Multiple clones of PFAMPD with (His)s-tag at N- or C-terminal, GFP tag, truncated
versions (AN59, AN94 and AN178) were made to produce intact soluble protein. None of these variants

showed reduced degradation or increased solubility of the protein (Fig. S1b).

AMPD deficient yeast strain grows normally on either YPD medium or minimal medium but shows a distinct
growth defect phenotype when grown in the presence of S-adenosyl methionine (SAM) (Fig. S2b). This is due
to the accumulation of AMP in the cells which results in the inhibition of de novo purine biosynthetic pathway
eventually resulting in depletion of GTP pools. This growth defect phenotype can be rescued by expression of
a functional AMPD. This principle was utilized to determine the functionality of PFAMPD. Coding sequence of
PfAMPD gene was cloned in yeast expression vector under GAL1 promoter and serial dilution and spotting assay
was performed to check the functionality of PFAMPD. Rescue of the growth defect phenotype was not seen
when compared to control strain expressing SCAMPD (Fig. 1a). Upon performing RT-PCR it was found that
full length transcript was not formed in yeast cells expressing PFAMPD. Instead, an aberrantly spliced product
was observed (data not shown). Hence the experiment was performed using a codon harmonised (Angov et al.,
2008) PTAMPD (hPfAMPD) gene. A clear rescue of growth phenotype was observed in this case showing that
PfAMPD is a functional ortholog of SCAMPD (Fig. 1a).

Although codon harmonised PFAMPD with C-terminal (His)s-tag showed functional complementation, full-
length protein was not detected by Western blot probed with anti-(His)s antibody. Hence, a C-terminal GFP
tagged construct (pYES2/CT _hPfAMPD _GFP) was generated so that it would simultaneously provide proof
for the expression of the protein by microscopy and/or by Western blotting probed using anti-GFP antibody. The
C-terminal GFP-tagged PFAMPD was also found to functionally complement yeast AMPD deficiency similar to
the (His)s-tagged protein and moreover, was also detected by Western blot when probed with anti-GFP antibody.
Hence, to determine if the GFP tag was conferring stability to the protein, dual tagged PFAMPD constructs
(i.e., pYES2/CT (His)s_hPfAMPD GFP and pYES2/CT_hPfAMPD GFP _(His)g) were generated. West-
ern blot was performed using cells expressing various constructs of AMPD i.e., pYES2/CT _hPfAMPD _(His)g,
pYES2/CT (His)s  hPfAMPD GFP and pYES2/CT hPfAMPD GFP (His)s which were probed with anti-
(His)g antibody and pYES2/CT _hPfAMPD GFP, pYES2/CT _(His)¢ hPfAMPD GFP and

pYES2/CT _hPfAMPD _GFP _(His)g which were probed with anti-GFP antibody. All GFP tagged hPfAMPD
constructs were detected by anti-GFP antibody whereas among (His)s-tagged constructs

pYES2/CT _(His)s_hPfAMPD _GFP alone was detected by anti-(His)s antibody whereas, the other two con-
structs (pYES2/CT _hPfAMPD _(His)¢ and pYES2/CT _hPfAMPD _GFP _(His)g) were not detected going to

show that the presence of GFP tag at C- terminal confers stability to the protein (Fig. S3a). It was also observed
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that both the constructs (i.e. pYES2/CT (His)¢ hPfAMPD GFP and pYES2/CT _hPfAMPD GFP _(His)s)

were able to functionally complement yeast AMPD deficiency (Fig. S3b).

4.2 Characterization of PFAMPD mutants

AMP deaminases are known to have a divergent N-terminus that is prone to degradation. But, it has been
reported that this proteolysis does not affect the activity or regulation of enzyme function (Han et al., 2006;
Saint-Marc et al., 2009). A truncated version of AtAMPD has been expressed in insect cell line and the crystal
structure solved. This structure showed the presence of a metal centre comprising of Zn?t co-ordinated by
H391, H393, H659 and D736 (Fig. S4a) (Han et al., 2006). In addition to this, the report also predicted the
role of two hydrophobic residues F463 and Y467 in displacement of the ribose ring (Fig. S4b) and identified
E662 and H681 as the putative catalytic residues (Fig. S4c) (Han et al., 2006). However, contribution of these
residues to catalysis/ structural stability has not been experimentally validated. By forward genetics approach,
residues critical for the functioning of the protein were identified in Arabidopsis (Xu et al., 2005) (D598 makes
critical contacts with H659 and the mutant D598N was found to be embryonic lethal) and human (Akizu
et al., 2013) (R674H, E778D and D793Y mutants were identified in an exome sequencing study on patients
suffering from pontocerebellar hypoplasia) (Fig. S4d). These residues are highly conserved (Fig. 2) and using
this information as the basis, site-directed mutagenesis was performed on PfAMPD gene and mutants were
characterized by serial dilution and spotting assay (Fig. 1a). It has to be noted that till date, no study using

site-directed mutagenesis has been done to validate the role of different residues in AMPD.

In AtAMPD, deletion of N-terminal 139 residues yielded active enzyme and crystals of diffraction quality.
Alignment of AMPD sequences shows that the catalytic core (180 to 680 residues, Pf numbering) is highly
conserved (Fig. 2). Both AN60 PfAMPD that corresponds to the truncated version of AtAMPD with 139
residues at N-terminus deleted (found to be soluble and used for crystallization), and AN180 PfAMPD that
corresponds to the catalytic core of the enzyme (Fig. 2) failed to functionally complement yeast AMPD
deficiency going to show that in spite of the fact that AMPD sequences have a divergent N-terminus, the
N-terminus of PFAMPD might be containing critical residues which are indispensable for activity or structural
integrity of the protein. Residues H245, H247, H517 and D594 of PfAMPD that correspond to the residues
H391, H393, H659 and D736 of AtAMPD, that co-ordinate with the divalent metal ion at the active site;
upon mutation to alanine rendered the protein inactive as cells expressing the mutant proteins failed to grow

in the presence of SAM. In AtAMPD structure 2A3L, it was proposed that the residues F463 and Y467 might
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be involved in displacing the ribose sugar of the ligand coformycin monophosphate (Han et al., 2006). In our
study we have found that mutating the corresponding residues in PFAMPD, F319 and Y323 to leucine did not
result in complete loss of enzyme activity. However, the F319L mutant did show slightly reduced growth when
compared with Y323L or the wild type. In the report by Han et al., (Han et al., 2006) it was proposed that
H681 might be the catalytic base and in its absence E662 might perform the same function although both
these residues are conserved and are known to be required for catalysis by aminohydrolases in general. Hence,
corresponding residues in PFAMPD i.e., H539 and E520 were mutated to alanine and it was found that the
cells expressing these mutants failed to grow on SAM indicating that both these residues are indispensable
for the activity of the protein and both might be involved in the catalysis. The residue D595 (highlighted in
bold and italicized) is present in the conserved motif ‘STDDP’ which is seen in all AMP /adenosine deaminases
(Han et al., 2006). Mutating this residue to alanine also resulted in loss of activity. A chemical mutagen
screen and sequencing study conducted by Xu et al., (Xu et al., 2005) had identified a mutation (D598N)
in AtAMPD that resulted in embryonic lethality (Xu et al., 2005). Mutation of the corresponding residue
in PFAMPD D454 to alanine resulted in loss of acitivity of the enzyme as observed by lack of rescue of yeast
growth defect phenotype. Akizu et al., had identified mutations in human AMPD2 (R674H, E778D and D793Y)
which correlated with a neurological disorder called pontocerebellar hypoplasia (Akizu et al., 2013). R674 is
conserved in human AMPD?2, yeast and Arabidopsis AMPD but is a methionine in PFAMPD. This residue was
mutated to arginine as well as histidine. Both M504R and M504H mutants were found to be active, but slight
growth defect was observed in M504H mutant compared to M504R and wildtype. E608D mutation in PFAMPD
corresponding to E778 of human AMPD2 did not have any impact on the protein activity, whereas the D623Y

mutant corresponding to D793 of human AMPD2 was inactive.

Expression of GFP-tagged PFAMPD and its mutants at the protein level was determined by Western blotting and
also microscopy. Both full-length band corresponding to GFP fusion protein along with a band corresponding to
free/degraded GFP was also observed (Fig. S6 a and b). Interestingly, GFP tagged PFAMPD showed multiple
localization patterns that included diffused cytosolic, cytoplasmic foci/punctate as well as filamentous pattern
(Fig. S6 c-e). The mutants also showed foci/punctate like localization along with the diffused localization

pattern (Fig. 1a).

Complementation assay was also performed at 37 °C using wild type ((His)s-tag and GFP-tag) yeast AMPD
and PFAMPD and mutants of PFAMPD which had shown rescue of growth defect phenotype at 30 °C (Fig. 1b).
Surprisingly, wild type PFAMPD showed minor yet observable reduction in rescue of growth defect phenotype as

compared to the yeast counterpart indicating sensitivity towards increased temperature. Among the mutants,
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only Y323L mutant of PFAMPD showed rescue of the growth defect phenotype similar to the wildtype, whereas
the others completely failed to do so indicating that they might also be playing a role in stabilizing the structure

of the protein that is affected at higher temperatures.

4.3 Localization studies on AMPD

An episomal construct (pBCEN5 PbAMPD GFP) where, PbAMPD coding sequence was tagged with C-
terminal GFP under PbEFla promoter was used for localization of PbAMPD. When transfected with pB-
CEN5_ PbAMPD _GFP, drug resistant parasites were not obtained. As this result was reproducible with multiple
transfection attempts, we hypothesized that increased expression of a stable AMPD over and above endogenous
levels in Plasmodium might be toxic. Hence, a catalytically inactive mutant (H245A/H247A) of PbAMPD was
cloned in pBCEN5 with C-terminal GFP tag and transfected into P. berghei. Drug resistant parasites were
obtained, genotyped (Fig. 3a) and a diffused cytosolic localization was observed (Fig. 3c). The GFP fusion

protein was also detected by Western blotting (Fig. 3b).

4.4 AMPD overexpression in P. berghei is toxic

As mentioned above, drug resistant parastites were not obtained when wildtype P. berghei was transfected
with pBCEN5 expressing PbAMPD-GFP wild type gene in spite of multiple attempts. Whereas, transfection
with pBCEN5 expressing PbAMPD H245A /H247A  GFP mutant gene yielded drug resistant and GFP pos-
itive parasites. This suggests that increased levels of AMPD activity might be toxic to the cells and hence
the inability to obtain drug resistant parasites. To confirm this inference, pBCEN5 GFP (vector control),
pBCEN5 PbAMPD GFP and pBCEN5 PbAMPD H245A/H247A GFP were mixed in equal amounts (2.5
pg each) and co-transfected in to wildtype P. berghei which resulted in a mixed population of drug resistant
parasites that were PCR positive for both vector control plasmid and plasmid containing either or both PbAMPD
wildtype and mutant genes. Sequencing of the AMPD specific PCR product showed the presence of only the
plasmid carrying the mutant gene and that the plasmid carrying the wildtype gene was not retained in the
drug resistant parasite population (Fig. 3d-h). This confirms that expression of functional PbAMPD above the

endogenous levels is toxic to the parasites.

A supporting evidence for the above mentioned inference was also observed in yeast strains lacking functional

de novo purine biosynthetic pathway. Aadel and Aade2 yeast strains are deficient in enzymes of de novo
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purine biosynthetic pathway (N-succinyl-5-aminoimidazole-4-carboxamide ribotide synthetase and phosphoribo-
sylaminoimidazole carboxylase) and hence have been used as mimics of the Plasmodium parasite in the context
of nucleotide metabolism. Survival of these strains is conditional to the presence of purine precurssors such as
hypoxanthine or adenine in the medium which are used to generate AMP. In such a scenario, when an enzyme
that catabolizes AMP is over expressed, it results in a futile cycle and compromises the cell viability that will
manifest as a growth defect phenotype. Both Aadel and Aade2 strains grown under conditions with limited
quantity of purine, showed growth defect phenotype upon episomal expression of SCAMPD over and above the
endogenous levels. Interestingly, episomal expression of PFAMPD in Aadel and Aade2 strains grown under
similar conditions did not result in growth defect phenotype (Fig. 3i). In addition to expression of wildtype
PfAMPD protein, T621A mutant (corresponds to a hyperactive mutation observed in human AMPD3 (Hortle
et al., 2016)) was also expressed in Aadel and Aade2 strains but a growth defect phenotype was not observed

in this case also.

4.5 AMPD is non-essential during asexual stages in P. bghei

Aampd P. berghei parasites were generated using linear pJAZZok vector with homology arms flanking the marker
gene, generated by recombineering strategy (Godiska et al., 2009; Pfander et al., 2011). The knockout parasites
were genotyped by PCR and Southern blotting (Fig. 4), and by limiting dilution three clonal populations (C1,
C2 and C3) were obtained that were genotyped by PCR (Fig. S8). One of the clonal populations (C1) was used
for assessing the growth phenotype. Comparison of blood-stage growth rate measurements between wildtype
and Aampd P. berghei parasites in mouse showed no significant difference (Fig. 5), thus establishing that the

gene is not essential for the parasite during the intra-erythrocytic stages.

5 Discussion

AMPD belongs to amidohydrolase superfamily of enzymes and is a part of purine nucleotide cycle involved in the
cyclic interconversion of AMP and IMP. Studies on Arabidopsis and human AMPD have lead to the elucidation
of the critical role of this enzyme in development, as impairment of its function affects AEC, as well as protein
production. To our knowledge, till date, there were no reports on comprehensive characterization of any parasitic
protozoan AMP deaminase. Characterization of adenylosuccinate synthetase (ADSS) and adenylosuccinate lyase
(ASL) from the malarial parasite Plasmodium falciparum have been reported earlier (Jayalakshmi et al., 2002;

Eaazhisai et al., 2004; Bulusu et al., 2009; Mehrotra et al., 2010). These two enzymes that constitute one arm
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of PNC and involved in AMP generation have been found to be essential for the parasite’s survival (Sanderson
and Rayner, 2017). AMPD constitutes the second arm of PNC, regenerating IMP from AMP and had remained
unexplored. This prompted us to conduct investigations towards elucidating the physiological role of AMPD in

Plasmodium.

Our prime objective of performing biochemical characterization on recombinant PFAMPD was met with nu-
merous hurdles owing to its insoluble and unstable nature. When expressed in E. coli, full length as well as
truncated versions of PFAMPD showed a characteristic degradation pattern and all the fragments were present
as inclusion bodies. Attempts to obtain soluble/stable protein by co-expressing with chaperones as well as
refolding strategies were futile. Multiple expression systems and strategies were employed which included yeast
(S. cerevisiae and Pichia pastoris using pYES2/CT and pGAPZ vectors, respectively), and in vitro cell-free
protein synthesis system. None of these strategies were helpful in obtaining soluble and stable PFAMPD (data
not shown). When expression was attempted in S. cerevisiae using a codon harmonised gene, the presence of a
soluble and functional protein was established based on a growth phenotype readout in a functional complemen-
tation assay carried out using Aamd1 yeast strain. Although we were able to expresses a functional PFAMPD in
a heterologous system, the protein was not detected by Western blot when yeast cell lysates were probed with
anti-(His)g antibodies. Hence, to provide evidence for ‘cause (protein expression) and consequence (functional
complementation)’ correlation, we generated a PPAMPD-GFP fusion construct. Using this construct, expression
of protein was demonstrated both by microscopy and Western blot. The observation that only the GFP-tagged
protein can be detected by Western blot and not the (His)g-tagged counterpart indicated that the addition of
GFP-tag had conferred stability to PFAMPD. In-spite of successfully detecting full length protein on Western
blot, we were unable to purify the protein in sufficient quantities for in vitro assays and hence had to rely on

the use of functional complementation assay for further characterization of the protein.

The crystal structure of AtAMPD (PDB ID 2A3L) was used for addressing structure-function relationships in
the Plasmodium enzyme. Our study provides a comparative analysis of similarities and differences between
yeast, Arabidopsis, human and P. falciparum AMPD. Establishing the essentiality of the divergent N-terminus
and identification of structurally and catalytically important residues was performed using functional comple-
mentation assay on truncated protein and site-directed mutants. PFAMPD is different from any other AMPD
as the N-terminal truncated version was found to be inactive, where as N-terminal truncated versions of other
AMPDs (yeast, Arabidopsis, human) have been reported to be active. In comparison with the yeast enzyme,
PfAMPD shows a mild temperature sensitive phenotype (when grown in the presence of SAM at 37 °C) which

becomes distinct in the mutants F319L, M504R, M504H and E608D indicating the role of these residues in
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providing structural stability. Residues identified as vital for functioning of human AMPD2 were found to be

important for the P. falciparum counterpart as well.

Attempts to express GFP-tagged PbAMPD from an episomal vector met with failure as multiple transfection
attempts did not yield drug resistant parasites. Plasmodium is completely dependent on the host for its purine
source and operates predominantly via the HGPRT route for making IMP, which is then converted to AMP via
the ADSS and ASL pathway and GMP via the IMPDH and GMPS reactions. AMP thus generated is utilized for
various cellular processes including DNA synthesis during cell division. In such a metabolic context, increased
expression of an enzyme that catbolizes AMP might result in the futile cycling of AMP/IMP interconversion
probably leading to a deficit of AMP that would have deleterious effect on actively dividing cells. This explains
our inability to get drug resistant parasites when transfected with vector expressing active AMPD that leads to
higher levels of the enzyme in the cell. Whereas, drug resistant parasites were obtained when transfection was
done with pBCENS5 expressing catalytically inactive mutant of PbAMPD. In addition to this, when pBCEN5
plasmid expressing either GFP alone or GFP-tagged wildtype PbAMPD or GFP-tagged mutant PbAMPD were
co-transfected into P. berghei, a mixed population of transfectants that were positive for pPBCEN5 GFP and
pBCEN5 PbAMPD H245A/H247A GFP (inactive mutant) were obtained. This, confirms our inference of
cytotoxicity upon AMPD overexpression. Due to non-availability of inducible episomal expression systems
in Plasmodium we resorted to the yeast model to provide additional evidence for the detrimental nature of
increased AMPD expression. We employed Aadel and Aade2 strains which are very well characterized purine
auxotrophs lacking functional de novo pathway and solely depend on purine salvage by APRT or adenosine
kinase or HGPRT (Fig. S7c). These cells were grown on minimal medium containing only hypoxanthine as
purine source, thereby, mimicking the Plasmodium parasite in context of purine nucleotide salvage. Under these
growth conditions when AMPD was episomally expressed, we observed growth defect when compared to the
vector control or cells grown under repressive conditions (Fig. 3i). Although growth defect was seen only in
cells episomaly expressing SCAMPD, the lack of this phenotype in cells expressing PFAMPD might reflect on
the catalytic efficiencies of the two enzymes and heterologous context of the host expression system. These
observations in yeast and in P. berghei, in conjunction with a study on a hyperactive mutation in the erythrocyte
isoform of AMPD resulting in decreased RBC half life, demonstrates that regulation of this enzyme activity
is critical for survival in cells incapable of de novo purine biosynthesis. It should be noted that the T621A
mutation in PFAMPD which corresponds to the hyperactive mutation reported in the erythrocytic isoform of
AMPD, also failed to show growth defect phenotype when episomally expressed in Aadel and Aade2 strains,

although it was found to be active based on the complementation assay in AMPD knockout strain (Fig. S7d
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and 3i). The critical aspect that determines the cell viability in this scenario would be the relative fluxes between
AMP generating arm including HGPRT, ADSS and ASL and the AMP depleting arm of AMP deaminase. From
our observation in the yeast model it is evident that the AMPD arm dominates the other arm (HGPRT, ADSS
and ASL), upon increased expression of AMPD. Therefore, we conclude that increased expression of AMPD
in an organism solely dependent on hypoxanthine salvage like Plasmodium might be toxic as it perturbs the
AMP homeostasis by depleting AMP levels. Interestingly, episomal expression of ASL in P. falciparum and yeast
adenosine kinase in P. berghei, both of which would increase the flux of AMP production was found to be
non-lethal (unpublished data). As AMPD is known to be allosterically modulated by ATP, GTP and phosphate
(Merkler et al., 1989; Han et al., 2006), allosteric activators of Plasmodium AMPD could exhibit anti-parasitic

activity and development of an assay methodology for the identification of such molecules would be useful.

Plasmodium has two isoforms of adenylate kinase (AK1 and AK2) and two isoforms of adenylate kinase like
protein (ALP1 and ALP2). The loci of both AK and ALP were found to be refractory to knockout in P.
falciparum, whereas in P. berghei AK1 was found to be essential while, AK2 was dispensable during asexual
stages (Sanderson and Rayner, 2017). Since AMPD activity can in-turn modulate AK activity, essentiality
of this gene was investigated in P. berghei. AMPD gene was successfully deleted in P. berghei, and the
transgenic parasites did not show any difference in phenotype in comparison with wildtype counterpart during
intra-erythrocytic stages. Hence, AMPD is not essential for the parasite’s survival in asexual stages. It has to be
noted that in a recent study by Zhang et al., the gene loci was found to amenable for disruption in P. falciparum
using piggy-bac transposon mediated saturation mutagenesis (Zhang et al., 2018). The growth defect seen in
AamdI yeast strain manifests only in the presence of adenine or adenosine source (SAM) in external media,
which results in the build up of intracellular AMP levels by the action of APRT or adenosine kinase. This can
be relieved only by expressing a functional AMPD or by supplementing hypoxanthine or guanine in the media.
In mammalian systems, it is the circulating adenosine levels that cause the defective phenotype in Aampd cells.
But for the plasmodial parasite that is harbored inside the RBC, the enzymes APRT and adenosine kinase, which
would cause AMP accumulation are absent. Even though the RBC compartment has both APRT and adenosine
kinase, and AMP generated via this route can enter the parasite (Cassera et al., 2008); hypoxanthine is the key
precursor for purines in Plasmodium. An inherently advantageous metabolic wiring seems to have enabled the
parasite to survive even in the absence of AMPD (Fig. 6). Nevertheless, the loss-of-function phenotype needs

to be examined in other stages of the parasite’s life cycle.

In summary, this study is the first report on comprehensive biochemical and physiological characterization

of AMPD from an apicomplexan parasite. Apart from providing evidence for the expression of protein in
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Plasmodium by RT-PCR we have also demonstrated that the protein is enzymatically functional by making use
of complementation assay in a AMPD knockout yeast strain. In addition, critical residues have been identified
that are required for the functionality of this protein and the dispensable nature of this enzyme function in
asexual stages of the parasite’s life cycle has been established. Having demonstrated that overexpression of
AMPD is toxic, one can ascertain that regulation of its activity is vital and it would be interesting to investigate

the mode of regulation of this enzyme, employed by the parasite.
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Figure legends

Scheme 1: Adenylate kinase and AMP deaminase reaction
Adenylate kinase catalyses the formation of ATP and AMP using two ADP molecules. ATP fuels energy utilizing
cellular processes where as AMP can be deaminated to IMP by AMP deaminase with concomitant release of

ammonia.

Figure 1: Complementation of AMPD deficiency in S. cerevisiae

(A) Ability of truncated and mutant PFAMPDs to rescue the growth defect phenotype of Aamd1 yeast strain
grown in the presence of SAM was used as a reporter to identify the role of specific residues in enzyme function.
Phenotype of mutants was compared to that of vector control (VC - strain containing either pYES2/CT or GFP
- pYES2/CT _GFP), SCAMPD, and wildtype PFAMPD expressing cells. The functional complementation assay
was performed at 30 °C. Panel A also shows microscopic images of GFP fluorescence as evidence for protein
expression. (B) Mutants that were able to rescue the growth defect phenotype at 30 °C were further investigated
for their ability to complement at 37 °C and compared with that of wildtype SCAMPD and wildtype PFAMPD
expressing cells. (Experiments have been performed in triplicates from two different batches of transformants

and image from one experimental replicate is presented).

Figure 2: Multiple sequence alignment of AMP deaminase protein sequences
Clustal omega alignment of AMP deaminase sequences from Plasmodium (Pf), yeast (Sc), Arabidopsis (At)

and human (Hs2, Hs3) represented using ESpript 3.0. * indicates residues selected for mutagenesis.

Figure 3: Episomal expression of PbAMPD in P. berghei

(A) PCR confirmation of pBCEN5 PbAMPD H245A/H247A GFP transfectants. Lane 1, DNA isolated
from transfectants as template; lane 2; no template control; lane 3, molecular weight marker; lane 4, +ve
control (pBCEN5 PbAMPD H245A/H247A GFP). (B) Western blot showing the presence of full length
GFP fused PbAMPD H245A /H247A protein (arrow head) expressed through pBCEN5 in P. berghei. Lane 1 to
4, different volumes (5, 10, 20, 40 pL) of lysate from trasfectants expressing PbAMPD H245A/H247A  GFP
fusion protein and lane 6, lysate from P. berghei strain expressing GFP alone. (C) Localization of episomally
expressed PbAMPD _H245A/H247A _GFP in P. berghei. Images were acquired using Ziess LSM 510 META
confocal microscope under 100 x oil immersion objective and maximum intensity projections obtained using
ImageJ are represented. (D-H) Results pertaining to co-transfection experiments. P. berghei was co-transfected
with pBCEN5_GFP (vector control), pBCEN5 PbAMPD_GFP, pBCEN5 PbAMPD H245A/H247A GFP.
Chromatogram D and E show the difference in DNA sequence between the wild type (CAT GTG CAT) and
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catalytically inactive mutant (GCT GTG GCT). (F) Schematic of the primers selected for genotyping the
parasites by PCR. A primer that binds to vector backbone and a GFP internal reverse primer were used that
would amplify the DNA segment present in both vector control and PbAMPD (both wildtype and mutant). (G)
PCR was performed on DNA isolated from drug resistant parasites which turned out to be positive for both
vector control and the gene of interest i.e., PbDAMPD (either wildtype or mutant or both). Bands corresponding
to GFP alone and PbAMPD (wildtype or mutant or both) are indicated by arrow marks. The left image is of a
1 % agarose gel that was used to visualize the presence lower molecular weight (vector control) PCR product
and the right image is that of a 0.8 % agarose gel that was used to visualize the presence of higher molecular
weight (PbAMPD gene specific) PCR product. The gene specific PCR product was purified and sequenced to
determine whether the sequence corresponds to wildtype PbAMPD or the mutant or a mixed population. As
shown in chromatogram H the DNA sequence of transfectants bearing pBCEN5 plasmid containing PbAMPD
gene turned out to be the mutant (GCT GTG GCT) and not the wildtype. (1) Aadel and Aade2 strains were
transformed with vectors expressing SCAMPD or PFAMPD or PFAMPD-T621A mutant and grown on minimal
medium containing 75 or 150 uM hypoxanthine as purine source. Glucose was used to repress protein expression
and galactose for induction. Cells episomally expressing SCAMPD displayed a growth defect phenotype when
compared to vector control or PFAMPD (wildtype or mutant) in both strains and at both concentrations of
hypoxanthine (highlighted between white dashed lines). Appearance of pink color in the colonies is due to the

accumulation of P-ribosylaminoimidazole under purine limiting conditions.

Figure 4: Generation of P. berghei Aampd parasites

(A-D) Schematic representation of PbAMPD parental, intermediate and final knockout constructs and PbAMPD
loci after integration. Primers are indicated in the schematic by vertical bars and expected PCR product size
is represented by the line between specific primer pairs. (E) Schematic representation of the restriction map of
PbAMPD loci with Bglll enzyme sites indicated by vertical bars. (F) PCR confirmation of parental, intermediate
and final knockout constructs. (G and H) Genotyping of the P. berghei strain for integration of cassette in the

correct loci. (I) Genotyping of the strain by Southern blotting using Pb 3'UTR probe.

Figure 5: Growth phenotype of wildtype and Aampd P. berghei parasites

(A) Comparison of growth rates of intra-erythrocytic wildtype and Aampd P. berghei parasites in mice. The
data represents mean =+ s.d. values obtained from five mice each infected with 10° wildtype or Aampd P.
berghei parasites. Statistical analysis was done using Student’s unpaired t-test using Graph pad Prism V5. (B)
Percentage survival of mice (n=5) infected with either wildtype or Aampd P. berghei parasites. The survival

curves were found to be not significantly different according to Log-rank (Mantel-cox) test (P value = 0.4157)
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and Gehen-Breslow-Wilcoxon test (P value = 0.5991).

Figure 6: Schematic of AMP metabolism in yeast, mammalian cells and Plasmodium

(A) Modes of AMP generation (adenosine phosphoribosyltransferase-APRT and adenosine kinase pathways),
consequences of increased AMP concentration in AMPD knockout yeast or mammalian cells and mode of
metabolite mediated rescue (HGPRT pathway). (B) The interlinked gears depict how accumulation of AMP
eventually manifests as growth defect. (C) Mode of AMP metabolism in Aampd parasites (note: Enzymes
APRT and adenosine kinase which would have lead to AMP accumulation are absent in the parasite). In

addition to the salvage of hypoxanthine by HGXPRT other possible route for IMP generation from AMP is also

shown (dashed arrow).
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Tables

Table 1: Residues selected for site-directed mutagenesis and their function in enzyme activity

Corresponding Description of Property of
Sl. No. | Residue | Protein residue in Mutation the Reference mutant
PIAMPD residue/mutation PfAMPD *
1 H391 H245 H245A/H247 .
Inactive
2 H393 H247 A
Zn** coordination
3 H659 H517 H517A Inactive
4 D736 D594 D594A Inactive
5 F463 F319 F319L Displacement of Active
6 Y467 | A. thaliana Y323 Y323L ribose ring Han et al., 2006 Active
AMPD Xu et al., 2005 Y
7 E662 E520 E520A Putative catalytic Inactive
8 H681 H539 H539A base Inactive
Present in .
9 D737 D595 D595A STD'D'P motif Inactive
Found in
10 D598 D454 D454N embryonic lethal Inactive
mutant
M504R & .
n R674 . M504 M504H Identified in . Active
H. sapiens ontocerebellar Akizu et al.,
12 E778 AMPD2 E608 E608D p . 2013 Active
hypoplasia
13 D793 D623 D623Y Inactive
H. sapiens - Hortle et al., .
14 T689 AMPD3 T621 T621A Hyperactivity 2016 Active
* Results from this study
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Figure 1: Complementation of AMPD deficiency in S. cerevisiae
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Figure 2: Multiple sequence alignment of AMP deaminase protein sequences

Clustal omega alignment of AMP deaminase sequences from Plasmodium (Pf), yeast (Sc), Arabidopsis (At) and

human (Hs2, Hs3) represented using ESpript 3.0. * indicates residues selected for mutagenesis.
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Figure 3:

Episomal expression of PPAMPD in P. berghei
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Figure 4: Generation of P. berghei Aampd parasites
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Figure 5: Growth phenotype of wildtype and Aampd P. berghei parasites
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Figure 6: Schematic of AMP metabolism in yeast, mammalian cells and Plasmodium
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