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In living systems, phosphate esters form an important class of metabolites that are
involved in energy, nucleotide and lipid metabolism and serve as intermediary metabolites in
several biochemical pathways. They are hydrolyzed by phosphatases, a family of enzymes that
regulate phosphate metabolism along with kinases. Phosphatases can be classified according to
their optimum pH, substrate specificity or cellular localization

Nucleotidases are a sub-class of phosphatases that catalyze the dephosphorylation of
nucleotide phosphate esters. Some nucleotidases also act as phosphotransferases by transferring
the phosphate group from one substrate to another. Over a span of more than five decades, several
nucleotidases from various kingdoms of life have been studied, revealing important information
about their function, structure, evolution and physiological role (1-3). Nucleotidases have been
broadly classified based on their substrate specificity and cellular localization. They act primarily
on purine and pyrimidine nucleotides, including nucleoside 5’ and 3’ mono-, di- and tri-
phosphates. Some nucleotidases also act on non-canonical nucleotides like 5-fluoro-2'-
deoxyuridine monophosphate (5-FAUMP) (4). They are localized in the cytosol, mitochondria and
the extracellular side of the cell membrane (5-10). The 5’-nucleotidases belong to the Haloacid
Dehalogenase (HAD) superfamily of proteins which is one of the largest protein superfamilies. A
Rossmann fold core architecture is a common feature of HAD members along with a variable cap
domain. HAD members also share four invariant motifs that are known to play a critical role in
catalysis (11). Except for the four motif sequences, the proteins show a high degree of variability
in their amino acid sequence and consequently in their biochemical features like substrate
specificity, kinetic parameters, mode of regulation and physiological role (12).

Malaria is an infectious disease caused by the protozoan parasite of the genus Plasmodium
and spread by mosquitoes. It has been a global challenge with its high mortality rate and its impact
on the economy of developing countries. Efforts to eradicate malaria have failed so far. Moreover,
several plasmodial strains have developed resistance against commonly used anti-malarial drugs,
pushing the need for new drugs (13, 14). Of all the plasmodial species, Plasmodium falciparum is
the most lethal as it causes cerebral malaria, a severe complication responsible for high mortality

rate amongst infected patients.




Understanding parasite metabolism can aid in the discovery of new drug targets. During
the intraerythrocytic stages, the parasite exhibits increased purine and pyrimidine nucleotide
metabolism. Genes encoding enzymes of the de-novo pathway for purine nucleotide biosynthesis
are absent in Plasmodia and hence the parasite is dependent on the salvage pathway for its purine
nucleotide requirements (15, 16). It salvages purine nucleosides and nucleobase precursors from
the host through membrane transporters (17) which act as precursors for the purine salvage
pathway enzymes to form purine mono-, di- and triphosphates. Enzymes of the purine salvage
pathway are thus considered as potential drug targets.

5’-nucleotidases play an important role in regulating cellular nucleotide pools (18, 19) and
are critical for cell survival (20, 21). The nucleotidases studied so far from various organisms have
no known homologs in P. falciparum. A 5’-nucleotidase, expressed by the gene YOR155¢ and
hydrolyzing inosine 5’-monophosphate (IMP) to inosine and inorganic phosphate, was recently
discovered in yeast. It had no sequence homology to other 5’-nucleotidases and was thus classified
as a separate family of 5’-nucleotidases, called as IMP-specific 5’-nucleotidases (ISN1) (22).
Although ISN1 homologs are widespread in fungi, they are also present in a small number of
apicomplexans, stramenopiles, viridiplantae and cryptophytes. ISN1 homologs are absent in
prokaryotes, archaea and higher eukaryotes. This study comprises of the biochemical
characterization of an IMP-specific 5’-nucleotidase from Plasmodium falciparum (PfISN1). The
results from this study have put forth some novel biochemical features that set this protein apart
from other 5’-nucleotidases. This study is divided into five chapters.

Chapter one is an introduction to phosphatases, the HAD superfamily of enzymes and 5’-
nucleotidases, which are members of the HAD superfamily. It explains the role of 5’-nucleotidases
as enzymes of physiological significance. It also introduces the ISN1 family of 5’-nucleotidases
and highlights the differences in its features as compared to the conventional cytosolic
nucleotidases. ISN1 sequences also contain the four invariant HAD motifs and have been
previously shown, through in silico studies, to belong to the HAD superfamily (23). The homolog
of YOR155¢ in P. falciparum is a 444 amino acid protein encoded by the gene PF3D7_1206100. It
is intriguing that this gene is present in the plasmodial species like P. falciparum, P. vivax and P.
knowlesi that infect primates, but absent in the species like P. berghei, P. yoelii and P. chabaudi
that infect rodents (24).

Chapter two describes the cloning, expression, purification and preliminary biochemical
characterization of the recombinant PfISN1 protein. The gene PF3D7_1206100 was cloned into
pET21b with an N-terminal 6X His tag, recombinantly expressed in E. coli, and further purified by
Ni-NTA™ affinity chromatography and size-exclusion chromatography. Analytical size-exclusion
chromatography revealed that the protein was a tetramer in solution. A large set of phosphorylated

substrates were screened for phosphatase activity with the enzyme. Of these, only IMP and AMP
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were found to be hydrolyzed of which IMP was hydrolyzed with a significantly higher catalytic
efficiency than AMP. The enzyme also hydrolyzed p-nitrophenyl phosphate (pNPP), a non-
physiological substrate used commonly for assaying phosphatase activity (25) with a catalytic
efficiency at least 1000 fold lower than IMP. pH-dependant kinetics revealed that the enzyme
showed optimum activity at pH 4.0-5.0. A screen set up with various compounds as potential
modulators of enzyme activity yielded ATP as a potent activator of the enzyme. However, ATP
activated enzyme activity only at pH 8.0 and had no significant activation of enzyme activity at pH
5.0. The enzyme was also tested for phosphotransferase activity but no such activity was detected.

Chapter three describes the role of motif | asparates in catalysis. All HAD members
contain the four invariant motifs that contain residues which are critical for catalysis and Motif |
(D; X D, X T/V) is the most important as it contains the two invariant aspartates D; (D170 in
PfISN1) and D, (D172 in PfISN1) which have been shown to be critical for catalysis (26). To
probe their role in the catalytic activity of PfISN1, the mutants D170N, D172N and D170N-
D172N were generated. All the three mutants showed no IMP hydrolyzing activity. Interestingly,
D172N showed about a 100-fold higher pNPP hydrolyzing activity. D172A also showed no IMP
hydrolyzing activity but about 10-fold higher pNPP hydrolyzing activity. pNPP hydrolysis by
D172N and D172A was inhibited by IMP with an 1Cs, value that was at least 1000-fold lower than
the K, of the wild-type enzyme for IMP, suggesting a strong affinity for IMP for the mutants.
Overall, the mutations pertaining to the two aspartates in motif I perturbed the catalytic activity of
the enzyme, affirming their critical role in catalysis and validating that ISN1 enzymes belong to
the HAD superfamily.

Chapter four describes the crystal structure of the PfISN1 protein. Crystal structures of the
PfISN1 protein under various conditions were solved in collaboration with Prof. Nushin Aghajari
(IBCP, Lyon Cedex, France). Initial attempts to crystallize the protein were unsuccessful due to
low stability of the protein at high concentration. Removal of disordered regions has been
previously shown to aid in protein crystallization (27). Using PrDOS (28), a tool for predicting
residue disorder probability from amino acid sequence, segments at the N-terminus and C-
terminus were found to contain residues with high disorder probability. These were removed to
generate three deletion variants, namely AN30, a 30-residue deletion from the N-terminus, AC10, a
10-residue deletion from the C-terminus and AN30_C10, a 30-residue and 10-residue deletion
from the N-terminal and C-terminal ends of the protein, respectively. Crystal structures were
obtained for the apo protein, IMP-Mg®* bound and ATP-bound protein. These are the first
structures obtained for an ISN1 family protein till date. The overall protein structure has several
distinguishable features that are different from the structure of other 5’-nucleotidases. The tertiary
structure can be divided into four distinct domains, namely the core domain, the cap domain, the

oligomerization domain (OD) and the N-terminal regulatory domain (NTRD). Analysis of the
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IMP-Mg?*-bound structure revealed residues interacting with IMP-Mg?" at the active site. These
residues were mutated to validate their role. The mutants either displayed poor or no catalytic
activity with IMP. Analysis of the ATP-bound structure revealed the allosteric site, containing
H150, a poorly conserved residue which interacted with ATP. The mutant H150V showed no
activation by ATP, validating the location of the allosteric site. A total of 15 non-conservative
mutations for 15 residues and 2 conservative mutations for 1 residue were made. Overall, these
mutants had a significant impact on enzyme function.

Chapter five describes the localization of the protein in the intraerythrocytic asexual and
sexual stages of the parasite. Polyclonal antibodies against the recombinant PfISN1 protein were
raised in rabbits, purified by antigen-affinity chromatography and used for indirect
immunofluorescence microscopy, which revealed cytosolic localization of the protein in asexual as
well as sexual intraerythrocytic stages of the parasite.

This study describes the first detailed biochemical characterization and crystal structure of
an ISN1 member till date. Apart from the implications of this study on the nucleotide metabolism
of the parasite, it also serves as a model for understanding the structure-function properties of other

ISN1 members.
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Chapter One. Introduction to 5 -nucleotidases.

1.1 Abstract

This chapter provides an introduction to 5’-nucleotidases and briefly highlights
upon their biochemical features including their classification, substrate specificity,
catalytic mechanism, structural features and physiological role. Malaria is an infectious
disease casued by the protozoan parasite Plasmodium, claiming several lives every year.
Due to widespread drug resistance developing in several species of the parasite, there is
an ever-growing need to develop new anti-malarial drugs. Understanding nucleotide
metabolism in the parasite can aid in the discovery of new drug targets. IMP-specific
5’-nucleotidase in P. falciparum (PfISN1) is a protein from a recently discovered family
of IMP-specific 5’-nucleotidases (ISN1). The introduction is concluded by stating the
objectives of this study involving biochemical characterization of PFISN1, which will
provide a better understanding of the structural and functional aspects of this novel

enzyme.

1.2 5’-nucleotidases
1.2.1 Overview

Nucleotides are important biomolecules necessary for several biochemical processes
in living organisms. Nucleic acids DNA and RNA are long chain polymers formed from
nucleoside triphosphate precursors. Nucleoside triphosphates ATP and GTP are high-
energy phosphate compounds serving as important components of energy metabolism.
The hydrolysis of these high-energy compounds when coupled to enzymatic reactions
provides the energy needed to drive them. Nucleotides are components of coenzymes
like NAD, FAD, FMN and coenzyme A which are necessary for the function of several
enzymes. Improper functioning of nucleotide metabolic pathways can lead to several
abnormalities. Lesch—Nyhan syndrome is one such condition in which the absence of a
functional hypoxanthine-guanine phosphoribosyltransferase (HGPRT) enzyme in the
purine salvage pathway, leading to hyperuricemia and hyperuricosuria, associated with
severe gout and kidney problems (Seegmiller et al., 1967). Both purine and pyrimidine
forms of nucleotides can be obtained either by the de novo biosynthetic pathway or the
salvage pathway. In the de novo biosynthetic pathway, the nitrogen base of the
nucleotide is built from the metabolites aspartate, glycine, formate and glutamine. In the
salvage pathway, nucleoside and nucleotide precursors obtained from catabolic
processes or extracellular environment are salvaged to form nucleotides. Several
enzymes involved in these pathways are essential for cell growth and are highly
regulated to maintain homeostasis of nucleotide pools in the cell (Becker and Kim,
1987; Serina et al., 1995; Yamaoka et al., 2001).
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5’-nucleotidases (EC 3.1.3.5) are one of the key enzymes involved in nucleotide
metabolism, catalyzing the hydrolysis of nucleoside monophosphates to nucleosides and
inorganic phosphate. 5'-nucleotidase was first discovered in 1934 by Reis (Reis, 1934)
in heart muscle. It was named 5'-nucleotidase because it specifically acted only on 5'-
AMP and 5'-IMP but not 3'-AMP. It was later found in other human tissues as well
(Reis, 1937a, 1937b, 1940). It had a varied distribution amongst various tissues in the
body with the thyroid, aorta walls and testicles having the highest levels (Reis, 195043,
1950Db). Since then, 5'-nucleotidases from many different sources were extracted and

studied extensively to elucidate their biochemical properties.

1.2.2 Classification

5'-nucleotidases have been characterized from many organisms. Mammalian 5'-
nucleotidases have been extensively studied. There are seven different mammalian 5'-
nucleotidases identified in humans, namely cN-la, cN-1b, cN-II, cN-11l, cdN, mdN and
edN (Bianchi and Spychala, 2003). They are differentiated on the basis of their cellular
localization and substrate specificity (Table 1.1). Recently, a new member, cN-Illb, has
been identified in human and drosophila (Buschmann et al., 2013). Many of these 5°-
nucleotidases have overlapping substrate specificities and even act on 5'- and 2'(3')-
(deoxy)ribonucleoside monophosphates. Some 5’-nucleotidases show ubiquitous
expression (eN, cN-11, cdN, and mdN) while others show tissue-specific expression
(cN-1 and cN-II1).

Ecto 5’-nucleotidase (eN) — This is a membrane-bound enzyme, also called as CD73
due to its property of being a lymphocyte surface antigen. It is attached to the outer side
of the plasma membrane via a glycosylphosphatidylinositol (GPI) anchor. Despite its
broad substrate specificity, AMP is considered as the preferred substrate for eN.
Enzyme activity is not dependant on divalent cations but addition of Mg®* increases
activity (Ong et al., 1990). Zn®" is presumably the natural metal ligand associated with
the enzyme since the enzyme purified from chicken gizzard contains Zn** tightly

associated with the enzyme (Fini et al., 1990).
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Table 1.1. List of various mammalian 5'-nucleotidases classified according to their

cellular localization and substrate specificity .

S. No. |Name Localization Preferred physiological substrate(s)

1. cN-la cytosolic TMP?

2. cN-1b  |cytosolic AMP®

3. cN-II cytosolic GMP, AMP, IMP, dIMP®

4. cN-llla |cytosolic UMP, CMP and dCMP®

5. cN-I1lb |cytosolic 7-methyl GMP, CMP, UMP*®

6. cdN cytosolic dIMP, dGMP, 2'- and 3'-monophosphates’
7. mdN mitochondrial 5'- and 2'(3")-dUMP, 5'- and 2'(3')-dTMP?
e Sl mcrondo e

“FOOTNOTE: #(Garvey et al., 1998); °(Sala-Newby et al., 2003); °(Itoh, 1993); %(Rees et al.,
2003); °(Buschmann et al., 2013); (Rampazzo et al., 2000b); %(Rampazzo et al., 2000a);
"(Zimmermann, 1992).

Apart from 5’-nucleotidase activity, eNs isolated from some sources display FAD
pyrophosphatase activity (Lee and Ford, 1988) and UDP-glucose hydrolase activity
(VOLKNANDT et al., 1991). eN is a homodimer with interchain disulphide bonds
(DIECKHOFF et al., 1985; Grondal and Zimmermann, 1987), which are essential for
enzyme activity (Worku et al., 1984; Fini et al., 1985). Conversion of extracellular
AMP to adenosine is the major physiological role of eNs. The extracellular adenosine
formed can be taken up by the cell via nucleoside transporters and used in the purine
salvage pathway for nucleotide synthesis. Adenosine is also involved in purinergic
signalling through G protein-coupled receptors that regulate several process including
cell proliferation, migration and death, inflammation and neuromodulation (Burnstock,
2006).

Cytosolic nucleotidase-1 (cN-la & cN-Ib) — cN-la preferentially hydrolyzes
deoxypyrimidine monophosphates (Garvey et al., 1998) and AMP. It is highly
expressed in heart and skeletal muscle tissues where its physiological function is to
generate adenosine during ischemic conditions (Sala-Newby et al., 1999, 2000). Its
homolog, related to human autoimmune infertility gene (AIRP) is highly expressed in
testis and designated as cN-Ib (Sala-Newby and Newby, 2001).
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Cytosolic nucleotidase-11 (cN-I1I) — This enzyme preferentially hydrolyzes GMP and
IMP. It is a tetramer in solution and activated by ATP, dATP, GTP 2,3-
bisphosphoglycerate, polyphosphates and decavanadate in a complex manner
(Bontemps et al., 1988, 1989; Van Den Berghe et al., 1989; Bretonnet et al., 2005;
Srinivasan et al., 2014). Apart from 5’-nucleotidase activity, it also displays
phosphotransferase activity, transferring a phosphate group from nucleoside

monophosphate to inosine or guanosine (Pesi et al., 1994).

Cytosolic nucleotidase-111 (cN-llla & b) — cN-Illa shows preferential activity on
pyrimidine oxy- and deoxy-nucleoside monophosphates and has no activity on purine
nucleoside monophosphates. It is highly expressed in erythrocytes where it degrades
RNA during erythrocyte maturation (Rees et al.,, 2003). It also displays
phosphotransferase activity (Amici et al., 1997), but with lesser efficiency than cN-II.
cN-Illb shows greater preference for CMP and UMP, with a lower preference for GMP
and AMP. However, it shows highest preference for hydrolysis of 7-methyl GMP
(m’GMP) formed during degradation of mRNA, thus preventing its undesirable salvage

and subsequent incorporation into nucleic acids (Buschmann et al., 2013).

Cytosolic 5°(3’)-deoxynucleotidase (cdN) — First isolated from human placenta, cdN is
ubiquitously expressed in human tissues with highest expression in pancreas, skeletal
muscles and heart. It acts primarily on pyrimidine 5°-, 3’- and 2’-deoxynucleoside
monophosphates. Purine nucleoside monophosphates dIMP and dGMP are also
hydrolyzed by this enzyme. Unlike cN-II and cN-IlIl, cdN does not display
phosphotransferase activity (Hoglund and Reichard, 1990).

Mitochondrial 5°(3°)-deoxynucleotidase (mdN) — Sharing a high level of sequence
homology with cdN, mdN shows a narrow substrate specificity limited to hydrolysis of
dUMP and dTMP . It is expressed ubiquitously in all human tissues with the highest
expression in heart, brain and skeletal muscles (Rampazzo et al., 2000a; Mazzon et al.,
2003).

1.2.3 Catalytic mechanism

All intracellular nucleotidases have an absolute requirement for Mg?" as a cofactor
for catalytic activity (Tozzi et al., 1991; Pesi et al., 1994). Hydrolysis of nucleoside
monophosphates by 5’-nucleotidases is a bi-substrate reaction. The first step involves
the breakage of the phosphoester bond with the concomitant formation of a
phosphoenzyme intermediate and release of the nucleoside. The phosphoenzyme

intermediate is then hydrolyzed by a water molecule. In case of phosphotransferase
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activity, the phosphoenzyme intermediate is dephosphorylated by an acceptor
nucleoside instead of a water molecule (Fig. 1.1). The formation of a phosphoenzyme
intermediate was first demonstrated in cN-Il by trapping the covalent enzyme-
phosphate intermediate formed during the reaction (Baiocchi et al., 1996). Earlier, the
formation of a covalent enzyme-substrate intermediate had been demonstrated for
phosphotransferases like phosphoglucomutase (Joshi and Handler, 1969) and
phosphoglyceromutase (Fersht, 1985) and hydrolases like alkaline phosphatase (Stinson
et al., 1987) and phosphotyrosine protein phosphatase (Cirri et al., 1993), which also

display phosphotransferase activity.
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Figure 1.1. Reaction scheme describing phosphatase and phosphotransferase activity of 5’-
nucleotidases. Only nucleoside 5’-monophosphates are shown in the scheme. However, the
same is applicable for nucleoside 2’°- and 3’-(deoxy)monophosphates.

During catalysis, the first step of phosphoester hydrolysis occurs through
nucleophilic attack on the phosphoester bond by the first aspartate residue of a highly
conserved, DXDXT/V, motif sequence (Allegrini et al., 2001), which is also present in
several other phosphohydrolases including phosphomannomutases and L-3-
phosphoserine phosphatases (Collet et al., 1998) as well as the Haloacid Dehalogenase

(HAD) superfamily of proteins.
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1.2.4 Structure-function relationship

Crystal structures of nucleotidases and other phosphohydrolases helped in
identifying conserved structural elements and key amino acid residues associated with
the catalytic process. Crystal structure of human mitochondrial deoxyribonucleotidase
was the first structure obtained for a cytosolic nucleotidase (Rinaldo-Matthis et al.,
2002). The structural fold was similar to the HAD superfamily of proteins. The first
structural evidence of a covalent phosphoenzyme intermediate was obtained from the
crystal structure of P-phosphoglucomutase which showed a stable pentavalent
phosphorane intermediate formed during the phorphoryl transfer from C1(O) of
glucose-1,6-bisphosphate to the nucleophilic aspartate residue (Lahiri et al., 2003).

From crystallographic and site-directed mutagenesis studies, it was demonstrated
that apart from the first motif described above, three other conserved motifs are also
present at the active site that play an important role in catalysis (Aravind et al., 1998;
Collet et al., 1998, 1999; Rinaldo-Matthis et al., 2002). The first is a conserved
serine/threonine residue included in a hydrophobic region, the second is a conserved

lysine residue and the third is a pair of conserved aspartic acid residues (Fig. 1.2).

Kinetic and structural evidence has demonstrated that all cytosolic 5’-nucleotidases
are members of the HAD superfamily of proteins, which is one of the largest
superfamily of proteins with 79,778 entries in the Structure Function Linkage Database
(SFLD) spanning the entire living kingdom, with only 22,547 entries assigned to a sub-

family (www.sfld.rbvi.ucsf.edu/django/superfamily/3).
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Figure 1.2. (A) Multiple sequence alignment highlighting conserved motif stretches in selected
HAD members. (B) Schematic representation of motif residues in the catalytic site in cN-II
(Allegrini et al., 2004).

Several sub-families including acid phosphatase, HAD-like hydrolase, 5’-
nucleotidase, P-type ATPase and phosphoserine phosphatase are part of this
superfamily. HAD superfamily proteins share little sequence homology (10% overall
sequence identity) but unequivocally contain the four motif stretches. HAD superfamily
structures are sub-divided into the core and the cap domain (Fig. 1.3A). HAD
superfamily shares structural features with the ‘DHH’ motif family of phosphoesterases,
the Receiver (CheY) domain in histidine protein kinase superfamily, the von Willebrand
A (VWA) domain in extracellular matrix proteins and integrin receptors, the Toprim
domain in topoisomerases type-la and Il, histone deacetylases and PIN/FLAP nuclease
domains containing a specific form of the Rossmann fold, which is distinguished from
the others by the presence of equivalently placed acidic catalytic residues including one
at the end of the first core B-strand of the central sheet and two key structural features, a
‘squiggle’ (a single helical turn) and a ‘flap’ (a B-hairpin motif) located immediately
downstream of the first B-strand of the core Rossmanoid fold. The ‘squiggle’ and the
‘flap’ provide the necessary mobility to these enzymes to adopt ‘open’ and ‘closed’
conformations (Fig. 1.3B). The cap domains are inserted into either one of the two

positions shown in Figure 1.3B. Structurally HADs can be classified into 3 major types
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based on their cap structure. Type | (C1) has insertions occurring in the middle of the B-
hairpin of the ‘flap’ motif. Type Il (C2) has insertions occurring in the linker
immediately after strand S3. Type Ill (C0) has only short insertions in either of the two
positions of cap insertion (Burroughs et al., 2006). Variability in cap structure is a
major factor for the vast substrate diversity found in HAD members. Members of type |
subfamily hydrolyze small substrates like phosphoserine, hexose phosphates and ATP,
type 11 subfamily members hydrolyze intermediate substrates like nucleoside
phosphates and sucrose-6-phosphate while type IlIl subfamily members hydrolyze
tRNAs and phosphoproteins (Fig. 1.3C) (Allen and Dunaway-Mariano, 2004).

1.2.5 Physiological role and clinical significance

Intracellular 5'-nucleotidases are catabolic enzymes that hydrolyze ribo- and
deoxyribonucleotides. Along with kinases, they are involved in substrate cycles that
regulate the ribo- and deoxyribonucleotide pools in the cell (Reichard, 1988; Gazziola
et al., 2001; Bianchi and Spychala, 2003). Due to overlapping substrate specificities, a
particular 5'-nucleotidase might be involved in more than one substrate cycle.
Intracellular 5’-nucleotidases have relatively high K., values and operate on substrates
generally present at low concentrations (Piec and Le Hir, 1991; Gazziola et al., 2001).
cN-I is the primary producer of adenosine in heart and skeletal muscle tissues during
ischemic and hypoxic conditions (Garvey and Prus, 1999). cN-I1 is primarily involved

in the regulation of inosine and guanosine nucleotide pools.

However, it also participates in more complex substrate cycles like the purine
nucleoside cycle (see section 1.3.2 for details), utilizing phosphoribosyl pyrophosphate
(PRPP) and generating D-ribose 1-phosphate (Rib-1-P) during the cycle which in turn
regulates purine salvage and pyrimidine salvage pathways, respectively (Barsotti et al.,
2003). cN-IIl is primarily involved in the degradation of uridine and cytidine
deoxyribonucleotides produced by RNA degradation during erythrocyte maturation
(Rees et al., 2003). Its selective activity towards pyrimidine nucleotides ensures that
purine nucleotide pools are not depleted (Paglia and Valentine, 1975). cdN forms
substrate cycles along with nucleoside kinases to regulate deoxynucleotide levels in
cells. Its substrate specificity and expression profile suggests that it is involved in
protecting cells from expansion of pyrimidine nucleotide pools, particularly dUTP and
dTTP (Gazziola et al., 2001).

10
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Figure 1.3. Common structural features of HAD superfamily proteins. (A) Domain architecture
in a broad specificity HAD phosphatase from P. vivax (PDB ID 2B30) with the core and cap
domains colored in cyan and purple, respectively. (B) Topological diagram of secondary
structural elements in a HAD superfamily protein. The figure is reprinted from J. Mol. Biol.,
361, Burroughs A. M., Allen K. N., Debra Dunaway-Mariano D. and Aravind L., Evolutionary
Genomics of the HAD Superfamily: Understanding the Structural Adaptations and Catalytic
Diversity in a Superfamily of Phosphoesterases and Allied Enzymes, 1003-1034, Copyright
(2006), with permission from Elsevier. (C) Classification of HAD sub-families based on cap
domain architecture (purple) with the core domain highlighted in cyan. (1) Subfamily I,
phosphoserine phosphatase (1F5S). (I1) Subfamily Il, phosphatase TM0651 from Thermotoga
maritime (INF2). (111) Subfamily 111, 8-KDO phosphatase (1J8D). Substrates catalysed by each
sub-family are mentioned below each class. The figure is reprinted from TiBS, 29, Allen, K. N.
and Dunaway-Mariano, D., Phosphoryl group transfer: evolution of a catalytic scaffold, 495-
503, Copyright (2004), with permission from Elsevier. See Appendix A for Rights &
Permissions.
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Its 3’-nucleotidase activity might play a role in recycling nucleotides produced by
nucleases in dying cells (Fritzson, 1977). mdN is primarily involved in protecting
mitochondria against excess dTTP levels which can be mutagenic for mitochondrial
DNA replication (Rampazzo et al., 2000a). Ecto-nucleotidases act on the extracellular
side of the cell membrane, generating adenosine, salvaging extracellular nucleotides,
mediating cell adhesion and possibly acting as co-receptor for T-cell activation. Along
with extracellular kinases, they provide a regulatory switch between P1 and P2
purinergic signaling pathways (Yegutkin et al., 2002).

Nucleoside analogs are vital components of anti-cancer and antiviral therapies.
They enter the cell through nucleoside transporters and are incorporated into DNA after
being phosphorylated into the triphosphate form, leading to chain termination.
Mechanisms of resistance to nucleoside analogs are only partially understood.
Extensive clinical studies have suggested that 5’-nucleotidases, specially cN-II, may
play a role in nucleoside analog resistance by dephosphorylating the analogs and
deactivating them (Hunsucker et al., 2005). Purified recombinant cN-Il has shown
activity against several nucleoside monophosphate analogs including 5-
fluorodeoxyuridine monophosphate (FAUMP), zidovudine 5'-monophosphate (AZTMP)
and 9-p-D-arabinofuranosylguanine monophosphate (araGMP) (Mazzon et al., 2003).
The extent of clinical drug resistance to these analogs will depend on the expression

levels of 5’-nucleotidases as well as their relative ratio to kinases in the cell.

1.2.6 A novel class of IMP-specific 5’-nucleotidases (ISN1)

Amongst the three kingdoms of life, ISN1 sequences are present only in eukaryotes
with 83% of the selected sequences found in fungi. This apart, a small number of
organisms belonging to the Alveolata, Viridiplantae, Stramenopiles and Cryptophyta
also possess ISN1 (Fig. 1.4). An in silico study conducted earlier showed through motif
and fold conservation that ISN1s also belong to the HAD superfamily of proteins
(Srinivasan and Balaram, 2007) and contain the characteristic motifs present in all HAD

members (Fig. 1.5).

ISN1 from S. cerevisiae (ScISN1) was the first protein from the ISN1 family to be
biochemically characterized. Assays with the enzyme purified from yeast extract
showed that it selectively hydrolyzed IMP. It had a pH optimum of 6.0-6.5 and was
dependant on divalent metal ions for its activity. The velocity vs IMP concentration plot
was sigmoidal. The enzyme was activated by ATP, which reduced the K, value and
sigmoidicity (Itoh, 1994).

12
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Figure 1.4. Distribution of ISN1 sequences amongst various kingdoms/phyla of life.

It was reported to be encoded by the gene YOR155¢ with homologs present in N.
crassa, P. falciparum and several yeast species. Dominant mutations or overexpression
of the ADE4 gene in the IMP biosynthetic pathway resulted in increased IMP
biosynthesis and subsequently increased inosine and hypoxanthine secretion in the
medium (Rebora et al., 2001). A plasmid overexpressing a dominant mutant form of
ADE4 when transformed into wild-type and isnl mutant strains resulted in decreased
inosine and hypoxanthine secretion in the medium in the isnl mutant as compared to
wild-type, indicating its role in the in vivo degradation of IMP (Itoh et al., 2003). Apart
from being an IMP 5’-nucletidase, ScISN1 was also found to act as a pyridine 5’-
nucleotidase, hydrolyzing nicotinamide mononucleotide (NMN) and nicotinic acid
mononucleotide (NaMN) to nicotinamide ribonucleotide (NR) and nicotinic acid
ribonucleotide (NaR), respectively, as inferred from the decreased levels of NR and
NaR in the isn1 deletion strain. Both NR and NaR are biosynthetic precursors of NAD",
suggesting the role of ScISN1 in NAD" metabolism. Levels of ScISN1 protein were
found to be upregulated by glucose (Bogan et al., 2009). In a study that attempted to
understand glucose induced activation of purine salvage pathway, as indicated by a
transient drop in ATP and ADP levels with a concomitant rise in IMP and inosine,
glucose was implicated as an activator of ScISN1 activity (Loret et al., 2007). In
another study that analyzed changes in the levels of 24 intracellular metabolite pools by
LC-MS during the respiro-fermentative growth transitions in wild-type, AMP
deaminase (amdl) and isnl deletion yeast strains revealed that ISN1, in conjugation
with amdl, was responsible for pronounced drop in adenine nucleotide content
(ATP+ADP+AMP=AXP) in respiring S. cerevisiae cells responding to a sudden

13
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increase in glucose concentration (Walther et al.,

physiological role of ISN1 remains yet unclear.

2010). Despite the various studies, the
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Figure 1.5. Multiple sequence alignment of selected ISN1 sequences representing all taxa/phyla
that contain ISN1 sequences with the motifs I, I, 111 and 1V underlined.
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1.3 Nucleotide metabolism in Plasmodia
1.3.1 Malaria : an overview.

Malaria is an infectious disease caused by the protozoan parasite of the genus
Plasmodium and spread by mosquitoes. It has been a global challenge with its high
mortality rate and its impact on the economy of developing countries. P. vivax, P.
falciparum, P. ovale and P. malariae are the four major species that infect humans.
Although P. knowlesi primarily infects primates other than humans, it has also been
found to infect humans in some cases (Singh et al., 2004). P. vivax and P. falciparum
account for most of the infected cases of which Plasmodium falciparum is the most
lethal as it causes cerebral malaria, a severe complication responsible for high mortality
rate amongst infected patients. Efforts to eradicate malaria globally have not been
successful. Moreover, several plasmodial strains have developed resistance against
commonly used anti-malarial drugs, pushing the need for new drugs (Thaithong, 1983;
Price et al., 2004). Over the past five decades, efforts towards understanding the
metabolism of the parasite and the host-parasite relationship has helped in the discovery
of potential drug targets leading to the development of various anti-malarial drugs
(Parker et al., 2000; Gardiner et al., 2009). Nucleotide metabolism in the parasite,
particularly of purines, has gained significant attention (Cassera et al., 2011). Genes
encoding enzymes for the de novo biosynthesis of purine nucleotides are absent in the
protozoan genome (Chaudhary et al., 2004). Hence, the parasite is dependent on the
salvage of purines from the host through the purine salvage pathway. Uptake of purines
from the host occurs through nucleoside transporters (Frame et al., 2012). Thus,
enzymes of this pathway are considered as potential drug targets (Hyde, 2007; Cassera
et al., 2011; Ducati et al., 2013).

1.3.2 Purine salvage pathway in P. falciparum.

Purine nucleotides are essential for various cellular processes, including synthesis
of nucleic acids DNA and RNA, energy metabolites ATP and GTP, co-factors NAD,
FAD, FMN and CoA. During the intraerythrocytic stages when the parasite resides in
the erythrocytes, hypoxanthine is salvaged from the infected erythrocytes and
phosphoribosylated to inosine 5’-monophosphate (IMP) by the enzyme HGPRT. IMP is
utilized downstream for the synthesis of AMP and GMP. An alternative fate of IMP is
its hydrolysis into inosine with the release of inorganic phosphate by a 5’-nucleotidase.
Phosphorolysis of inosine to hypoxanthine is carried out by the enzyme purine
nucleoside phosphorylase (PNP) with the release of Rib-1-P. HGPRT, 5’-nucleotidase
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and PNP together constitute the purine nucleoside cycle (PNC) (Fig. 1.6) (Barsotti et
al., 2003, 2005).
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Figure 1.6. Schematic representation of purine salvage pathway in P. falciparum. Channeling of
ribose-5-phosphate into other pathways is represented by broken arrows.

Substrate cycles like these may seem futile but they serve an important role in
regulatory metabolism. PNC has been proposed to serve a role in the regulation of
intracellular PRPP levels while R-1-P is utilized in pyrimidine salvage (Cappiello et al.,
1998) and nucleoside interconversion pathways (Giorgelli et al., 1997). However, since
the pyrimidine salvage pathway is not active in P. falciparum, R-1-P would primarily
be involved in nucleoside interconversion. However, it could also be channeled into the
pentose phosphate pathway, after its conversion to ribose-5-phosphate (R-5-P) by the

enzyme phosphoglucomutase or utilized in PLP biosynthesis and NAD metabolism.

While HGPRT and PNP from P. falciparum have been extensively characterized
(Kicska et al., 2002; Schnick et al., 2005; Roy et al., 2015), 5’-nucleotidase remains yet
uncharacterized as no homologs of mammalian 5’-nucleotidases were found in the
genome of apicomplexans, including Plasmodium and Toxoplasma. However, a study
on a 5’-nucleotidase from S. cerevisiae identified a gene (YOR155c) encoding an IMP-

specific 5°-nucleotidase (ISN1) that shared no significant homology with mammalian
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5’-nucleotidases (Itoh et al., 2003). Homologs of this gene were found primarily in
fungi, lower plants and plasmodia including P. falciparum (gene PF3D7_1206100).

1.3.3 IMP-specific 5’-nucleotidase from P. falciparum (PfISN1)

The gene PF3D7_1206100 in P. falciparum was identified as a homolog of
YOR155c gene in S. cerevisiae which codes for the IMP-specific 5’-nucleotidase
protein. Present on chromosome 12, it is 1335 bp in length, coding for a single
transcript containing 9 exons (Fig. 1.7). The translated product is a 444 amino acid

protein with no predicted splice variants.

Gene ID PF3D7_1206100
2277.T00062
Previous IDs MAL12P1.61
PFLO305C

Chromosome 12 (274724 to 272320)
Length (bp) 1335 (274742 to 272320)

No. of exons 9

No. of transcripts 1

PF3D7_1206100

272500 273000 273500 274000 274500
Chromosome length (bp)

Figure 1.7. PF3D7_1206100 gene coding for IMP-specific 5’-nucleotidase in P. falciparum.
Gene map shown in the figure is to scale. Arrow indicates transcriptional direction. Information
obtained from PlasmoDB (www.plasmodb.org, (Aurrecoechea et al., 2009)).

All 17 species of Plasmodia whose whole genomes have been sequenced do not
have ISN1 gene (Table 1.2). Interestingly, ISN1 is one amongst few other genes,
including a phosphoethanolamine N-methyltransferase, acid phosphatase and thiamine-
phosphate pyrophosphorylase that are only present in species that have a primate host
(Frech and Chen, 2011). In P. falciparum, the gene upstream to PF3D7_1206100
encodes a shewanella-like protein phosphatase 2 protein while the gene downstream it

encodes a eukaryotic translation initiation factor 3 subunit C protein.
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Table 1.2. List of Plasmodium species, their host, geographical distribution and
presence/absence of ISN1 gene.

No. | Species Host Distribution ;'r\]lel Gene ID

1 | Plasmodium falciparum Human ?;Lit%a/’cérﬂ?al America | YES | PF3D7_1206100

2 | Plasmodium vivax Human S\Jﬂiﬁ’cﬁﬁﬁal America | YES | PVX_084340

3 | Plasmodium knowlesi m%aaqnue, Southeast Asia YES | PKNAL_C2_ 1305800
4 Plasmodium reichenowi Chimpanzee Africa YES | PRCDC_1205400

5 Plasmodium coatneyi Macaque Southeast Asia YES | PCOAH_00006900
6 Plasmodium inui Macaque Southeast Asia YES | C922_04475

7 | Plasmodium malariae Human ?g;‘;}%ﬁg{gl America | YES | PMUG01_13016100
8 Plasmodium fieldi* Macaque Southeast Asia NO

9 Plasmodium ovale Human Africa YES POWCRO01_130012600
10 Plasmodium simiovale* Macaque Southeast Asia NO

11 Plasmodium hylobati* Macaque Southeast Asia NO

12 Plasmodium gonderi* Mandrill Africa NO

13 Plasmodium cynomolgi Macaque Southeast Asia YES PCYB_131470

14 Plasmodium berghei Rodent Africa NO

15 Plasmodium yoelii Rodent Africa NO

16 Plasmodium chabaudi Rodent Africa NO

17 Plasmodium brasilianum* ﬁﬁ)igli;y South America NO

18 Plasmodium atheruri* Rodent Africa NO

19 Plasmodium mexicanum* Lizard North America NO

20 Plasmodium elongatum* Bird Worldwide NO

21 Plasmodium chiricahuae* Lizard North America NO

22 Plasmodium vinckei Rodent Africa NO

23 Plasmodium gallinaceum Bird Southeast Asia YES | PGAL8A_00315900
24 Plasmodium relictum Bird Worldwide YES | PRELSG_1304900
25 Plasmodium floridense* Lizard '(Al\z;:‘r;rti)(l:):an/Central NO

26 Plasmodium azurophilum* Lizard /(Al\z;:‘girtsgsan/Central NO

27 Plasmodium faircihildi* Lizard Central America NO

28 Plasmodium agamae* Lizard Africa NO

29 Plasmodium giganteum* Lizard Africa NO

30 Plasmodium mackerassae® Lizard Australia NO

31 Plasmodium simium* fﬂp;gigy South America NO

32 Plasmodium gaboni Hominids - YES PGSY75_1206100
33 Plasmodium fragile Simian - YES AK88_02036

34 Plasmodium lophurae* Bird Southeast Asia NO

*Whole genome sequence data not available in PlasmoDB database.

Both the genes were conserved across all the 17 species of Plasmodia, including

those where ISN1 gene was absent, suggesting that in the syntenic chromosome regions
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across Plasmodia, loss of ISN1 gene in certain Plasmodium species was restricted only
to the ISN1 gene loci (Fig. 1.8).

Multiple sequence alignment of ISN1 protein sequences from all Plasmodium
species shows >95% identity (Fig. 1.9). Studies on the cellular proteome of P.
falciparum parasites in the asexual trophozoite and sexual gametocyte stages by tandem
mass spectrometry reported that PfISN1 protein was enriched in the mature (stage V)
female gametocytes (Silvestrini et al., 2010; Tao et al., 2014). Proteome analysis of
male and female gametocytes conducted in another study also reported PFISN1 protein
to be differentially expressed in female gametocytes. Interestingly, PNP and HGPRT
enzymes which complete the PNC were not differently expressed, suggesting that in
mature female gametocytes, PfISN1 might have a significant physiological role that
extends beyond the purine nucleoside cycle (Lasonder et al., 2016). PfISN1 was also
reported to be one amongst a set of host-specific lysophosphatidylcholine (LPC) —
responsive genes that were found to be transcriptionally upregulated in response to
depletion of host LPC levels, initiating sexual commitment and gametocytogenesis in P.
falciparum. Its absence in the rodent malaria parasite P. berghei and the absence of
LPC mediated regulation of sexual commitment in P. berghei suggest a possible role of

PfISN1 in sexual commitment in P. falciparum (Brancucci et al., 2017).

19



Chapter One. Introduction to 5 -nucleotidases.

P. berghei

P. chaubaudi

P. coatneyi

P. cynomolgi

P. falciparum

P. fragile «

P. gaboni

P. gallinacium

P.inui

P. knowlesi

P. malariae

P. ovale

P. reichenowi

P. relictum

P. vinckei

P. vivax

P. yoelii

238k 238k 23% 240k 241k 241k 242k 243k 243k 244k 245k 246k 246k 247k 248k

—_—D = ~®

238k 239k 239 240k 241k 241k 242k 243k 244k 2d4dk 245k 246k 246k 247k 248k 249

—_—0 = «®

375k 376k 377k 378k 379k 380k 361k 382k 383k 384k 385k 386k 387k 388k 389% 390k

®

—® (—.-"-“"-® -

199k 200k 201k 202k 204k 205k 206k 207k 208k 209k 210k 211k 212k 213k 214k 215k

265k 266k 267k 268k 269k 270k 271k 272k 273k 274k 275k 276k 277k 278k - 27%
_® (—mmn@(—-‘ “l@

85k 84k B3k 62k 8k 80k 7% 78k 77k 76k 75k 74k 73k 72k 71k

it (—-".’m."".‘l@

®

181k 182k 183k 184k 185k 186k 187k 188k 189 490k 191k 192k 193k 194k 195k

(1) [ o) ®

. 1826k 1825k 1824k 1823k 1822k 1821k 1820k 1819k 1818k 1817k 1816k 1815k 1814k 1813k 1812k

304k 305k 306k 307k 309k 310k 311k 312k 313k 31dk 315k 316k 317k 318k 31%
—® (—.‘"m".@

®

360k 361k 363k 364k 365k 366k 368k 369k 370k 371k 372k 374k 375k 376k 377k 37%

®

261k 262k 263k 264k 265k 267k 268k 269k 270k 271k 272k 273k 274k 276k 277k

—®

_® (—""‘m-’"@

202k 203k 204k 205k 206k 207k 208k 209k 210k 211k 212k 213k 21dk 215 216k 217k

194k 195k 196k 197k 198k 199k 200k 201k 202k 203k 204k 205k 205k 206k 207k

E—t @ (—'""m.".@ - |®

846k 845k B8ddk 843k 843k 842k B84k 841k 840k 83% 838k 838k 837k 836k 836k 835k

—_— - «®

195k 196k 197k 198k 199k 200k 201k 202k 203k 205k 206k 207k 208k 209k 210k
376k 377k 378k 379 379 380k 381k 382k 382k 383k 384k 384k 385k 386k 387K

_® ‘r""""'m@
—_—0 = ~®

Figure 1.8. Syntenic region on chromosome 12 in various Plasmodium species within ~8 kbp
upstream and downstream of PF3D7_1206100 gene in P. falciparum (highlighted in bold).
Syntenic regions and shading is based on OrthoMCL orthology. In each of the contigs, ISN1
gene (@) is flanked upstream by gene encoding shewanella-like protein phosphatase 2 (@) and
downstream by gene encoding eukaryotic translation initiation factor 3 subunit C/8 ((®). Image
adapted from www.plasmodb.org, (Aurrecoechea et al., 2009)).
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Figure 1.9. Multiple sequence alignment of ISN1 protein sequences from all Plasmodium
species.
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1.4 Summary

5’-nucleotidases play a crucial role in intracellular and extracellular nucleotide
metabolism. Several mammalian 5’-nucleotidases have been characterized in the past
five decades. In the context of purine metabolism in P. falciparum, 5’-nucleotidases
have not been previously characterized. The ISN1 family of 5’-nucleotidases is a
recently discovered class of enzymes, with only one member from S. cerevisiae being
biochemically characterized so far. PfISN1 protein could play an important role in
purine metabolism. Biochemical characterization of this protein would provide valuable
information in the context of parasite biology and host-parasite relationship.

1.5 Objectives of the study

The primary objective of this study is the biochemical characterization of IMP-
specific 5’-nucleotidase from P. falciparum (PfISN1). In order to determine its
substrate and co-factor specificity, a comprehensive substrate and cofactor screen will
be carried out. A modulator screen will also be carried out to search for potential
modulator compounds of the enzyme. A detailed Kinetic characterization of the enzyme
will include determination of its catalytic efficiency with its substrate(s) and the effect
of modulators, if any, on the catalytic efficiency of the enzyme. In HAD members,
motif | aspartates play a critical role in catalysis. In various studies, non-conservative
mutations in these residues have lead to a complete loss of enzyme activity. Hence, in
PfISN1, non-conservative mutations in these aspartates and their subsequence impact on
enzyme function will provide biochemical evidence that ISN1s belong to the HAD

superfamily.

In order to understand the structure-function relationship in the protein, a crystal
structure will be obtained. As seen in Figure 1.5, there are several conserved residues
apart from the motifs, which might play an important role in enzyme function. Analysis
of the structure will reveal the role of these and other key residues involved in
processes like substrate binding, catalysis and regulation. Based on their conservation

pattern, these residues will be mutated to observe their impact on enzyme function.

Using anti-PfISN1 antibodies, indirect immunofluorescence microscopy will be
performed to obtain localization of the protein in various asexual and sexual

intraerythrocytic stages of the parasite.
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2.1 Abstract

Biochemical characterization of PfISN1 was performed with the recombinant
enzyme, expressed and purified from E. coli. Apart from ScISN1, no other ISN1 family
protein has been biochemically characterized till date. PfISN1 protein is a putative
IMP-specific 5’-nucleotidase with its physiological function yet to be established. A
detailed biochemical characterization of recombinant PfISN1 protein was carried out in
vitro to identify important biochemical properties like oligomeric state, substrate
preference, cofactor preference, conditions for optimum activity, regulators, etc. Values
of kinetic parameters for its substrates IMP and AMP were determined. Since a few 5°-
nucleotidases have phosphotransferase activity, PfISN1 was also checked for
phosphotransferase activity. From these studies, several biochemical features common
with the ScISN1 protein as well as unique to the protein have been elucidated.

2.2 Enzyme catalysis, kinetics and regulation

Enzymes and catalytic RNA molecules act as biocatalysts to accelerate the rate of
biochemical reactions without affecting the equilibrium constant of the reaction or
getting consumed in the process. The rate enhancement brought about by enzymes is
remarkably high, ranging from 10’ to 10*° fold (Wolfenden and Snider, 2001). The non-
enzymatic rates of several biochemical reactions like glycine decarboxylation,
phosphate monoester hydrolysis and fumarate hydration are in the order of 10°-10°
years, making enzymes critical for performing biochemical reactions as they enhance
the rate to the order of 10*-10° seconds. Enzyme catalysis proceeds through a series of
steps from binding of the substrate(s) to release of the product(s), during which the
substrate forms a transient high-energy low-stability intermediate. Pauling had proposed
that rate enhancement could be achieved by the preferential binding of a transition-state
intermediate to the enzyme rather than the substrate (Pauling, 1946) which was later
supported by the use of transition-state analogues that had higher affinity than the
substrate for the enzyme (Wolfenden, 1972, 1976).

Specificity of enzymes for their substrates is either to a particular substrate,
functional group or a stereoisomer, governed by the chemical interactions between the
enzyme and the substrate. According to the ‘induced-fit’ hypothesis, enzymes are
flexible macromolecules that undergo structural changes upon substrate binding which
are important for catalysis (Koshland and Jr., 1958). As discussed in section 1.2.4 of
chapter 1, the enormous substrate diversity in HAD superfamily members is primarily

due to the diverse structure of their cap domains. Members with small cap domains (CO0)
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have a highly accessible catalytic site, catalysing macromolecular substrates while those
with large cap domains (C1/C2) have a restricted access to the catalytic site, catalysing
small/intermediate molecular substrates. In several HADs, substrate binding motifs in
the cap domain contribute to their specificity. For example, in a HAD phosphatase from
T. onnurineus NAL, the substrate interacts with two Trp residues that are a part of
substrate binding motif, WxxW (Ngo et al., 2015). A tight beta-turn in the helix-loop-
helix motif of the cap domain in HADs contains a stringently conserved Gly, flanked by
residues whose side chains contribute to the catalytic site. The flexibility provided by
Gly is critical for enzyme function (Lahiri et al., 2004). In P. Falciparum HAD1, a
sugar phosphatase, distinct conserved residues from the cap domain mediate substrate
recognition (Park et al., 2015).

Enzymes exhibit rate-saturation kinetics, wherein the reaction rate increases linearly
with the substrate concentration up to a particular value, beyond which the rate becomes
non-linear and finally achieves saturation. The Michaelis-Menten model (Fig. 2.1)
explains the relationship between initial rate and substrate concentration in enzyme-
catalysed reactions (Michaelis and Menten, 1913). The model assumes that the catalytic
rate is measured during the initial stage of the reaction, termed as initial rate when
substrate depletion and product inhibition are negligible. The Michaelis-Menten
equation v = Vi [SI/(Kn+[S]) has two parameters V.« and K., (Michaelis constant)
which represent maximum initial rate of the enzyme and substrate concentration at
0.5-Vmax, respectively. These parameters are constant for a particular enzyme-substrate

pair. The plot of the equation is a rectangular hyperbola (Fig. 2.1).

In several multimeric enzymes, regulation of activity is achieved by cooperativity in
which the binding of the substrate to one subunit affects its binding to the other
subunits. The mechanism was coined as ‘allostery’ by Jacob and Monod, derived from
the Greek allos meaning “other” and stereos meaning “structure” (MONOD and
JACOB, 1961). If the binding of the substrate to one subunit increased the affinity of
the other subunits, it is called positive homotropic cooperativity/allostery, while the
reverse is called negative homotropic cooperativity/allostery (Bardsley and Wyman,
1978; Neet, 1995).
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Single-substrate enzyme reaction
ki JP“_lsci'f
E+S ES E+P
k’}

Michaelis-Menten equation

_ Vimax X S
K,+5

lv’““

1/2 Vi

reaction rate

Ken

L) L) L)
substrate concentration

Figure 2.1. Michaelis-Menten model for steady-state initial rate enzyme kinetics. Reaction
scheme for a single-substrate enzyme reaction and Michaelis-Menten equation describing the
reaction rate vs substrate concentration curve with parameters V.« and K highlighted. E —
enzyme, S — subsrate, ki, k; and K., are rate constants of their respective reactions.

If a molecule other than the substrate regulates activity through another distinct
binding site, it is called heterotropic allostery. The binding of allosteric modulators
induces conformational changes in the protein, which in several cases involves
reorganization of the catalytic site. Several HAD members display allosteric modulation

of enzyme activity (Table 2.1).

Table 2.1. Allosteric modulators of HAD members”.

Enzyme Organism Modulator(s)
cytosolic nucleotidase-11* H. sapiens ATP, 2,3-BPG, diadenosine polyphosphate
cytosolic nucleotidase-112 L. pneumophila GTP, dGTP, GDP, GMP
phosphatidylinositol-4- - S . .
phosphate phosphatase® S. cerevisiae phosphatidylinositol, phosphatidylserine
Phosphonoacetaldehyde P. aeruginosa n-butylphosphonic acid

hydrolase’

“References: *(Wallden and Nordlund, 2011), *(Srinivasan et al., 2014a), *(Zhong et al., 2012),
*(Dumora et al., 1991)

The structural basis of allosteric activation in human cytosolic nucleotidase-11 was
found to be a disorder-to-order transition in a helix that contained motif IV residues
(Wallden and Nordlund, 2011), whereas in its L. pneumophila counterpart, subunit

reorganization upon modulator binding was the probable mechanism of allosteric
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activation (Srinivasan et al., 2014b). The above example presents a case of diversity in

regulatory mechanisms amongst even close members of the HAD superfamily.

Regulatory enzymes display non-Michaelis-Menten Kkinetic behaviour with
sigmoidal (‘S’ shaped) initial rate vs substrate concentration plots (MONOD et al.,
1963). The Hill model (Hill, 1910), originally derived to account for the sigmoidal
nature of oxygen binding to haemoglobin, explains cooperative binding in regulatory
enzymes. Apart from the parameters Vn.x and Kgs, the equation has the parameter h
(Hill coefficient), which indicates the nature and strength of cooperativity (Fig. 2.2).
Value of h>1 and h<1 indicate positive and negative cooperativity, respectively. When

h=1, the equation is equivalent to the Michalis-Menten equation.

However, the Hill model has its limitations. It does not consider the conformational
changes induced upon binding of the regulator. It also assumes that the binding of
substrate to one site would induce binding of substrate to all n sites and intermediate
binding of (n-1) sites is not considered. In spite of its limitations, is still widely used as

an empirical measure of the strength of cooperativity in enzymes.

Cooperative binding with n sites
k
E + nS——> ES,
&
k-,
Hill equation

Vmar X Sh
Kos" + st

V=

IL’I‘I‘Iﬂx

h=1.0
— h=2.0
— h=3.0
— h=0.5

reaction rate

{Ko.5

Ll
substrate concentration

Figure 2.2. Cooperative substrate binding model with Hill equation. Shape of initial rate vs
substrate concentration plots with various h values. E — enzyme, S — subsrate, n — number of
binding sites, k; and k_; and are rate constants of their respective reactions.
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2.3 Earlier studies done in the laboratory

During earlier studies in the laboratory, the gene PF3D7_1206100 was cloned into
PET21b expression vector modified with a hexahistidine tag at the N-terminus. The
expression conditions were optimized to obtain high amount of soluble protein suitable

for further purification by Ni-NTA™ chromatography (Srinivasan, 2011).

2.4 Materials and Methods

2.4.1 Purification of recombinant PfISN1 protein

For protein expression, a seed culture of E. coli BL21 (DE3) strain containing the
PET21b-PfISN1 plasmid that expressed the wild-type PfISN1 protein was grown
overnight in Luria Broth (LB) medium that contained 100 pg ml™* ampicillin. This seed
culture was then used to inoculate 800 ml of Terrific Broth (TB) medium. Upon
reaching an absorbance of 0.6 at 600 nm, the medium was induced with 0.3 mM
Isopropyl B-D-1-thiogalactopyranoside (IPTG) and incubated at 18 °C for 16 hrs after
which the cells were harvested by centrifugation at 4000 x g for 10 min at 4 °C. The
cell pellet was re-suspended in 30 ml lysis buffer and lysed using French® pressure cell
press (Thermo IEC Inc., USA) over 6 cycles at 1000 psi. The components of the lysis
buffer were 50 mM Tris HCI, pH 8.0, 100 mM NacCl, 10% w/v glycerol, 0.1 mM PMSF
and 0.5 mM TCEP (tris-(2-carboxyethyl) phosphine). The lysate was centrifuged at
14000 x g for 45 min at 5 °C and the supernatant bound to Ni-NTA™ beads (NI-NTA
His-Bind® Resin, Qiagen, USA) for 3 hrs at 5 °C. Post binding, the beads were loaded
onto a glass column and washed with at least 10 equivalent of bead volume of lysis
buffer containing increasing concentrations of 0, 20 and 40 mM imidazole. The protein
was eluted in 5 ml of lysis buffer containing 500 mM imidazole. 1 mM of
ethylenediaminetetraacetic acid (EDTA) was added to chelate Ni** ions eluted along
with the protein. The eluted protein was concentrated using Amicon® Ultra Centrifugal
filter with a 30,000 Da molecular weight cut-off (Millipore™ Corporation, USA) and
loaded onto a 16 mm x 60 cm column packed with Sephacryl™ S-200 HR beads. The
eluted fractions were examined by SDS-PAGE for purity. Pure fractions were pooled,
concentrated, flash-frozen and stored at -80 °C. Protein concentration was estimated by

Bradford assay (Bradford, 1976) using bovine serum albumin as the standard protein.

2.4.2 Analytical size-exclusion chromatography

The oligomeric status of the protein was determined by size-exclusion
chromatography using an AKTA® Basic HPLC system (Amersham Biosciences Ltd.,
U.K.). The protein was loaded onto an analytical Superdex™ S-200 HR 1 ¢cm x 30 cm
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column pre-equilibrated with 50 mM Tris HCI, pH 8.0, 100 mM NacCl, 10% (w/v)
glycerol and 0.5mM tris(2-carboxyethyl)phosphine TCEP and calibrated using
molecular weight standards, B-amylase (200 kDa); alcohol dehydrogenase (150 kDa);
bovine serum albumin (66 kDa); carbonic anhydrase (29 kDa) and cytochrome ¢ (12.4
kDa). V, (void volume) of the column was taken as V. (elution volume) of Blue
Dextran (2000 kDa). The mass of the protein was calculated using a plot of V. ./V,. vs

Log (molecular weight in Da).

2.4.3 Measurement of PfISN1 enzyme activity

a) Measurement of phosphatase activity - Phosphatase activity assays were performed
in a reaction mixture containing 50 mM Tris HCI, pH 8.0 or 50 mM 2-(N-
morpholino)ethanesulfonic acid (MES), pH 5.0 and 30 mM MgCl,. The reaction
mixture containing the substrate was mixed with 0.4-0.9 uM enzyme and incubated for
a fixed time after which the reaction was quenched with 10% trichloroacetic acid
(TCA). The amount of inorganic phosphate formed during the reaction was estimated by
Chen’s assay (Chen et al., 1956). Chen’s reagent (prepared fresh by mixing deionized
water, 6N sulfuric acid, 2.5% ammonium molybdate, 10% ascorbic acid in a 2:1:1:1
ratio) was added to the quenched reaction mixture and incubated for 2 hrs at 37 °C. The
absorbance was recorded at 820 nm using a Hitachi U-2010 spectrophotometer (Hitachi
High Technologies America, Inc., San Jose, CA, USA) and the amount of inorganic
phosphate was calculated using a molar extinction coefficient of 25000 M™* cm™.
Specific activity (SA) was reported as pmol or nmol of product formed per minute per
mg of protein. All phosphatase activity assays were performed at 25 °C, unless
mentioned otherwise.

b) Measurement of p-nitrophenyl phosphate (pNPP) hydrolysis activity - Continuous
measurement of pNPP hydrolysis was performed by monitoring the change in
absorbance due to p-nitrophenol (pNP) formation at 405 nm. Reaction mixture
contained 50 mM Tris HCI, pH 8.0 and 30 mM MgCl,. The amount of pNP formed was
calculated using molar extinction coefficient of 18000 M™* c¢cm™ at pH 8.0. All pNPP
hydrolysis activity assays were performed at 25 °C, unless mentioned otherwise.

c¢) Units of enzyme activity - Specific Activity (SA) of the enzyme was represented as
the amount of product (nmol or pumol) formed per minute per unit guantity of protein
(Mg or mg). Assuming that there is one catalytic site per monomer, Kk Or turnover
number was represented as the number of molecules of product formed (nmol or pmol)

per second, per molecule of monomer.
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2.4.4 pH-dependent enzyme activity and stability assays

For pH-dependent activity measurements, a buffer containing a mixture of 50 mM
Tris HCI, 50 mM MES and 50 mM glycine, adjusted to different pH values was used in
the assay. To examine the stability of PfISN1 at various pH, the enzyme was pre-
incubated with the mixed buffer at a particular pH for 15 min, followed by incubation in
the reaction mixture containing 50 mM Tris HCI, pH 8.0 and 30 mM MgCl, for 3 min.
Reaction was initiated with the addition of 10 mM IMP to the reaction mixture. %
activity represents the enzyme activity at various pH with reference to pH 8.0.
Subsequently, all activity assays at low pH were performed with 50 mM MES, pH 5.0
buffer.

2.4.5 Non-linear regression analysis of initial rate vs substrate concentration
plots

The initial rate vs substrate concentration plots were generated using GraphPad
Prism® version 5.0 (GraphPad Software Inc., SanDiego, CA). Non-linear regression
method was used to fit the data using the Michaelis-Menten equation (eq. 2.1) for

hyperbolic plots and the Hill equation (eq. 2.2) (Hill, 1910) for sigmoidal plots.

Vinax XS

v = m (eq 21)
Vinax XS"
= Kr/%:;h (eq. 2.2)

where v is initial rate, Vi is maximum rate; K, is the apparent affinity constant, S is

substrate concentration and h is Hill coefficient.

2.4.6 Enzyme activity assays in the presence of ATP
For assays containing ATP in the reaction mixture, additional MgCl, was added to

account for depletion in free Mg®* due to the formation of the ATP-Mg?* complex.

2.4.7 lon-pair reversed-phase HPLC.

The separation of nucleotides was achieved by ion-pair reversed-phase HPLC (IP-
RP-HPLC), performed on a Genesis® C18 column (4um pore size, 150 mm x 4.6 mm,
Grace Davison Discovery Science, IL, USA), at 25 °C using an AKTA® Basic HPLC
system (GE AMERSHAM, U.K.). The mobile phase consisted of two eluants; buffer A
containing 20 mM Tris HCI, pH 7.4, 4 mM tetrabutylammonium hydrogen sulfate
(TBAHS) and buffer B containing 20mM Tris HCI, pH 7.4, 4 mM TBAHS and 50 %

(v/v) acetonitrile. Prior to sample injection, the column was pre-equilibrated with
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several column volumes of buffer A. Post injection, the column was washed with 8.0 ml
of buffer A, followed by elution of the analytes with an increasing linear gradient of
buffer B in the following steps: 0-8 % B in 12.0 ml; 8-15 % B in 4.0 ml; 15-100 % B in
8.0 ml and continued at 100 % B for further 8.0 ml. The flow rate was 0.45 ml min™ and
the analytes were detected at 254 nm. Additionally, the peak fractions were analyzed by
UV spectroscopy to distinguish between inosine (Amax — 249 nm) and adenosine (Amax —
259 nm) moieties. The column was washed with 70 % (v/v) acetonitrile after
completion of the run. Peak intensities were determined using UNICORN® v3.00
software (Amersham Pharmacia Biotech AB, U.K.).

Phosphotransferase activity assay — In 5’-nucleotidases, phosphotransferase reaction
involves the transfer of a phosphate group from a donor nucleoside 5’-monophosphate
to an acceptor nucleoside. PfISN1 utilizes 5’-IMP and 5°-AMP as substrates and can
transfer the phosphate group to adenosine and inosine, respectively. Hence, to detect
any phosphotransferase activity in PfISN1, 5’-IMP-adenosine and 5’-AMP-inosine were
used as donor-acceptor pairs. The reaction was quenched after 5 min with 10 % TCA,
neutralized with NaOH and filtered through a 0.2 uM polyvinylidene fluoride (PVDF)
membrane filter before injection. Individual peaks were assigned to metabolites by
running several combinations of the standard metabolites IMP, AMP, adenosine and
inosine at varying concentrations under assay conditions. Additionally, the peak
fractions were analyzed by UV spectroscopy to distinguish between inosine (Amax — 249

nm) and adenosine (Amax — 259 M) moieties.

2.4.8 Product inhibition assays

Product inhibition was tested with pNPP as the substrate since the product
orthophosphate was incompatible with Chen’s assay. Only up to 2 mM of
orthophosphate (KPO,, pH 7.0) and 4 mM of inosine and adenosine could be used in the
assay due to low solubility of the products under the specific assay conditions. Sub-
saturating pNPP (4 mM) was used in the assay in order to detect competitive inhibition

by the products.

2.5 Results

Large scale purification of the protein was carried out to obtain pure protein in
amounts sufficient to perform biochemical assays. Phosphatase activity of the protein
was estimated by an assay that measures the amount of orthophosphate released upon
the hydrolysis of the phosphorylated substrate. Foremost, a large comprehensive screen

of compounds was performed to identify substrates of PfISN1, followed by a screen to

32



Chapter Two. Kinetic characterization of PfISN1

identify divalent metal ions that can serve as cofactors for the enzyme. Optimum pH for
enzyme activity was also determined. Once the substrates were identified, the catalytic
efficiency of the enzyme for its substrates was determined by steady-state Kinetic
measurements under various conditions. A screen to identify modulators of enzyme
activity was also performed. In order to understand the mechanism of modulation,

catalytic efficiency of the enzyme was determined in the presence of the modulators.

2.5.1 Purification of recombinant PfISN1 protein and determination of
oligomeric state

800 ml of the bacterial culture containing the over-expressed protein was harvested.
The protein was purified by Ni-NTA™ chromatography and followed by size-exclusion
chromatography (Fig. 2.3). The protein was predominantly a tetramer in solution with a
minor proportion of soluble higher-order aggregates, as determined by analytical size-

exclusion chromatography (Fig. 2.4).

lane 1 lane 2
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Figure 2.3. SDS-PAGE showing the purified recombinant PfISN1 protein fraction after Ni-
NTA™ chromatography and size-exclusion chromatography (lane 1) and standard protein ladder
(lane 2) with band sizes (kDa) marked alongside. Molecular weight of recombinant PfISN1
protein is 53031.8 Da.
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Figure 2.4. Analytical size-exclusion chromatogram representing the oligomeric state of the
recombinant PfISN1 protein. Inset shows V./V, vs log(molecular weight in Da) plot of the
protein standards (see ‘Materials and Methods’ for details).

2.5.2 Measurement of PfFISN1 enzyme activity

The orthophosphate released during the catalytic reaction of 5’-nucleotidases was
estimated by Chen’s assay (Chen et al., 1956), an end-point assay described in detail in
the ‘Materials and Methods’ section. The method was optimized in order to ensure
reliable and accurate estimation of PFISN1 enzyme activity. A phosphate standard curve
was obtained and the observed molar extinction coefficient value of 24,000 M™* c¢cm™
was close to the reported value of 25,000 M cm™ suggesting that the assay reported an

accurate measurement of orthophosphate (Fig. 2.5A).

The ratio of observed to expected orthophosphate (O/E) was used to determine the
maximum limit of accurate determination of orthophosphate. A wvalue closer to 1
indicates accurate measurement of orthophosphate. The O/E ratio was >0.85 for upto
1000 pM orthophosphate beyond which the ratio gradually declined (Fig. 2.5B). Hence,
if an assay reported >1000 uM orthophosphate, the original reaction mixture was
diluted in Chen’s assay to obtain a lower absorbance value with the dilution factor
incorporated later into the specific activity calculation. An optimized incubation time of
90-120 mins with Chen’s reagent was chosen to allow saturation of the formation of
colorimetric complex phosphomolybdenum blue (Fig. 2.5C). The quencher TCA had no
effect on the assay (Fig. 2.5D).
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Figure 2.5. Optimization of Chen’s assay. (A) Orthophosphate concentration vs absorbance
(820 nm) standard plot. (B) Ratio of observed/actual orthophosphate concentration (O/E) vs
actual orthophosphate concentration plot. (C) Absorbance (820 nm) vs time plot for 100 uM
orthophosphate. (D) Effect of TCA on Chen’s assay.

2.5.3 Substrate screen for PfISN1

Since several HAD members are known to exhibit broad substrate specificity
(Daughtry et al., 2013; Huang et al., 2015), a comprehensive substrate screen was
designed to detect substrates hydrolyzed by PfISN1 (Table 2.2). This screen contained a
broad range of chemically diverse compounds including nucleoside 5’-monophosphates,
diphosphates and triphosphates, nucleoside 3’-monophosphates, 3°,5’-cyclic

monophosphates, sugar phosphates, phosphoglycerates, amino acid phosphates and
small molecule phosphates.
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Table 2.2. List of phosphorylated compounds screened for as potential substrates of PFISN1".

Specific Specific
Substrate Activity (umol Substrate Activity (umol
min"t mg) min"t mg})
Purine 5'-monophosphates Aldohexose sugar phosphates
IMP 2.85+0.22 glucose-1-phosphate N.D.
AMP 0.08 £ 0.03 glucose-6-phosphate N.D.
GMP N.D.® mannose-6-phosphate N.D.
XMP N.D. Aldopentose sugar phosphates
Purine deoxy 5'-monophosphates ribose-1-phosphate N.D.
dAMP N.D. Ketopentose sugar phosphates
dIMP N.D. ribulose-5-phosphate N.D.
Pyrimidine 5'-monophosphates Aldotetrose sugar phosphates
UMP N.D. erythrose-4-phosphate N.D.
TMP N.D. Glycolytic intermediates
CMP N.D. phosphoenol pyruvate N.D.
Nucleoside diphosphates DHAP N.D.
ADP N.D. 2,3-BPG N.D.
GDP N.D. Amino acid phosphates
Adenosine 3',5'-diphosphate N.D. o-phospho-L-tyrosine N.D.
Nucleoside triphosphates o-phospho-L-serine
ATP N.D. Other phosphates
GTP N.D. p-nitrophenyl phosphate N.D.
CTP N.D. p-nitrophenyl sulfate N.D.
ITP N.D. p-aminophenyl phosphate N.D.
Cyclic nucleotides 2-phosphoglycolic acid N.D.
cAMP N.D. phosphonoacetic acid N.D.
Purine 3'-monophosphates ph3o-g§r?c))(gyl-uzc-cl>(§itg a6(;id N.D.
3'-AMP N.D. phenyl phosphate N.D.
Other nucleotides Vitamin precursors and cofactors
succinyl-AMP N.D. NAD N.D.
PRPP N.D. NADP N.D.
Glycerol phosphates NAM N.D.
2-phosphoglycerate N.D. NMN N.D.
3-phosphoglycerate N.D. NaMN N.D.
a-glycerophosphate N.D. FMN N.D.
B-glycerophosphate N.D. PLP N.D.
Ketohexose sugar diphosphates
fructose-1,6-bisphosphate N.D.

"FOOTNOTE: 10 mM substrate and 30 mM Mg?* were used in all the assays. Specific activity
standard deviation (SD) of 3 independent measurements. *N.D.

values represent mean =+
indicates Not Detectable.
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Of all the compounds tested, the PFISN1 enzyme acted only on IMP and AMP. One
of the screened compounds, pNPP which is a commonly used chromogenic
phosphorylated substrate (Bessey et al., 1946) was not detected as a substrate but its
hydrolysis by PfISN1 was detected by a different assay which detects the formation of
PNP in a continuous manner. The assay is described in detail in the ‘Materials and
Methods’ section. The progress curve of the reaction shows a positive slope due to an
increase in pNP concentration with time, suggesting that pNPP was hydrolyzed by the
enzyme (Fig. 2.6). However, the specific activity (~3.0 nmol min™* mg™) was 1000-fold

lower than that for IMP (~3.0 umol min™ mg™) and hence not detected by Chen’s

method.
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Figure 2.6. pNPP hydrolysis activity of PFISN1. A positive slope in the progress curve shows
an increase in pNP concentration with time.

2.5.4 Cofactor screen

5’-nucleotidases have an obligatory requirement for divalent metal ions as a
cofactor (Hunsucker et al., 2005). Although Mg?" is the preferred co-factor for 5’-
nucleotidases, Mn?*, Fe?*, Ni**, Co?*, etc. are also preferred by some 5’-nucleotidases
(Table 2.3). Several divalent metal ions were screened as co-factors for PfFISN1 (Table
2.4). Although Mg* was the most preferred cofactor, significant IMP hydrolysis

activity was also observed in the presence of Mn** and Fe?".
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Table 2.3. List of divalent metal ions utilized as cofactors by 5’-nucleotidases from

various organisms.

S. No. | Cofactor Organism Reference
Bos Taurus (Smith et al., 1978)
Homo sapiens (Sylvestre et al., 1978)
1. Mg** Rattus norvegicus (Hinder and Bremner, 1978)
Sus scrofa (Honrubia et al., 1979)
Vibrio parahaemolyticus (Braude and De Clercq, 1979)
2. Co?* Escherichia coli
3. Ni?* Escherichia coli (Proudfoot et al., 2004)
Escherichia coli
4, Mn?* Legionella pneumophila (Srinivasan et al., 2014a)
Xylella fastidiosa (Santos et al., 2013)
5. Fe?* Clostridium propionicum (Stadtman et al., 1960)

Table 2.4. List of divalent metal ions screened as co-factors for PFISN1".

S. No. Divalent metal ion Specific Activity (umol min™ mg™)
1. Mg** 0.4 +0.01
2. Mn?* 0.11 +0.01
3. Co?* 0.07 £ 0.01
4. Fe?* 0.16 + 0.01
5. Ni?* 0.02 + 0.01
6. Zn* N.D.?
7. Ca®* N.D.
8. cu® N.D.

"FOOTNOTE: The assay was performed at pH 8.0 with 0.9 pM enzyme, 30 mM IMP and 0.2
mM MCI, where M is the divalent metal ion. Specific activity values represent mean + SD of 3
independent measurements. *N.D. indicates Not Detectable.

2.5.5 Effect of pH on PfISNL1 activity

The optimal pH for enzyme activity of PfISN1 was determined by measuring the
enzyme activity in the pH range 2.0-9.0 with the substrates IMP (Fig. 2.7A) and AMP
(Fig. 2.7B). Extremely high or low pH values could affect enzyme stability, resulting in
an irreversible loss of enzyme activity. A pH-dependant enzyme stability assay was
performed wherein the enzyme was pre-incubated in solution of different pH and the
activity was then checked at pH 8.0. Enzyme activity at pH 8.0 was taken as reference

value (100%). In the pH range 4.0-9.0, there was no significant change in activity as
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compared to pH 8.0. However, the 5-fold lower activity at pH 2.0 and 3.0 suggested
irreversible loss of enzyme stability below pH 4.0 (Fig. 2.7C).
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Figure 2.7. pH-dependant activity of PFISN1 with substrates (A) IMP and (B) AMP. The assay
contained 0.9 uM enzyme, 30 mM substrate and 30 mM MgCl,. (C) Enzyme stability assay was
performed at pH 8.0 with 0.4 uM enzyme, 10 mM IMP and 30 mM MgCl, after pre-incubation
for 15 min at room temperature. Activity at pH 8.0 was considered as 100 %. See ‘Materials and
Methods’ section for more details.

2.5.6 Steady-steady kinetics with substrates IMP and AMP

Initial rate vs substrate concentration plots for IMP at pH 8.0 (Fig. 2.8A) and pH 5.0
(Fig. 2.8B) were hyperbolic, indicating absence of cooperativity. At pH 8.0, enzyme
activity did not saturate even with 140 mM IMP which could not be further increased
due to limited solubility. Steady-state kinetic parameters V. and K, were obtained by
non-linear regression analysis (see ‘Materials and Methods’ section for details) of the
data. The increase in enzyme activity at low pH was due a significant decrease in the K

value (Fig. 2.8C) and a mild increase in V. value (Fig. 2.8D) for IMP.

39



Chapter Two. Kinetic characterization of PfISN1

A B
101 101
g 84 g; 84 °
Hg 61 r"c 61
£ * =
5 5
% 21 3;’ 2
0 T T T T T 1 0 T T T T T T T 1
0 20 40 60 80 100 120 00 02 04 06 08 10 12 14 16
[IMP] mM [IMP] mM
C D
804 20
pH8  pH5 pH8 pHS5
704 j_?
60 =) —E
g 15
—~ 50+ -
S =
E £ T
~ 0.5 E 10
X 04 3
0.31 .
0.2 >
0.1
0-0 T T O T T
IMP  IMP IMP  IMP

Figure 2.8. Initial rate vs substrate concentration plot for IMP at (A) pH 8.0 and (B) pH 5.0.
Steady-state kinetic parameters (C) K,, (y-axis is segmented for ease of visualization) and (D)
Vmax derived from the plots A and B. Data points represent mean £ SD of 3 independent
measurements.

Initial rate vs substrate concentration plots were obtained for AMP at pH 8.0 (Fig.
2.9A) and pH 5.0 (Fig. 2.9B). The shape of the plot at pH 8.0 was sigmoidal while at
pH 5.0 it was hyperbolic. A sigmoidal shape indicates cooperativity. Steady-state
kinetic parameters V.« and K., were obtained by non-linear regression analysis (see
‘Materials and Methods’ section for details) of the plots. At low pH, K, (Fig. 2.9C) and
Vmax (Fig. 2.9D) values were not significantly altered when compared to values at pH
8.0. The degree of cooperativity for AMP at pH 8.0 was high, with an h value of 5.3 £

0.3.
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Figure 2.9. Initial rate vs substrate concentration plot for AMP at (A) pH 8.0 and (B) pH 5.0.
Steady-state kinetic parameters (C) K, and (D) V. derived from the plots. Data points
represent mean = SD of 3 independent measurements.

A comparative representation of the catalytic efficiency of PfISN1 for both the
substrates IMP and AMP at high and low pH is shown in Table 2.5. However, during
the pH-dependent assay with AMP (Fig. 2.7B), the enzyme showed optimum activity at
low pH due to loss of sigmoidicity (Fig. 2.9B), leading to increased enzyme activity at
30 mM AMP used in the assay.

Table 2.5. Catalytic efficiency for IMP and AMP at pH 5.0 and 8.0.

Substrate pH Catalytic efficiency (ke./Km) (sec™ mM™)
5.0 31.4+6.6
IMP
8.0 0.21 £0.22
5.0 0.22 £ 0.04
AMP
8.0 0.171 + 0.005
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2.5.7 Effect of cofactor Mg?* on PfISN1 activity

Initial rate vs total Mg®" concentration plots were obtained with IMP as the
substrate. At pH 8.0, the plot was sigmoidal in nature (Fig. 2.10A), with an h value of
(1.7 £ 0.2) while the plot at pH 5.0 was hyperbolic (Fig. 2.10B). The K,, value for free
Mg®* (26.6 + 1.9 mM) was much higher at pH 8.0 than that at pH 5.0 (2.0 = 0.3 mM),
suggesting that like IMP, Mg®* also bound to the enzyme with a stronger affinity at low
pH. It should be noted that due to the dissociation constant (Ky) of IMP-Mg** complex
being very high in solution (O’Sullivan and Smithers, 1979), the concentration of total

Mg?* will be equivalent to free Mg?*.

2.5.8 Modulator screen

Modulators are compounds that can either activate or inhibit enzyme activity. A
comprehensive list of compounds was chosen to screen for modulation of enzyme
activity (Table 2.6). Amongst these were also compounds that are activators of
cytosolic nucleotidases (cN-II). ATP and 2,3-bisphosphoglycerate (2,3-BPG) activate
human cN-IlI (Wallden and Nordlund, 2011) while GTP activates L. pneumophila cN-II
(Srinivasan et al., 2014a). Of all the compounds, only ATP and dATP activated the
PfISN1 enzyme. ATP also activates ScISN1 (ltoh et al., 2003). It should be noted that
ATP was included in the substrate screen (Table 2.1) but was not hydrolyzed by
PfISNL.
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Figure 2.10. Initial rate vs total Mg?* concentration plots with IMP at (A) pH 8.0 and (B) pH
5.0. For details see ‘Materials and Methods’ section.
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Table 2.6. List of putative compounds screened for modulation of PfISN1 activity”.

Compound Specific_At(l:tivit_%/ Fold Compound Specific_Atl:tivit_%/ Fold
(umol min™ mg™) | change (umol min™ mg™) change
Control 2.85+0.22 1.0 Nucleoside monophosphates
Nucleoside triphosphates TMP 2.32+£0.32 0.8
ATP 7.31£0.97 2.6 UMP 3.06 £0.01 1.1
dATP 8.83 £ 0.53 3.1 CMP 3.12 £ 0.02 1.1
dGTP 242 +0.34 0.8 GMP 2.05+0.33 0.7
dTTP 3.94 +£1.43 1.4 Sugar phosphates
dCTP 2.78 +1.42 1.0 (;L‘g;%sheati 3.08 +0.27 1.1
ITP 1.74 +0.14 0.6 '\gﬁgzgﬁztg 2.90 + 0.25 1.0
GTP 1.97+0.24 0.7 Vitamin precursors
Glycolytic intermediates NMN 3.25+0.25 1.1
2,3-BPG 3.23£0.19 1.1

“FOOTNOTE: Fold change is calculated as specific activity for the given compound divided
against the Specific Activity for the Control assay. 10 mM IMP, 30 mM MgCl, and 2 mM
activator were used in the assay.

In order to confirm that ATP activated the enzyme by increasing the rate of IMP
hydrolysis, the amount of inosine formed during the reaction in the presence and
absence of ATP was detected and quantified by ion-pair reversed-phase HPLC (IP-RP-
HPLC), a technigue used to analyze nucleotide, nucleoside and nucleobase levels in a
sample (Stocchi et al., 1987). The amount of inosine formed was higher in the presence
of ATP when compared to its absence (Fig. 2.11A). Standard elution profile of inosine,
IMP and ATP is shown in Fig. 2.11B.
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Figure 2.11. Chromatogram of IP-RP-HPLC performed in the (A) presence and absence of
ATP. Peak intensities of inosine were 141 mAU (0 mM ATP) and 798 mAU (0.5 mM ATP). (B)
Standard elution profile of 1 mM inosine, 0.5 mM IMP and 0.5 mM ATP. See ‘Materials and
Methods’ section for details. mAU is milli-Absorbance Units.
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2.5.9 Steady-state kinetics with modulator ATP

Initial rate vs substrate concentration plots for IMP (Fig.2.12A) and AMP (Fig.
2.12B) were obtained in the presence of ATP at pH 8.0. For IMP, there was a
significant reduction in K., (Fig. 2.12C) and a moderate increase in V. (Fig. 2.12D).
For AMP, while there was no significant change in K, value (Fig. 2.12C), a moderate
increase in V. value was observed (Fig. 12D). Additionally, the plot for AMP was
sigmoidal in nature (Fig. 2.12B), similar to the plot without ATP (Fig. 2.9A). At pH
5.0, there was no significant change in the K, or Vn.x value for IMP. In conclusion,
ATP activated enzyme activity by reducing the K, value only for substrate IMP and
only at pH 8.0. Overall, the catalytic efficiency of PFISN1 for IMP increased by about
15-fold in the presence of 4 mM ATP. For AMP, the catalytic efficiency did not
increase significantly in the presence of ATP (Table 2.7).
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Fig. 2.12. Initial rate vs substrate concentration plots for (A) IMP and (B) AMP, obtained in the
presence of 4 mM ATP. Steady-state kinetic parameters (C) K, and (D) Vnax derived from the
plots for IMP and AMP. Data points represent mean + SD of 3 independent measurements.
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Table 2.7. Catalytic efficiency of PfISN1 for IMP and AMP with modulator ATP at pH

8.0.
Substrate Activator Catalytic efficiency (Kea/Km) (sec™™ mM™)

- ATP 0.21 £0.22

IMP
+ ATP 3.13£0.67
- ATP 0.171 £ 0.005

AMP
+ ATP 0.271 £ 0.027

2.5.10 Steady-state kinetics with pNPP

Although pNPP is not a physiological substrate, it was hydrolyzed by PfISN1 with a
1000-fold lower specific activity than IMP. At pH 8.0, initial rate vs pNPP
concentration plot was sigmoidal (Fig. 2.13A), with an h value of 2.95 £ 0.28. In the

presence of ATP, the plot continued to be sigmoidal (Fig. 2.13B), with an h value of
2.56 + 0.2 and no significant change in K, value (Fig. 2.13C) and V.x (Fig. 2.13D).

Assays were not performed at pH 5.0 due to the low absorbance of the chromogenic

product, pNP.
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Figure 2.13. Initial rate vs substrate concentration plots for pNPP in the (A) absence and (B)
presence of ATP at pH 8.0. Steady-state kinetic parameters (C) K., and (D) Vpax derived from
the plots. Data points represent mean + SD of 3 independent measurements.

2.5.11 Phosphotransferase activity of PfISN1

Certain 5’-nucleotidases act as bifunctional enzymes, exhibiting phosphotransferase
and phosphatase activity (Pesi et al., 1994). PfISN1 was tested for phosphotransferase
activity with IMP-adenosine and AMP-inosine as phosphate donor-acceptor pairs by IP-
RP-HPLC (see ‘Materials and Methods’ section for details). No significant
phosphotransferase activity was detected by the assay (Fig. 2.14).
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Figure 2.14. Chromatogram of IP-RP-HPLC to detect phosphotransferase activity in PfISNL1.
(A) Elution profile of standard metabolites IMP, AMP, inosine, adenosine and ATP.
Phosphotransferase activity was checked with (B) 5 mM IMP and 5 mM adenosine, (C) 0.5 mM
AMP and 0.5 mM inosine.
2.5.12 Product inhibition of PFISN1

Product inhibition is a characteristic feature of several enzymes and a mechanism of
regulation. The products of PfISN1 hydrolysis with substrate IMP are inosine and
orthophosphate. Since orthophosphate at high concentration was incompatible with
Chen’s assay, pNPP hydrolysis activity was used to detect inhibition. Weak inhibition
was observed with up to 4 mM inosine (Fig. 2.15A) and up to 2 mM orthophosphate
(Fig. 2.15B) beyond which inhibition could not be checked due to low solubility of the
compounds.
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Figure 2.15. Product inhibition of PfISN1 enzyme activity with substrate pNPP and products
(A) inosine and (B) orthophosphate.

2.6 Conclusion

The recombinant PfISN1 protein was purified and characterized biochemically,
leading to several important features of the protein. The protein existed as a tetramer in
solution, along with the presence of higher order aggregates. IMP and AMP were its
most preferred substrates and Mg®" its most preferred cofactor. Optimum enzyme
activity was at pH 4.0-5.0, at which IMP was hydrolyzed with a much higher catalytic
efficiency than AMP. ATP activated the enzyme at pH 8.0 by reducing the K., for the
substrate IMP. However, at pH 5.0, no significant ATP activation was observed. The
enzyme did not display any phosphotransferase activity. Products inosine and

orthophosphate did not inhibit the enzyme significantly.
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Biochemical validation of PfISN1 as a HAD

superfamily member
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Chapter Three. PfISN1 as a HAD superfamily member.

3.1 Abstract

HAD superfamily proteins contain four characteristic motif sequences that are
important for catalysis. While it was earlier shown through an in silico study from our
laboratory (Srinivasan and Balaram, 2007) that ISN1 family of 5’-nucleotidases belong
to the HAD superfamily, there was no biochemical evidence to validate the role of
motif residues in catalysis in ISN1. Comparison of motif position with other HAD
members and amongst ISN1 sequences as well as phylogentic relationship amongst
ISN1 sequences revealed important features contributing to sequence diversity. Of the
four motifs present in HAD superfamily proteins, the first motif is the most important
as it contains the two aspartate residues involved in nucleophilic attack on the
phosphate group and coordination with Mg®" respectively. In PfISN1, the conserved
motif | (DXDXT/V) stretches from residue 170 to 175 and contains the invariant
aspartyl residues D170 and D172. In order to probe their role in catalysis, both the
aspartates were mutated individually to asparagines to generate mutants PFISN1_D170N
and PFISN1_D172N as well as together to generate the mutant PFISN1_D170N-D172N.
All the three mutants showed no catalytic activity with IMP. Interestingly,
PfISN1 _D172N showed increased pNPP-hydrolyzing activity compared to wild-type
enzyme. Another mutant PfISN1 _D172A also showed increased pNPP-hydrolyzing
activity compared to wild-type enzyme but significantly lower than PfISN1 _D172N.
The mutants PfISN1_D172N and D172A also showed a change in their intrinsic protein
fluorescence spectra and inhibition of pNPP-hydrolyzing activity in the presence of

IMP, suggesting binding of IMP to the mutant proteins.

3.2 Introduction

5’-nucleotidases belong to the HAD superfamily of enzymes, containing 4
characteristic motif sequences that are critical for enzyme function (Burroughs et al.,
2006). The role of these motifs has been discussed in detail in Chapter 1. Briefly, motif
I has the sequence DX;DX,T/V wherein the first aspartate is the nucleophile attacking
the phosphate moiety while the second aspartate coordinates with Mg®* and X is any
amino acid residue. Motif Il has the sequence X, X,X,T/S where wherein a conserved
serine/threonine interacts with the substrate and X, is a hydrophobic residue. Motif 111
has a conserved lysine which interacts with the substrate while motif 1V contains two
aspartates that are separated by 1-4 or more residues and coordinate with Mg**. Various
studies through site-directed mutagenesis have confirmed the critical role of these

residues in catalysis (Allegrini et al., 2004). Motif | plays a central role in catalysis
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since mutation of its aspartates resulted in total abolishment of catalytic activity in
HAD proteins (Table 3.1).

Table 3.1. Mutations of motif residues and their impact on enzyme function .

Enzyme Motif | Mutant | Relative activity (%)® | Motif | Mutant | Relative activity (%)*
D52E 0 K292R 0.1
D52A 0 ' K292M 0.1
Bovine cN-I* ! D54E 0 D351E 0.7
D54A 0 D351N 0.1
T249S 20 v D356E 2.3
. T249V 1.6 D356N 0.6
D20E 0 K158R 1
D20N 0 ' K158A 0.4
Phosphaserine ' TouE 50 D179E 78
phosphatase” D22N 0 N D179N 0.6
| S109T 115 D183E 63
S109A 6 D183N 0.4
D351E 0 11 - -
D351N 0 D703E 31
Ca®*-ATPase” ! T353S 20 v D703N
T353A 0 D707E
I T625S 79 D707N

“FOOTNOTE: $(Allegrini et al., 2001, 2004), “(Collet et al., 1998, 1999), *(Maruyama and
MacLennan, 1988; Maruyama et al., 1989; Clarke et al., 1990). *Activity relative to wild-type
enzyme.

In motif | (DX;DX,T/V), X;and X, are not invariant but remain highly conserved
amongst sub-classes of HAD members and are critical for proper orientation of the
aspartates (Allegrini et al., 2004). Amongst ISN1s, X, is conserved but not invariant

while X; is poorly conserved (Table 3.2).

Table 3.2. Conservation of motif | residues amongst ISN1 sequences.

Position in motif | Conservation
D (first aspartate) D (invariant)
X1 G (85%), A (15%)
D (second aspartate) D (invariant)
X, V (79%), E (8%), D (7%), | (3%), G (2%), L (1%)
TIV T (invariant)
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3.3 Materials and Methods

3.3.1 Phylogenetic analysis of ISN1 sequences

The Pfam protein family database lists 375 sequences (up to Jan 31, 2018 and
including redundant sequences) under the ISN1 family (family id: PF06437). To
generate an exhaustive list of ISN1 sequences, the list of Pfam ISN1 sequences (family
id: PF06437) was combined with non-redundant sequences obtained by performing a
BLAST® search in the NCBI database using the BLASTp program (Altschul et al.,
1997) and with an e-value below 0.001 and query coverage >60%. This combined set of
non-redundant sequences totaling 262 were aligned. Sequences lacking any of the four
HAD superfamily motifs and those with large insertions or deletions were eliminated.
After multiple rounds of alignment and elimination, the final list contained 150
sequences. This dataset was used to generate a maximum likelihood tree to derive
phylogenetic relationships. Phylogenetic and molecular evolutionary analyses were
conducted using MEGA version 7 (Kumar et al., 2016). The evolutionary history was
inferred by using the Maximum Likelihood method based on the Le Gascuel 2008
model (Le and Gascuel, 2008). The bootstrap consensus tree inferred from 500
replicates was taken to represent the evolutionary history of the taxa analyzed
(Felsenstein, 1985). Branches corresponding to partitions reproduced in less than 50%
bootstrap replicates were collapsed. Initial tree(s) for the heuristic search were obtained
automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise
distances estimated using a JTT model, and then selecting the topology with superior
log likelihood value. A discrete Gamma distribution was used to model evolutionary
rate differences among sites (5 categories (+G, parameter = 0.8644)). The rate variation
model allowed for some sites to be evolutionarily invariable ([+I], 8.68% sites). The
analysis involved 150 amino acid sequences. All positions containing gaps and missing

data were eliminated. There were a total of 167 positions in the final dataset.

3.3.2 Multiple sequence alignment

Multiple sequence alignment was done using MUSCLE (Edgar, 2004), integrated
into Seaview software (Version 4.6.1) (Galtier et al., 1996). The alignment image was
generated using ESPript 3.0 (Gouet et al., 1999).

3.3.3 Generation of PfISN1 mutants by site-directed mutagenesis
The mutants PfISN1 _D170N and D172N were generated by quick change PCR
method using a single mutagenic oligonucleotide primer (Shenoy and Visweswariah,

2003). List of primers is given in Table 3.3. Stage | primers were used to insert an
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EcoRV restriction endonuclease cleavage site (bold letters) at the mutation site while
Stage Il primers were used to knock-out the restriction site and introduce the desired
mutation (underlined letters) at the same site. Mutated PCR product could be selected
by a distinct restriction digestion pattern with ECORV at each stage. The PCR product
was further digested with Dpnl to reduce the background of parental DNA and
transformed into XL-1 blue strain of E. coli. The mutation was further confirmed by
DNA sequencing. The plasmid was then extracted and transformed into E. coli BL21

(DE3) strain for expression.

Table 3.3. Primers for site-directed mutagenesis of D170N and D172N.

PfISN1 mutant PCR stage Primer sequence (5’ to 3”)
| GATTTATTAACAGATATCGCTGACGAAACG
PLTON 1 GATTTATTAACATTTAATGCTGACGAAACG
D172N | ACATTTGATGATATCGAAACGCTATATCCG

I ACATTTGATGCTAACGAAACGCTATATCCG

The mutants D172A and D170N-D172N were generated by a ligation-free cloning
method also called as Advanced Quick Assembly (AQUA) cloning (Beyer et al., 2015).
A schematic is described in Figure 3.1. Two mutated overlapping gene fragments were
generated from the parental wild-type plasmid (pET21b-PfISN1) by PCR using
mutagenic primers and T7 site primers (Table 3.4) in step I-11 and further extended in
step 111 by PCR-driven overlap extension (Heckman and Pease, 2007). The overlapping
fragments were combined into a single fragment by T7-promoter (forward) and T7-
terminator (reverse) site primers. The ends of this mutagenic insert fragment shared
homology with pET21b plasmid (backbone vector), both of which were co-transformed
into E. coli XL-1 Blue strain where both the fragments would recombine to form a
single circular plasmid (pET21b-PfISN1_mutant) by two single site-specific
recombination events at the homologous ends. Prior to co-transformation, the pET21b
plasmid was double-digested between the homologous ends in order to prevent selection
of transformants containing pET21b plasmid. Positive clones were identified by PCR
using gene-specific primers (Table 3.4) and the mutation was confirmed by DNA

sequencing.
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AQUA cloning
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Figure 3.1. Schematic representation of AQUA cloning procedure.

Table 3.4. Primers for site-directed mutagenesis of mutants D172A and D170N-
D172N’.

Primer Primer sequence (5’ to 3”)
D172A forward GATTTATTAACATTTGATGCTGCCGAAACGCTATATCCGGATG
D172A reverse CATCCGGATATAGCGTTTCGGCAGCATCAAATGTTAATAAATC
D170N-D172N forward GTTTAGATTTATTAACATTTAATGCTAACGAAACGCTATATCCG
GATG
D170N-D172N reverse CATCCGGATATAGCGTTTCGTTAGCATTAAATGTTAATAAATCT
AAAC
T7 forward TAATACGACTCACTATAGGG
T7 reverse TAATACGACTCACTATAGGG
ene-specific forward CGGGATCCAAGAATTTGGACATAAATACATTCGATAATATTGA
gene-sp AGATATTCC
. GGAAGCTTTTATTGATTTTCATATAAAACTTCCGGAATAAATGA
gene-specific reverse TTTTATG

"FOOTNOTE: Base pair changes at the mutation site are underlined.
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3.3.4 Expression, purification and kinetic characterization of PfISN1
mutants

All the mutant proteins were expressed and purified by the same methods and
conditions as followed for the wild-type protein. For the mutants, phosphatase activity
was measured similar to wild-type enzyme, either by estimation of inorganic phosphate
by Chen’s method for all substrates except pNPP or by continuous measurement of pNP
formation for pNPP hydrolysis activity (see ‘Materials and methods’ section of Chapter
2 for details).

3.3.5 Intrinsic protein fluorescence

Fluorescence spectroscopy was performed using a Hitachi F-2500 fluorescence
spectrophotometer (Hitachi Ltd., Japan). The samples were excited at 295 nm which
selectively excites tryptophan residues and the emission spectra were recorded between
298-500 nm. 5uM protein and 0.5 mM IMP in 50 mM Tris HCI, pH 8.0 and 30 mM
MgCl, were used. Ligand absorption at the excitation and emission wavelengths leads
to quenching of sample fluorescence, termed as inner-filter effect. The observed
fluorescence intensity values (Fops) at the emission maxima (Ama) Wavelength (nm)

were corrected for inner-filter effect using eq. 3.1 (Lakowicz, 1999).

M) (eq. 3.1)

Feorr = Fops X antilog ( 2

where O.D.., and O.D.,, are the absorbance of the substrate IMP at the excitation

and emission maxima (Amax) Wavelength, respectively.

3.3.6 Determination of binding constant (Ky) of IMP for PfISN1 mutants
D172N and D172A.

For mutants PfISN1_D172N and D172A, percent inhibition of pNPP-hydrolyzing
activity (v), determined using eg. 3.2, was plotted against IMP concentration for a fixed
concentration of pNPP.

% inhibition of v = 100 — - (eq. 3.2)

Vo

where V;j is the enzyme activity at various IMP concentrations and Vg is the enzyme
activity at 0 mM IMP.
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The plot was fitted to a one-site specific binding model (eq. 3.3)

% inhibition of v = % (eq. 3.3)
where | is the inhibitor concentration, Bmax is the maximum % inhibition of v, and
binding constant Ky is the inhibitor concentration at which half-maximum inhibition is
achieved. This equation is related to the Michaelis-Menten equation (eq. 2.1 in chapter
2) wherein Bpnax is related to Vimax, the maximum enzyme activity, and Ky is related to

the Michaelis constant K.

3.4 Results
3.4.1 Motif position and phylogenetic relationship amongst ISN1 sequences.

The sequential position of the HAD motifs differs in ISN1s as compared to other

HAD members (Fig. 3.2A). The differences are summarized below.

1. Amongst other HADs, the N-terminal segment leading up to motif | is about 20-50
residues. It is much longer in ISN1s, in the range of about 170-400 residues.

2. Amongst other HADs, the segment between motifs | and Il is about 100-200 residues.
It is much shorter in ISN1s, in the range of about 30-40 residues.

3. The segment between motifs Il and 111 in HADs is about 30-50 residues. It is longer
in ISN1s, in the range of about 150-180 residues.

The sequential position of the HAD motifs amongst ISN1s is largely conserved
(Fig. 3.2B), with the exception of ISN1s from T. gondii and N. caninum, which have a

longer than average N-terminal segment of about 350-400 residues.

The phylogenetic relationship amongst ISN1 sequences reveals that in spite of the
N-terminal insertion, T. gondii and N. caninum ISN1s are closer to PfISN1 than S.
cerevisiae and other fungal ISN1s. ISN1s from Stramenopiles, Cryptophytes, and
Viridiplantae are also closer to PfISN1 than to fungal ISN1s (Fig. 3.3).
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Figure 3.2. Position of motifs stretches I, 11, 111 and IV in sequential order, represented by a
black square (m) in (A) various HAD members and (B) amongst ISN1 sequences. Protein
sequences were obtained from www.uniprot.org and www.plasmodb.org.
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Figure 3.3. Maximum likelihood tree representing phylogenetic relationship amongst ISN1
sequences. Bootstrap support values for internal nodes are shown with values <0.6 eliminated.
Clades corresponding to major kingdoms/phyla are distinctively colored. See ‘materials and
methods’ section for details.

3.4.2 Biochemical characterization of PfFISN1 mutants D170N, D172N and

D170N-D172N.

While it was earlier shown through in silico studies that ISN1 belongs to the HAD
superfamily of proteins (Srinivasan and Balaram, 2007), biochemical validation was
needed to establish the critical role of the motif residues in catalysis. Aspartates of
motif | have been shown to play a central role in catalysis in other HAD members.
Hence, they were mutated to asparagine to generate two single mutants, PFISN1_D170N
and PfISN1_D172N and a double-mutant PfISN1_D170N-D172N.
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3.4.2.1 Cloning, expression and purification of the mutants.

All the three mutants were generated through site-directed mutagenesis using a
single mutagenic primer (see ‘Materials and Methods’ section for details). The mutation
at the target site was confirmed by Sanger sequencing. Expression and purification of
the mutants was carried out under the same conditions as that followed for wild-type
PfISN1 (see Appendix B, Figure B1).

3.4.2.2 Kinetic characterization of the mutants.

All the three mutants did not show any IMP-hydrolyzing activity at pH 8.0 in the
absence or presence of ATP, or at pH 5.0 (Fig. 3.4A). No phosphatase activity was
detected even with AMP (Fig. 3.4B).
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Figure 3.4. Phosphatase activity of mutants D170N, D172N and D170N-D172N with (A) IMP
and (B) AMP at pH 8.0, in the presence of 2 mM ATP and at pH 5.0. Wild-type PfISN1 (WT)

activity is shown for reference. “No detectable activity.

While the mutants PFISN1_D170N and D170N-D172N showed pNPP-hydrolyzing
activity comparable to wild-type enzyme, D172N showed about 51-fold higher pNPP-
hydrolyzing activity than wild-type enzyme (Fig. 3.5A). Since D170 in motif | is
critical for catalysis, it was surprising that the PfISN1 mutants D170N and D170N-
D172N showed pNPP-hydrolyzing activity comparable to the wild-type enzyme.
However, the significant increase in pNPP-hydrolyzing activity of PFISN1_D172N was
even more surprising. Initial rate vs pNPP concentration plot was hyperbolic in nature.
Its Vimax Value for pNPP was 106-fold higher while its K, value was 4-fold lower than
wild-type enzyme (Fig. 3.5B). The catalytic efficiency (K./Kn) of PfISN1 D172N
mutant for pNPP was 420-fold higher than wild-type enzyme.
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Figure 3.5. (A) pNPP-hydrolyzing activity of wild-type PfISN1 (WT) and mutants D170N,
D172N and D170N-D172N of PfISN1, with 10 mM pNPP and 30 mM MgCl,. Y-axis has been
segmented for ease of visualization. (B) Initial rate vs substrate concentration plot for mutant
PfISN1_D172N with pNPP. Wild-type PfISN1 (WT) activity is shown for reference.

3.4.3. Effect of IMP on pNPP-hydrolyzing activity of the mutants.

In the presence of 0.5 mM IMP, the pNPP-hydrolyzing activity of PfISN1_D172N
was inhibited by about 100-fold, but PFISN1_D170N and D170N-D172N were not
significantly inhibited (Fig.3.6A), suggesting that D170 has a role in the binding of IMP
as well as its hydrolysis while D172 has a role only in catalysis. Products of IMP-
hydrolysis reaction inosine and orthophosphate, and substrate AMP did not inhibit the
enzyme (Fig. 3.6B).
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Figure 3.6. Inhibition of pNPP-hydrolysis activity of mutants PfISN1_D170N, D172N and
D170N-D172N in the presence of IMP. (A) % pNPP-hydrolyzing activity of the mutants (%SA)
in the presence of 0.5 mM IMP with activity in the absence of IMP regarded as 100%. 10 mM
pNPP and 30 mM MgCl, were used in the assay. Y-axis has been segmented for ease of
visualization. (B) % pNPP-hydrolyzing activity of PfISN1_D172N (%SA) in the presence of 0.1
mM of AMP, inosine and orthophosphate with activity of control regarded as 100%.
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A change in the intrinsic fluorescence spectrum of the mutants was also observed in
the presence of IMP. PfISN1_D170N did not show a change in its intrinsic fluorescence
spectrum while PfISN1_D172N and D170N-D172N showed quenching of intensity.
PfISN1 _D172N also showed a blue-shift in emission maxima (Amax) vValue (Fig. 3.7A-
C). PfISN1 _D170N-D172N showed 20% drop in fluorescence intensity while
PfISN1_D172N showed 50% drop in fluorescence intensity (Fig. 3.7D) and a blue-shift
of 5.5 £ 1.5 nm (Fig. 3.7E). Changes in the intrinsic tryptophan fluorescence spectra of
these mutants in the presence of IMP suggested a perturbation in the micro environment

of one or more tryptophan residues that might be involved in IMP binding.

3.4.4 Probing the role of D172 in pNPP-hydrolyzing activity of PFISNL1.

In order to further probe the role of D172 in the increased pNPP-hydrolyzing
activity of PfISN1_D172N, it was mutated to alanine. The mutant PFISN1_D172A was
cloned, expressed and purified by methods and conditions as followed for
PfISN1_D170N-D172N (see Appendix B, figure B1 for SDS-PAGE of the purified
protein).

3.4.4.1 Biochemical characterization of PFISN1 mutant D172A.

PfISN1_D172A did not show any IMP-hydrolyzing activity. It showed about 6-fold
higher and 52-fold lower pNPP-hydrolyzing activity compared to the wild-type and
PfISN1 _D172N enzyme, respectively (Fig. 3.8A). In the presence of IMP, its pNPP-
hydrolyzing activity was significantly inhibited by about 4-fold (Fig. 3.8B). ItS Viax
value for pNPP was 7-fold higher than wild-type enzyme but 14-fold lower than
PfISN1_D172N, while K, value was comparable to wild-type enzyme but 3-fold higher
than PfISN1_D172N (Fig. 3.8C). Overall, the catalytic efficiency (Kca/Kn) of
PfISN1_D172A for pNPP was 9-fold higher than wild-type enzyme but 45-fold lower
than PFISN1_D172N.
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Figure 3.7. Fluorescence emission spectra of mutants (A) PFISN1_D170N, (B) PfISN1_D172N
and (C) PfISN1_D170N-D172N in the absence and presence of 0.5 mM IMP. Fluorescence
intensity is represented in arbitrary units (A.U.). (D) Ratio of fluorescence intensities (Fi/F,)
where F; and F, are fluorescence intensities at emission maxima (An.,x) wavelength, in the
presence and absence of 0.5 mM IMP, respectively. The values have been corrected for inner
filter effect (see ‘materials and methods’ section for details). (E) Emission maxima (Anax)
wavelength values of the fluorescence spectra.
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Figure 3.8. Biochemical characterization of PFISN1_D172A. (A) pNPP-hydrolyzing activity of
wild-type PfISN1 (WT) and mutants D170N, D172N, D170N-D172N of PfISN1, with 10 mM
pNPP and 30 mM MgCl,. Y-axis has been segmented for ease of visualization. (B) Inhibition of
pNPP-hydrolysis activity of mutants PFISN1_D172N and PfISN1_D172A in the presence of 0.5
mM IMP. (C) Initial rate vs substrate concentration plot for mutant PFISN1_D172A with pNPP.

PfISN1_D172A also showed quenching of fluorescence intensity and blue-shift in
the Amax Vvalue in the presence of IMP (Fig. 3.9A). However, compared to
PfISN1_D172N, it showed only a 22% drop in fluorescence intensity (Fig. 3.9B) and a
blue-shift in the An.x value of 3.5 nm (Fig. 3.9C). Overall, the changes in its intrinsic

fluorescence spectra were similar to that observed for PfISN1_D172N but to a lesser

magnitude.
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Figure 3.9. Intrinsic fluorescence spectrum of PfISN1_D172A. (A) Fluorescence emission
spectra of PfISN1_D172A in the absence and presence of 0.5 mM IMP. Fluorescence intensity
is represented in arbitrary units (A.U.). (B) Ratio of fluorescence (Fi/F,) where F; and F, are
fluorescence intensities at emission maxima (An.) Wavelength, in the presence and absence of
0.5 mM IMP, respectively. The values have been corrected for inner filter effect (see ‘materials
and methods’ section for details). (C) Emission maxima (Am.) wavelength values of the
fluorescence spectra.

3.4.4.2 Comparative biochemical properties of PFISN1 mutants D172N and
D172A.

For substrate pNPP, the catalytic efficiencies of PfISN1_D172N and D172A were
418-fold and 9-fold higher than wild-type enzyme, respectively (see Appendix B, Table
B1 for kinetic parameters). Both the mutants showed inhibition of pNPP-hydrolysis
activity in the presence of IMP, with PFISN1_D172N being inhibited to a significantly
greater extent. Their affinity for IMP was quantified by using a one-site binding model
to estimate the binding constant (Ky) value, which was 23-fold lower for
PfISN1_D172N (Fig. 3.10A) than that for PfISN1_D172A (Fig. 3.10B).
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Figure 3.10. Inhibition vs IMP concentration plots for mutants (A) PfISN1_D172N and (B)
PfISN1_D172A with their K4 values. 10 mM pNPP and 30 mM MgCl, were used in the assay.
See ‘materials and methods’ section for details.

D172 is the second aspartate of motif | and plays a crucial role in catalysis in HAD
proteins. The mutant PfISN1_D172N was inactive with IMP but showed increased
pNPP-hydrolyzing activity compared to wild-type enzyme. Although pNPP is not a
physiological substrate, it is widely used as a generic substrate to detect phosphatase
activity. Although alkaline and phosphatases have primarily been reported to hydrolyze
pNPP with a high turnover (Kc), other phosphoesterases including 5’-nucleotidases,
sugar phosphatases and protein arginine phosphatases have also been reported to
hydrolyze pNPP with a k.,; value comparable to or greater than PfISN1 enzyme (Table
3.5). Enzymatic studies on various HAD members had demonstrated that mutation of
the second aspartate in motif | resulted in a complete loss of enzyme activity (Table
3.1). However, the impact of the mutation on pNPP-hydrolyzing activity was not
reported in these studies except for one on an alkaline phosphatase from Anabaena sp.
wherein mutation of an Asp25 residue, involved in Mg?* coordination, to alanine led to

a 30% increase in pNPP-hydrolyzing activity of the enzyme (Luo et al., 2010).
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Table 3.5. Phosphatase activity of various HAD members with pNPP".

Enzyme Organism keat (s€C™H) Assay conditions
alkaline phosphatase® E. coli 12 25°C, pH 8.0, wild-type enzyme
alkaline phosphatase® H. sapiens 971 pH 10.5, wild-type enzyme

acid phosphatase® A. thaliana 162 37°C, pH 4.5, wild-type enzyme
5’-nucleotidase® E. coli 41 22°C, pH 7.0, wild-type enzyme
ISN1° P. falciparum 0.002 25°C, pH 8.0, wild-type enzyme
ISN1° P. falciparum 0.28 25°C, pH 8.0, D172N mutant enzyme
nu?ller:)rpilidalsne% P. falciparum 25 37°C, pH 8.0, wild-type enzyme
PNPPasef P. berghei 18.5 37°C, pH 8.0, wild-type enzyme
bro%dhzggﬁgt';;g P. vivax 0.002 27°C, pH 8.0, wild-type enzyme
cN-11" L. pneumophila 0.001 27°C, pH 8.0, wild-type enzyme
sugar phosphatase' B. subtilis 0.012 37°C,pH 7.0
glycerol;r;ggsﬁgtt;as’g M. tuberculosis 1 22°C,pH 7.0
deoxynucleotidaSe; E. coli 0.56 37°C, pH 8.0, presence of Co?*
pm;ﬁ:&%ﬁ?{;g:ﬁ G. stearothermophilus 1.12 25°C, pH 7.6, wild-type enzyme

“FOOTNOTE: % O’Brien et al., 2008), °(Numa et al., 2008), °(Kuang et al., 2009), %(Krug et al.,
2013) °(this study), '(Nagappa and Balaram), %(Srinivasan et al., 2015), "(Srinivasan et al.,
2014), '(Godinho and de S&-Nogueira, 2011), !(Larrouy-Maumus et al., 2013), ¥(Proudfoot et al.,
2004), '(Fuhrmann et al., 2013).

3.5 Conclusion

An in silico study had reported that ISN1s belong to the HAD superfamily of
proteins and contain the four conserved HAD motifs. The position of these motifs in
ISN1 sequences differs significantly from other HADs but is largely conserved within
ISN1s. Motif | (DX,DX,T/V) plays a central role in catalysis wherein the first aspartate
is involved in nucleophilic attack on the phosphate group while the second aspartate is
involved in coordinating Mg®* ion. In PfISN1, mutating these two aspartates (D170 and
D172) to asparagine led to a complete loss of IMP-hydrolyzing activity in the enzyme.
This is the first biochemical evidence of an ISN1 family protein belonging to the HAD
superfamily. Interestingly, both PfISN1_D172N and PfISN1_D172A showed a
significant increase in pNPP-hydrolyzing activity compared to the wild-type enzyme
with PfISN1_D172N showing higher activity than the Ilatter. However, neither
PfISN1_D170N nor PfISN1_D170N-D172N showed any change in pNPP-hydrolyzing
activity compared to the wild-type enzyme. Both PfISN1_D172N and PfISN1_D172A
showed inhibition of pNPP hydrolysis activity by IMP with PfFISN1_D172N showing a
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stronger affinity for IMP than the latter. However, neither PfISN1_D170N nor
PfISN1_D170N-D172N showed inhibition by IMP. This observation is also supported
by fluorescence studies wherein there was a quenching of fluorescence intensity and a
blue-shift in emission maxima of the intrinsic tryptophan fluorescence of
PfISN1 _D172N and PfISN1 _D172A in the presence of IMP, while that of
PfISN1_D170N and PfISN1_D170N-D172N did not change significantly.

The above results suggest that D170 is involved in binding of IMP as well as its
catalysis while D172 is involved only in its catalysis. Mutating D172 had an impact on
pPNPP-hydrolyzing activity as well as the affinity for IMP, both of which are positively
correlated, suggesting a critical and previously uncharacterized role of D172 in pNPP
hydrolysis. Since the impact of this mutation on pNPP-hydrolyzing activity has not
been reported in studies on other HAD members, it is possible that this novel role might
exist in other HAD members as well. Due to its strong affinity and no detectable
activity with IMP, PFISN1_D172N was also used to obtain crystal structure of IMP-
bound protein, as described in chapter 4.
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Structure-function studies on PfISN1: analysis

of crystal structure and the role of key residues
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4.1 Abstract

In order to understand the structure-function relationship of the protein, a structural
solution of PfFISN1 protein was obtained by x-ray diffraction. In collaboration with Prof.
Nushin Aghajari (Lyon, France), crystal structures of PfFISN1 protein were solved in apo
and liganded (IMP-Mg®*, ATP) forms. In order to reduce intrinsic disorder in the
protein, terminal deletion constructs were generated which showed interesting
functional properties. The overall quaternary structure of the protein, its various
domains, conformational changes induced upon ligand binding and the role of several
key residues are discussed in this chapter. The primary objective was to generate
mutants of these residues by site-directed mutagenesis and analyze their role in enzyme
function through kinetic assays.

4.2 Introduction

ISN1 family of proteins is a unique subset of HAD superfamily proteins, limited to
the eukaryotic kingdom. It is present predominantly in several species of fungi and a
few species of apicomplexans and lower plants. The yeast ISN1 protein was the first of
the family to be biochemically characterized. However, no crystal structure of an ISN1
protein is currently available. Apart from the 4 conserved motif stretches, ISN1
sequences do not share sequence homology with cytosolic nucleotidases (cN) or other
HAD members. However, there is significant sequence homology within the ISN1
family members. Apart from motif residues, there are several other invariant and highly

conserved residues present whose role is yet unknown (Table 4.1).

Table 4.1. List of invariant and highly conserved residues present in ISN1 sequences .

Residue Conservation Residue variety Residue Conservation Residue variety
before motif |
£91 highly E (94%), S (4%), Q L152 highly L (96%), F (1%),
conserved (2%) conserved M (1%), N (1%)
highly o o highly o o
L106 conserved L (99%), | (1%) N153 conserved N (97%), G (3%)
L120 highly L (99%), M (1%) A155 invariant A
conserved
highly 0 0 highly 0 0
Al125 conserved A (99%), G (1%) Q156 conserved Q (94%), T (6%)
. . highly L (92%), M (7%),
R138 invariant R L166 conserved F (1%), A (1%)
P143 invariant p T168 highly T (97%), S (3%)
conserved
. . highly F (98%), L (1%),
F145 invariant F F169 conserved M (1%)
R149 invariant R

(table continued on next page)
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motif |
D170 invariant D T174 invariant T
D172 invariant
after motif |
highly 0 0 highly 0 0
L175 conserved L (97%), | (7%) D178 conserved D (99%), H (1%)
Y176 invariant Y G179 invariant G
motif Il
highly V (95%), L (3%), . .
V203 conserved C (1%), A (1%) T204 invariant T
after motif 11
A205 invariant A R304 invariant R
A206 invariant A K305 invariant K
Y208 invariant Y G310 invariant G
Y215 invariant Y (98%), F (2%) E333 invariant E
.. highly 9 0
R218 invariant R L335 conserved L (99%), W (1%)
] ] highly
R245 invariant R E336 E (99%), D (1%)
conserved
highly L (95%), V (1%), F highly 0 0
L219 conserved (3%), M (1%) E337 conserved E (99%), D (1%)
L2292 highly L (92%), | (7%), F V339 highly V (91%), A (5%), S
conserved (1%) conserved (3%), C (1%)
G243 invariant G F358 invariant F
G244 invariant G G360 invariant G
E245 invariant E G361 highly G (99%), N (1%)
conserved
highly . .
N247 N (93%), S (7%) D363 invariant D
conserved
highly . .
W266 W (99%), F (1%) D367 invariant D
conserved
] ] highly
L282 invariant L G369 G (98%), A (2%)
conserved
1289 highly L (91%), F (8%), |
conserved (1%), C (1%)
motif I11
K371 invariant K
after motif 111
G374 invariant G H391 after motif 111 invariant
highly Q (97%), M (1%), | . .
Q379 conserved (1%), L (1%) G393 invariant G
motif IV
D394 invariant D G400 highly G (98%). 1 (1%), S
conserved (1%)
highly 0 0 . .
Q395 conserved Q (91%), R (9%) N401 invariant N
F396 invariant F D402 invariant D

(table continued on next page)
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after motif IV

R406 highly R (99%), G (1%) Pa17 invariant p
conserved
Ta11 highly T (92%), C (5%), | E419 highly E (98%), N (1%),
conserved (1%), V (1%) conserved A (1%)
highly W (98%), Y (1%), highly T (98%), V (1%),
wals conserved M (1%) 7420 conserved Y (1%)

"FOOTNOTE: Residue numbering is based on PfISN1 sequence. Position is relative to motif (I-
V) stretches. Only residues at each position with >90% conservation (total 150 sequences) are
included in the table.

X-ray crystallography is the most widely used technique available for the
visualization of macromolecular structures at atomic resolution. Crystal structures
provide information about the overall fold and domain architecture as well as a map of
residue interactions in the protein. Ligand-bound structures provide information about
residues interacting with the ligand. Comparative analysis of the apo and liganded
structures provides information about conformational changes induced upon ligand
binding. Residues interacting with the substrate in the ligand—bound crystal structure
could play an important role in substrate binding and catalysis, whose significance can
be examined by site-directed mutagenesis, in which the DNA sequence coding for the
protein in the plasmid vector is mutated by PCR using synthetic oligodeoxynucleotide
primers, leading to the expression of mutated protein. The technique was first used
about 3 decades ago by M. Smith et. al. for mutating a cysteine residue in tyrosyl tRNA
synthetase (Winter et al., 1982; Wilkinson et al., 1983). In recent times, with the easy
availability of custom-synthesised oligodeoxynucleotides, it has become increasingly
convenient to use this approach to study the structural and functional impact of a
specific amino acid residue in the protein. Wild-type and various mutant constructs of
PfISN1 were sent to our collaborative group lead by Prof. Nushin Aghajari (CNRS-
University of Lyon, France) for solving the crystal structures of PfISN1 in apo and
liganded forms. Of all the mutants inactive on the substrate IMP, PFISN1_D172N was
selected for obtaining IMP-bound crystals due to its high affinity for IMP (Chapter 3).

4.3 Materials and methods
4.3.1 Dynamic light scattering (DLS) measurements.

The experiments were performed on a Nano Zetasizer (Malvern Instruments Ltd.,
Worcestershire, UK) with a He—Ne laser, operating at 532 nm. The scattering signal for
size analysis was measured at 90°. All measurements were carried out at 25 °C in
protein size measurement mode. Each measurement was an average of 10 different

scans between 0.5 and 10" ps. Refractive index of water and solvent viscosity were set
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to 1.33 and 0.8872, respectively. An exponential decay function was generated from the
scattering data and the rate of decay of this function was used to calculate translational
diffusion coefficient, Dt. The hydrodynamic radius of a spherical particle is then

calculated from Dt using Stokes-Einstein equation.

4.3.2 Homology modeling

PfISN1 protein model was predicted by homology modeling using I-TASSER server
(Roy et al., 2010). Details of the threading templates used and their homology with
PfISN1 sequence is given in Table 4.2.

Table 4.2. Threading templates used by I-TASSER modelling server for PfISN1.

5 - -
e ot ettt | S = | Amtates ot Furction

1 4bnd 15 1.82 a-phosphoglucomutase

2 4ofz 17 1.64 trehalose-6-phosphate phosphatase
3 317y 13 2.00 putative uncharacterized protein

4 2vgl 23 1.34 AP2 clathrin adaptor core

5 4bnd 15 1.26 a-phosphoglucomutase

6 1jdh 16 1.31 B-catenin and HTCF-4

7 4bnd 15 1.24 a-phosphoglucomutase

I CE 18| et
9 4bnd 15 2.00 a-phosphoglucomutase

10 4bnd 15 0.97 a-phosphoglucomutase

4.3.3 Generation of mutants and deletion constructs by site-directed
mutagenesis.

The various mutants described in this chapter were generated by a ligation-free
cloning method also called as Advanced Quick Assembly (AQUA) cloning (Beyer et
al., 2015). A schematic of the scheme has already been described (Materials and
methods section, Chapter 3). The deletion mutants PfISN1_AN30, AN30-D172N, ANG60,
AN102, AC10, AC10-H150V and AN30-AC10 were generated by a ligation-dependant
cloning procedure. A schematic is described in Figure 4.2. A step-wise procedure is
briefly described here. Through PCR-driven overlap extension in step-1, the insert
fragment with an N-terminal or C-terminal deleted region was generated from the
parental wild-type plasmid (D172N mutant plasmid and H150V mutant plasmid were
used as templates for AN30-D172N and AC10-H150V, respectively) and by PCR using

one primer downstream of the deletion region and another being the forward/reverse
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cloning primer which was used originally to clone the gene into pET21b plasmid from

the cDNA. Both the primers contained restriction sites at their 5’ ends. In step II, the

deletion fragment was digested with the restriction enzymes and ligated with pET21b

plasmid (backbone vector) which was also digested with the same restriction enzymes.

The ligated product was now transformed into E. coli XL-1 Blue strain. Positive clones

were identified by PCR using gene-specific primers and the deletion was further

confirmed by DNA sequencing. The list of primers used for generation of mutants as

well as deletion constructs is given in Table 4.4.

Ligation-dependent terminal deletion cloning
StepI PCR-driven overlap extension

N-terminal deletion OR C-terminal deletion

@ - ->

*—>

Amplicon

<« <--9

Amplicon

Step IT Ligation

®
®
o

pET21b

Legend

® Restriction enzyme site
—> Cloning forward primer - --> Deletion forward primer
<— Cloning reverse primer  <--- Deletion reverse primer

Figure 4.2. Schematic representation of cloning procedure for terminal deletion constructs.

Table 4.4. Mutagenic primers for site-directed mutagenesis of various mutants and

deletion constructs.

K41L

Forward primer

5’-GATAGAAATGTTATGAATTCAGATATGTTAAAAAATATTGTTCAGTGGA

ATAG-3’

Reverse primer

5’-CTATTCCACTGAACAATATTTTTTAACATATCTGAATTCATAACATTTCT

ATC-3’

H150V

Forward primer

5’-CAACATTCAATGAAGTTAGGGTTATACTTAATCTTGCTCAAATTTTG-3’

Reverse primer

5’-CAAAATTTGAGCAAGATTAAGTATAACCCTAACTTCATTGAATGTTG-3’

(table continued on next page)
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Y176L

Forward primer

5'-GATGCTGACGAAACGCTATTACCGGATGGTCATGATTTTAATG-3'

Reverse primer

5'-CATTAAAATCATGACCATCCGGTAATAGCGTTTCGTCAGCATC-3'

D178V

Forward primer

5’-GACGAAACGCTATATCCGGTTGGTCATGATTTTAATG-3’

Reverse primer

5’-CATTAAAATCATGACCAACCGGATATAGCGTTTCGTC-3’

R218L

Forward primer

5'-GCAGAAAAATACCAAAAACTATTAGAGAATTTGTTAAAATATTTTTC-3'

Reverse primer

5'-GAAAAATATTTTAACAAATTCTCTAATAGTTTTTGGTATTTTTCTGC-3'

D363V

Forward primer

5’-CATTTAATGGAGGACAGGTTTTATGGGTAGACGTTG-3’

Reverse primer

5’-CAACGTCTACCCATAAAACCTGTCCTCCATTAAATG-3’

W365L

Forward primer

5'- GGATTTATTGGTAGACGTTGGTAATAAAGCGG -3

Reverse primer

5'- CGTCTACCAATAAATCCTGTCCTCCATTAAATG -3

W365Y

Forward primer

5'-GGAGGACAGGATTTATATGTAGACGTTGGTAATAAAG-3'

Reverse primer

5-CTTTATTACCAACGTCTACATATAAATCCTGTCCTCC-3'

W365F

Forward primer

5'-GGAGGACAGGATTTATTCGTAGACGTTGGTAATAAAG-3'

Reverse primer

5-CTTTATTACCAACGTCTACGAATAAATCCTGTCCTCC-3'

D367V

Forward primer

5’-GACAGGATTTATGGGTAGTCGTTGGTAATAAAGCG-3’

Reverse primer

5’-CGCTTTATTACCAACGACTACCCATAAATCCTGTC-3’

D394V

Forward primer

5’-GAAATGTTGTCATATCGGTGTTCAGTTCTTACACTCAG-3’

Reverse primer

5’-CTGAGTGTAAGAACTGAACACCGATATGACAACATTTC-3

Q395L

Forward primer

5’-GTCATATCGGTGATCTGTTCTTACACTCAGGAAATG-3’

Reverse primer

5’-CATTTCCTGAGTGTAAGAACAGATCACCGATATGAC-3’

F396L

Forward primer

5’-CATATCGGTGATCAGTTATTACACTCAGGAAATGATTTTC-3’

Reverse primer

5’-GAAAATCATTTCCTGAGTGTAATAACTGATCACCGATATG-3’

H398V

Forward primer

5’-CATATCGGTGATCAGTTCTTAGTCTCAGGAAATGATTTTCC-3’

Reverse primer

5’-GGAAAATCATTTCCTGAGACTAAGAACTGATCACCGATATG-3’

(table continued on next page)
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D402V

Forward primer 5’-GTTCTTACACTCAGGAAATGTTTTTCCAACAAGATTTTGTAG-3’

Reverse primer 5’-CTACAAAATCTTGTTGGAAAAACATTTCCTGAGTGTAAGAAC-3’

R406L

Forward primer 5'-CAGGAAATGATTTTCCAACATTATTTTGTAGTTTAACATTATG-3'

Reverse primer 5'-CATAATGTTAAACTACAAAATAATGTTGGAAAATCATTTCCTG-3'

W413L

Forward primer 5-GTAGTTTAACATTATTGGTTAGCAACCCTCAAG-3'

Reverse primer 5-CTTGAGGGTTGCTAACCAATAATGTTAAACTAC-3'

AN30
. 5'-CGGGATCCGATAGAAATGTTATGAATTCAGATATGAAAAAAAATATTGT
Forward primer TC-3'
AN60
. 5’-CGGGATCCAGTTTGATCATGTTTCTTGTAGAAATATTTAGATCTCTTTTT
Forward primer ,
GTATCC-3
AN102

Forward primer 5’-CGGGATCCCATAGTCGACTGAAATATTTGATAGATGATG-3’

AC10

5’-GGAAGCTTTTATGATTTTATGTTTAAATGCATTATACTCTTTAAGCATGC

Reverse primer TTTAG-3'

Other primers

Forward Cloning 5'-CGGGATCCAAGAATTTGGACATAAATACATTCGATAATATTGAAGATA

primer TTCC-3'
Reverse Cloning 5'-GGAAGCTTTTATTGATTTTCATATAAAACTTCCGGAATAAATGATTTTA
primer TG-3'

T7 promoter primer | 5-TAATACGACTCACTATAGGG-3'

T7 terminator primer | 5'-GCTAGTTATTGCTCAGCGG-3'

4.3.4 Purification of mutants and deletion constructs.

All mutants and deletion constructs were purified under conditions similar to wild-
type protein.
Denaturing  Ni-NTA™  chromatography —— For PfISN1_AN102, Ni-NTA™
chromatography was also performed under denaturing conditions. Briefly, the harvested
culture was lysed by mechanical shearing using French Press® with buffer conditions
similar to wild-type and centrifuged at 16,000 x g for 45 min. The pellet obtained was
solubilised in the same buffer containing 6 M guanidinium hydrochloride and
centrifuged at 13,000 x g for 30 min. PfISN1_AN102 in the supernatant was purified
using Ni-NTA™ chromatography. The protein was then eluted with 500 mM imidazole
containing 6 M guanidinium hydrochloride and dialysed with buffer containing
guanidinium hydrochloride. To allow refolding, the concentration of guanidinium

hydrochloride was reduced in successive decrements of 4, 3, 2, 1.3, 0.8, 0.5, 0.3, and 0

77




Chapter Four. Crystal structure of PfISN1.

M, respectively. Finally, the dialysed sample was centrifuged at 13,000 x g for 30 min
after which the supernatant and pellet were examined by SDS-PAGE.

4.3.5 Rendering of three-dimensional structure figures.
Structure figures were rendered using PyMoL (DeLano Scientific LLC,

http://pymol.sourceforge.net/) and Chimera.

4.3.6 Isothermal titration calorimetry.

Binding constant, stoichiometry and associated thermodynamic parameters were
determined for the PfISN1 D172N-IMP complex using a VP-isothermal titration
calorimeter (ITC) (Microcal, Inc., Northampton, MA, USA). The protein was
extensively dialyzed against buffer containing 50 mM Tris-HCI, pH 8.0, 100 mM NacCl
and 10% w/v glycerol prior to use. Stock solution of ligand IMP was made in the same
buffer. IMP additions were done at 25 °C by step-wise addition of small volumes (10
ul) of ligand stock (IMP at a concentration of 2 mM) to PfISN1 (80 uM) in the sample
cell. A control experiment was performed in which the ligand at the same concentration
was diluted against buffer alone in the sample cell in order to obtain the heat of
dilution. The raw calorimetric signals were integrated and corrected for the heat of
dilution of IMP. The resulting corrected binding isotherms were subjected to nonlinear
least squares analysis using ORIGIN® software (Malvern Instruments, Malvern, U.K.)
and fit to a single-site model to obtain the association constant K, binding enthalpy AH,

binding stoichiometry N and entropy AS.

4.3 Results and Discussion

Expression constructs of PfISN1 wild-type full-length and truncated forms, and
various mutants inactive on substrate IMP were provided to our collaborative group in
France, lead by Prof. Nushin Aghajari (CNRS-University of Lyon, France). As
mentioned in Chapter 2, higher order aggregates were observed during analytical size-
exclusion chromatography, supported by dynamic light scattering (DLS) experiment,
wherein polydispersivity indicated non-homogeneity in size of the protein in solution
(Fig. 4.1).
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Figure 4.1. Particle size distribution profile of 3 independent PfISN1 wild-type protein samples
(red, green and blue curves) by DLS measurement. Presence of more than one peak indicates
polydispersed sample.

4.3.1 Removal of N- and C-terminal disordered regions.

Several proteins have regions with high flexibility even in their native state. Such
regions, called as intrinsically disordered regions, could lead to protein aggregation and
precipitation, leading to difficulties in crystallization. Disordered regions in PfISN1
were predicted based on the protein sequence using PrDOS server (lIshida and
Kinoshita, 2007). In the residue-wise disorder profile, the N-terminal region of ~30
residues and the C-terminal region of ~10 residues showed a higher disorder probability
(Fig. 4.2).
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Figure 4.2. Residue disorder profile of PfISN1 protein obtained by plotting disorder probability
vs residue. 30 residues from the N-terminal and 10 residues from the C-terminal are underlined.
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Truncation of disordered terminal regions in proteins is a common practice adopted
in order to improve upon the solubility, stability and homogeneity of the protein in
solution (Yeh et al., 1996; Chen et al., 1998; Martin et al., 2000). Based on the
predicted disordered regions, a set of three terminal truncated protein constructs were
designed: PfISN1 _AN30 with a truncation of 30 residues from N-terminus,
PfISN1_AC10 with a truncation of 10 residues from C-terminus and PfISN1 AN30-
AC10 with a combined truncation of AN30 and AC10. Cloning procedure is described in
Materials and Methods section 4.4.3. All the deletion constructs were expressed and
purified under conditions identical to the wild-type protein (Fig. 4.3A) and utilized for
biochemical studies and crystallization. Preliminary Kinetic assays were carried out for

all the 3 deletion constructs.

A B
N30 C10 N30-C10 30 -
. pH8 -
E E ‘ E ﬁlm 0 pH5
S 3 ATP
< 201 o
R=
T e
©
- N o | | 5
(<ft> H
0- T s | T . H'Tll_
WT AN30 AC10  AN30-AC10

Figure 4.3. (A) SDS-PAGE showing the eluted fraction (labeled as E) of the deletion constructs
PfISN1_AN30, AC10 and AN30-AC10 after Ni-NTA™ chromatography. Histogram of (B) IMP-
hydrolyzing activity with 10 mM IMP at pH 8.0 with and without 2 mM ATP and with 0.5 mM
IMP at pH 5.0. SA indicates specific activity.

At pH 8.0, PfISN1 AN30 and ACI0 showed 3-fold and 6-fold higher IMP
hydrolyzing activity as compared to wild-type enzyme, respectively. PfISN1 AN30-
AC10 however showed 3-fold lower IMP hydrolyzing activity as compared to wild-type
enzyme. At pH 5.0, PfISN1 AN30 and AC10 showed 3-fold and 4-fold higher IMP
hydrolyzing activity as compared wild-type enzyme, respectively. However,
PfISN1_AN30-AC10 showed 5-fold lower IMP hydrolyzing activity compared to the
wild-type enzyme. At pH 8.0, PfISN1_AN30 and AC10 showed inhibition by ATP.
PfISN1_AN30 and AC10 showed 10-fold and 5-fold lower IMP hydrolyzing activity in
the presence of ATP, respectively. However, PfISN1 AN30-AC10 was activated by
ATP and showed 5-fold higher IMP hydrolyzing activity in the presence of ATP (Fig.

4.3B).
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Removal of N-terminal segment — From homology-based modeling studies, an N-
terminal segment of ~100 residues was found to be highly flexible and disordered (Fig.
4.4A) and lacked significant conservation (Fig. 4.4B). Removing this segment could
improve protein solubility and stability. A deletion construct PfISN1_AN102 was
generated in this regard. Under wild-type conditions, the protein was expressed but
found in insoluble fraction after cell lysis. The theoretically calculated isoelectric point
(pI) of the AN102 deletion construct is 8.5 as compared to 6.9 for wild-type protein.
Hence, attempts to purify the protein at pH 7.4, 7.0 and 6.5 were also made. However,
the protein was found in insoluble fraction under all these conditions (Fig. 4.5A).
During denaturing Ni-NTA™ chromatography, the protein precipitated during refolding
by dialysis (Fig. 4.5B). Removal of the 102-residue segment at the N-terminus, leading
to loss of protein solubility suggests that although the N-terminal segment has no
significant conserved residues, it is important for structural integrity of the protein.
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Figure 4.4. (A) PfISN1 protein model predicted from PfISN1 sequence by homology modeling
using i-TASSER server. The different domains highlighted are N-terminus (blue), core (green)
and cap (orange) domain. Motif | loop is highlighted in magenta. (B) Multiple sequence
alignment of N-terminal segment in ISN1 up to 100 residues (PfISN1 numbering).
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Figure 4.5. SDS-PAGE of PfISN1_AN102 protein. (A) Pellet (I.F.) and supernatant (S.F.) after
cell lysis at various pH. (B) Pellet (I.F.) and supertanant (S.F.) of dialyzed sample after
denaturating Ni-NTA™ chromatography. See Materials and methods section for details. I.F.,
insoluble fraction; S.F., soluble fraction.

4.3.2 Quaternary structure and domain architecture in PFISN1.

Crystal structures were solved for the wild-type full-length active enzyme in apo-
and ATP-bound forms, and for the inactive mutant PfISN1_D172N (full-length) bound
with IMP-Mg?, to 2.6 A, 2.5 Aand 3.1 A resolution, respectively. These are the first
crystal structures to be obtained for an ISN1 family protein. All the solved structures
adopted a tetrameric assembly which is in agreement with the oligomeric state of the
protein determined in solution in Chapter 2. In a tetramer, each subunit consists of four
domains, viz., N-Terminal Domain (NTD) from M1 to D60, oligomerization Domain
(OD) from S61 to T143, core (catalytic) domain from F144 to K270 and from K371 to
Q444, and the cap domain from K271 to N370 (Fig. 4.6A). The core domain contains
the catalytic/active site pocket that possesses the four highly conserved motifs
characteristic to the HAD superfamily. It displays an o/f Rossmann-like fold with a
seven parallel B-strands surrounded by eight a-helices. The cap domain is composed of
four anti-parallel B-strands and two o-helices. From the top-view, the tetrameric
assembly is ‘X’ shaped (Fig. 4.6B) and from the side-view, it has a central cavity (Fig.
4.6C). Two different dimeric interfaces are formed in the tetrameric assembly. ‘Dimer
interface 1’ is formed by the interaction of the OD of one subunit with the cap domain

of another subunit. ‘Dimer interface 2’ is formed by the ODs of two subunits (Fig. 4.7).
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Figure 4.6. Crystal structure of PfISN1-apo protein. (A) Monomeric subunit structure with
various domains highlighted in different colors. Tetrameric assembly of PfISN1-apo protein
with (B) top view and (C) side view. Schematic representation of domain architecture is shown
below in panels B and C. NTD is encircled and labeled as ‘N-Ter’.
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(Subunit a)

A\Y

Interface 1

Figure 4.7. Dimer interfaces in the tetrameric assembly of PfISN1-apo structure. Black-dashed
lines in the left panel represent dimer interface 1 formed by the interaction between the OD of
subunit B and the cap domain of subunit a. Subunits y and 3 reside behind subunits o and B,
respectively. The red-dashed area defines the cavity accommodating an NTRD from subunit .
Black-dashed lines in the right panel represent the dimer interface 2 formed by the interaction
between the ODs of subunits g and .

In the PfISN1-apo structure, the cavity in the dimeric assembly shown in Figure
4.7A has space for only one NTD from one of the subunits to be accommodated, forcing
the other NTD of the other subunit to be located elsewhere. Therefore, in the tetrameric
assembly, two of the NTDs are structured while the other two are unstructured. The two
unstructured NTDs are situated on the same side in the tetramer (for e.g., subunits a and
y in Fig. 4.7, left panel). This unusual asymmetry in the NTD led to the further
investigation of its role in enzyme function. A deletion construct PfISN1_AN60 was
generated wherein the entire NTD was removed. This truncated enzyme showed no
detectable activity with IMP at pH 8.0 in the presence or absence of ATP. At pH 5.0, it
showed 5-fold lower activity than the wild-type enzyme (Fig. 4.8). A detailed kinetic
characterization of the PfISN1_AN30 enzyme (see section 4.3.1) revealed that at pH
8.0, the enzyme had a 2-fold higher V5. and 2-fold lower K, than the wild-type
enzyme, increasing its catalytic efficiency 5-fold higher than the wild-type enzyme. At
pH 5.0, the enzyme had a 6-fold increase in V. and a 9-fold increase in K, having no
significant change in catalytic efficiency as compared to the wild-type enzyme (Fig.
4.9). These functional properties of PfISN1 AN30 and AN60 suggest a significant

regulatory role of NTD in enzyme function.
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Figure 4.8. IMP hydrolyzing activity of AN60 at pH 8.0, pH 5.0 and at pH 8.0 in the presence
of ATP. 10 mM IMP at pH 8.0, 0.5 mM IMP at pH 5.0 and 2 mM ATP were used in the assay.

SA indicates specific activity. “No detectable activity.

4.3.3 Active site architecture in PfISN1

In the PfISN1_D172N-IMP-Mg*" structure, the active site is mainly composed of
conserved residues from the four HAD motifs, and by W365 which is situated on -
strand H in the cap domain. Examination of ISN1 sequence alignments indicated two
residues, Y176 and D178, at the C-terminus of motif | and R218 at the C-terminus of
motif Il that are invariant. Y176L and R218L interact with D172 (motif | aspartate)
while D178 coordinates the sugar moiety of IMP. The base moiety of the nucleotide is
mainly stabilized by a n-stacking interaction with W365 and by three hydrogen bonds to
A205, S207 and D367 (Fig. 4.10).
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Figure 4.9. Kinetic parameters (Vmax and Ky) of PfISN1_AN30 at (A-B) pH 8.0 and (C-D) pH
5.0. See appendix C for initial rate vs IMP concentration plots and kinetic parameter values.

Figure 4.10. Active site pocket in PfISN1_D172N IMP-Mg?* bound structure showing residues
interacting with IMP.
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The 2’ and 3’ hydroxyl groups of the sugar moiety form hydrogen bonds with D178,
D363 and W365 (Fig. 4.10). At pH 8.0, mutants PfISN1_Y176L and D178V showed
12-fold and 6-fold lower IMP-hydrolyzing activity, respectively, while PFISN1_R218L
was inactive on IMP. At pH 5.0, PfISN1_Y176L and R218L showed 10-fold and 23-
fold lower activity, respectively, while PfFISN1_ D178V showed activity comparable to
wild-type enzyme. PfISN1 D363V showed 10-fold lower IMP-hydrolyzing activity at
pH 8.0 while PfISN1_D367V was inactive on IMP (Fig. 4.11).
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Figure 4.11. IMP hydrolysis activity of mutants PfISN1_Y176L, D178V, R218L, D363V and
D367V at pH 8.0 in the presence and absence of ATP and at pH 5.0. 10 mM IMP at pH 8.0, 0.5

mM IMP at pH 5.0 and 2 mM ATP were used in the assay. “No detectable activity; (’DAssay with
ATP not performed due to poor activity at pH 8.0.

The possible role of W365 in m-stacking interaction with the base moiety of IMP
was envisaged before the availability of the IMP-bound crystal structure. In the
homology-modeled structure, W365 from the cap domain was positioned towards the
active site cavity, marked by motif | residues D170 and D172 (Fig. 12A). W365 is not a
highly conserved residue. However, the aromaticity is conserved at that position, with
some ISN1 sequences containing phenylalanine instead of tryptophan (Fig. 12B).
Trp365 was mutated to a non-aromatic hydrophobic residue leucine as well as to
aromatic residues phenylalanine and tyrosine. While PFISN1_W365L was inactive with
IMP, both PFISN1_W365Y and W365F showed IMP-hydrolyzing activity comparable to
the wild-type enzyme, suggesting that an aromatic nature of the residue was critical for
IMP binding (Fig. 4.12C). The =n-stacking interaction of W365 with IMP in the IMP-

bound crystal structure has been described in Figure 4.10.
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Figure 4.12. (A) Position of W365 in homology-modeled structure, along with motif | residues
D170 and D172. The core domain, cap domain and N-terminal segment are highlighted as green,
orange and blue respectively. (B) Multiple sequence alignment (PfISN1 numbering)
highlighting conservation of residues at W365 position (black arrow). (C) IMP hydrolyzing
activity of mutants PfISN1_W365L, W365Y and W365F at pH 8.0 (10 mM IMP) and 5.0 (0.5

mM IMP). “No detectable activity.

The phosphate moiety of IMP interacts with the main chain of A171 and D/N172,
and the side chains of D170, T204, K371, D394, N401 and two water molecules. These
same water molecules are involved in coordination of Mg* ion together with the
phosphate moiety, side chains of D170, D394 and Q395, and the main chain carbonyl of
D/N172 (Fig. 4.13). Mutants PfISN1_D394V, Q395L and D402V were inactive on IMP
at pH 8.0 in the presence and absence of ATP, and at pH 5.0 (Fig. 4.14).
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Figure 4.13. Active site pocket in PfISN1_D172N IMP-Mg?* bound structure showing residues

2+ ¢

coordinating with Mg“". ‘w’ indicates water molecule.
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Figure 4.14. IMP hydrolysis activity of mutants PfISN1_D394V, Q395L, H398V and D402V at
pH 8.0 in the presence and absence of ATP and at pH 5.0. 10 mM IMP at pH 8.0, 0.5 mM IMP

at pH 5.0 and 2 mM ATP were used in the assay. “No detectable activity.

4.3.4 Conformational changes induced upon IMP-Mg?* binding in PfISN1
Significant conformational changes occur in the structure upon IMP-Mg?* binding,
amongst which the closure of the cap domain and reorganization of the NTD are the

most prominent in the quaternary structure (Fig. 4.15).
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Figure 4.15. Dimers of PfISN1-apo (grey-gold-red) and PfISN1_D172N-IMP-Mg*" (blue)
structures showing global conformational changes induced upon IMP-Mg®" binding. Direction
of cap domain closure is shown by solid black arrow. Inset highlights cap domain closure and
steric clash with NTD (encircled) upon IMP-Mg?* binding.

During cap closure, its steric clash with the NTD causes the latter to be re-organized
wherein it adopts a conformation very different from either of the two conformations
observed in the PfISN1-apo structure. During its re-organization, two important salt
bridges between NTD and motif IV loop (D60-R406 and K41-D394) are broken,
contributing to the reorganization of the motif IV loop (Fig. 4.16A and C) which orients
residues D394, Q395 and D402 that interact with IMP-Mg?" towards the active site.
Moreover, helix 8 containing motif | residues D170 and D172 also restructures into a
loop and orients the side chain of E173 to accommodate the substrate while side chains
of D178 and D394 flip into the catalytic pocket to coordinate the substrate (Fig. 4.16C).

The significance of the salt bridges was supported by the observation that the
PfISN1_R406L mutant has highly compromised IMP-hydrolyzing activity while
PfISN1_K41L had 3-fold higher IMP-hydrolyzing activity at pH 8.0 and 5.0 with only a
marginal activation by ATP (Fig. 4.16B and D).
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Figure 4.16. (A) Salt-bridge between D60 and R406 in the PfISN1-apo structure (left). In the
PfISN1_D172N-IMP-Mg?" structure, the salt-bridge is weakened. Motif IV loop is encircled.
(B) IMP-hydrolyzing activity of PfISN1_R406L at pH 8.0 and pH 5.0 with 10 mM and 0.5 mM
IMP, respectively. (C) Salt-bridge between D394 one subunit and K41 from another subunit
(encircled) in the PFISN1-apo structure (left). In the PfISN1_D172N-IMP-Mg?*" structure (right),
the salt bridge is absent as D394 flips towards the active site. (D) IMP-hydrolyzing activity of
PfISN1_K41L at pH 8.0 in the presence and absence of ATP and at pH 5.0. 10 mM at pH 8.0
and 0.5 mM IMP at pH 5.0 were used in the assay.

Detailed kinetic characterization of PfISN1_K41L revealed that at pH 8.0, the
enzyme had no significant change in V. but a 4-fold lower K, value than the wild-
type enzyme, increasing its catalytic efficiency 5-fold higher than the wild-type
enzyme. At pH 5.0, it had a 2-fold increase in V.« and a 10-fold increase in K, value,
decreasing its catalytic efficiency 4-fold lower than the wild-type enzyme (Fig. 4.17)
Substrate titration plots under all the above conditions for PfISN1_K41L were

hyperbolic in nature (see appendix C).
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Figure 4.17. Kinetic parameters (Vmax and Kp) of PFISN1_KA41L at (A-B) pH 8.0 and (C-D) pH
5.0. See appendix C for kinetic parameter values.

Two other residues, F396 and H398 from motif IV loop do not interact directly with
the ligand. However, during re-organization of the motif IV loop, F396 flips away from
the catalytic site and forms a long-distance =-stack with H150, a residue whose
significance is discussed in section 4.3.5. H398 which interacts with E173 from motif |
loop in the PfISN1-apo structure (Fig. 16C) now adopts a different conformation upon
ligand binding. While mutant PfISN1_F396L was inactive with IMP, PfISN1_H398V
showed IMP-hydrolyzing activity comparable to the wild-type enzyme at pH 8.0 and pH
5.0 but showed 3-fold increased activation with ATP as compared to the wild-type

enzyme (Fig. 4.18).

93



Chapter Four. Crystal structure of PfISN1.

307
O pH8 O pH5 @@ ATP
S
g
& 201
=
e
©
E 10+
<
)
T
0' L] T
WT F396L H398V

Figure 4.18. IMP-hydrolyzing activity of mutants PfISN1_F396L and H398V at pH 8.0 in the
presence and absence of ATP and at pH 5.0. 10 mM IMP at pH 8.0, 0.5 mM IMP at pH 5.0 and

2 mM ATP were used in the assay. “No detectable activity.

Moreover, a detailed kinetic characterization of the PfISN1_H398V mutant revealed
that it had no significant change in Vn. but a 6-fold lower K than the wild-type
enzyme, increasing its catalytic efficiency 7-fold higher than the wild-type enzyme. At
pH 5.0, the enzyme had a 3-fold increase in V. and a 5-fold increase in K, having no
significant change in catalytic efficiency as compared to the wild-type enzyme (Fig.
4.19). Substrate titration plots under the above conditions for PfISN1_H398V were
hyperbolic in nature (see appendix C). Thus, both PfISN1_K41L and H398V show
increased affinity (low K value) for IMP at pH 8.0 suggesting that the conformation
adopted by these residues in the PfISN1-apo structure could possibly restrict the

accessibility of the substrate to the active site.
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Figure 4.19. Kinetic parameters (V. and K,) of PfISN1_H398V at (A, B) pH 8.0 and (C, D)
pH 5.0. See appendix C for kinetic parameter values.

Stoichiometry of IMP binding — In the PfISN1_D172N-IMP-Mg** structure, all four
active sites in the tetramer are occupied by the ligand. This has also been confirmed in
solution by isothermal titration calorimetry (ITC) wherein the PFISN1-D172N mutant
was titrated against IMP, yielding a stoichiometry of 1:1 (Fig. 4.20).
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Figure 4.20. ITC data of IMP titration with PFISN1_D172N mutant protein. (A) Thermogram
representing magnitude of heat change per unit time during each injection of IMP, corrected for
heat of dilution of IMP. (B) Integrated normalized heat change of each injection plotted against
molar ratio of IMP/protein. Solid line shows fit to one-site binding model with best-fit
parameters shown in inset. Value of N represents number of IMP binding sites per monomer of
protein. For more details refer to ‘materials and methods’ section.

4.3.5 Allosteric site in PFISN1

The presence of an ATP binding site supports from the allosteric modulation of the
enzyme's activity by ATP as described in Chapter 2. The structure of ATP-bound wild-
type enzyme (PfISN1-ATP) reveals four ATP binding sites per tetramer. However, in
the structure, only two ATP molecules are bound at a time and only in the two subunits
having unstructured NTDs. In the PfISN1-ATP structure, the allosteric site lies in a
cleft formed by helix 6 from the OD and helices 7 and 17 from the catalytic domain
wherein H150 from the core domain interacts with ATP by forming a m-stacking
interaction with the adenine moiety of ATP. Interestingly, ATP binds at the very place
where the C10 loop (L430-Q444) is situated in the PFISN1-Apo structure, forcing the
latter to leave the cleft (Fig. 4.21). In presence of ATP, no electron density was seen for

the C10 loop, suggesting it to be destabilized.
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PfISN1-ATP

. C10 loop

Figure 4.21. Allosteric site in PfISN1-ATP structure with the C10 loop from PfISN1-apo
structure superposed. Residue H150 interacts with ATP. Inset shows location of the allosteric
site in the tetrameric structure (top view). C10 loop from the apo structure is shown to be
present in the allosteric site in the absence of ATP.

The PFISN1_H150V mutant showed 5-fold and 7-fold increase in IMP hydrolyzing
activity at pH 8.0 and 5.0 as compared to wild-type enzyme, respectively but showed no
activation by ATP (Fig. 4.22). This behavior was similar to that of the PfISN1_ACI10
mutant (Fig. 4.3B). However, unlike the PfISN1_AC10 mutant, PFISN1_H150V was not
inhibited by ATP. In both cases, absence of the C10 loop or its inability to bind to the
allosteric site could be attributed to its increased activity. Moreover, the mutant

PfISN1_HI150V_AC10 also behaved similar to PFISN1_H150V (Fig. 4.22).
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Figure 4.22. IMP-hydrolyzing activity of mutants PfISN1_H150V, AC10 and H150V-AC10 at
pH 8.0 in the presence and absence of ATP and at pH 5.0. 10 mM IMP at pH 8.0, 0.5 mM IMP
at pH 5.0 and 2 mM ATP were used in the assay.

The above observations lead to three important conclusions.

1. H150V is the residue that interacts with ATP and the C10 loop, but not
simultaneously.

2. In the C10 mutant, inhibition of IMP-hydrolyzing activity by ATP is due to ATP
binding exclusively to the allosteric site.

3. The C10 loop, through its interaction at the allosteric site, plays a regulatory role in
enzyme function.

The third observation was further confirmed by a detailed kinetic characterization of
the PfISN1_AC10 mutant which revealed that at pH 8.0, the enzyme had a 3-fold higher
Vmax and 3-fold lower K, than the wild-type enzyme, increasing its catalytic efficiency
9-fold higher than the wild-type enzyme. At pH 5.0, the enzyme had a 6-fold increase in
Vmax @and a 5-fold increase in Ky, having no significant change in catalytic efficiency as
compared to the wild-type enzyme (Fig. 4.23). Substrate titration plots under the above
conditions for PfISN1_AC10 were hyperbolic in nature (see appendix C).
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Figure 4.23. Kinetic parameters (Vmax and Ky,) of PFISN1_AC10 at (A, B) pH 8.0 and (C, D) pH
5.0.

4.3.6 Conformational changes induced upon ATP binding in PfISN1

Upon ATP binding, the enzyme undergoes a conformational change where the core
and cap domains bend, thereby adopting a conformation that is more closed than that of
the PfISN1-apo structure. Moreover, due to the interactions at interface 1, the ATP
induced closure of two of the subunits force the other two subunits to open slightly.
Active site architecture does not change significantly even in the presence of ATP (Fig.
4.24A) except for residue D178 which interacts with D172 in the presence of IMP-
Mg?. In the PfISN1-ATP structure, it is closer to D172 than in the PfISN1-apo
structure (Fig. 4.24B). Moreover, ATP molecules were not observed in the
PfISN1_D172N-IMP-Mg*" structure despite addition of ATP prior to crystallization,

possibly due to the flip of F396 residue which occurs due to reorganization of motif IV
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loop during IMP-Mg?®* binding. Upon flipping, F396 forms a long distance m-stacking
interaction involving W413, R149 and H150 (Fig. 4.24C). Upon interacting with F396,
H150 can no longer form a n-stack with the adenine base of ATP, forcing it out of the
allosteric site. The importance of W413 is supported by the fact that the mutant
PfISN1 _W413L was inactive with IMP (Fig. 24D). To summarize, ATP activates the
enzyme by preparing it for an induced-fit conformation by triggering the departure of
the C10 Loop which in turn induces partial cap domain closure and bending of the

subunit both of which are seen during IMP-Mg?* binding.

4.3.7 Proposed catalytic mechanism in PfFISN1

Based on the interaction of key residues with the ligands and the conformational
changes induced during ligand binding, a mechanism of function in PFISN1 enzyme at
physiological pH has been proposed. Upon IMP-Mg* binding, residues of motif | and
IV are reoriented towards the active site in order to interact with the substrate. This is
favored by the breaking of two salt-bridges (D60-R406 and K41-D394) which not only
allow motif 1V loop to reorganize but also contribute to reorganization of the NTD. The
reorganization of NTD is a critical for enzyme function, as supported by the highly
compromised activity of PfISN1_AN60 mutant. Reorientation of F396 from motif IV
and its subsequent interaction with H150 forces destabilization of the C10 loop.
Alternatively, presence of ATP at the allosteric stie also forces destabilization of the
C10 loop. In either case, this destabilization triggers the bending of the subunit that
increases the affinity for IMP. This observation is supported by the increased catalytic
efficiency of PfISN1_ AC10 mutant.
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Figure 4.24. Conformational changes induced upon ATP binding. (A) Comparison of active site
architecture between PfISN1-apo (left) and PfISN1-ATP structures (right). (B) Position of
residue D178 in the PfISN1-apo, PfISN1-ATP and PfISN1_D172N-IMP-Mg®" structures. (C)
Long distance n-stack between F396 and H150. This interaction can also be seen in Fig. 4.16A
(right panel). (D) IMP-hydrolyzing activity of PfISN1_W413L compared to wild-type enzyme
at pH 8.0 in the presence and absence of ATP, and at pH 5.0. 10 mM IMP and 2mM ATP were

used in the assay. SA indicates specific activity.
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Further, hydrolysis of IMP-Mg?* requires reopening of the enzyme to be able to
release the newly formed inosine. In this conformation, the salt bridge between D60 and
R406 is formed, while the formation of the phosphoaspartyl-enzyme intermediate
allows the motif IV loop to reorganize and the NTD to return to its initial conformation.
The return to PfISN1-apo conformation allows the release of the inosine to the medium,
replaced by water molecules that will hydrolyze the phosphoaspartyl-enzyme
intermediate. Finally, the conformation is stabilized by the return of the C10 loop into

the allosteric site.

4.5 Conclusion

The crystal structures of PfISN1 protein under various conditions are the first
structures to be reported for an ISN1 family protein. The domain organization and
tetrameric assembly of the protein show several features that are different from
mammalian 5’-nucleotidases. The core domain architecture however remains conserved,
as found in other HAD members. The cap domain represents a C2-type structure. Two
other domains NTD and OD are unique to this structure amongst 5’-nucleotidases. The
active site in the PfISN1_D172N-IMP-Mg?*" is composed of the conserved motif
residues as well as several other conserved and non-conserved residues that interact
with IMP or Mg®* and play a role in enzyme function. The features of the PfFISN1-ATP
structure have enabled the understanding of the mechanism of allosteric activation of
PfISN1 enzyme by ATP. The regulatory role of NTD and C10 loop in enzyme function
is a unique feature of PFISN1 enzyme, not reported previously in 5’-nucleotidases.
Significant conformational changes including cap domain closure, destabilization of
NTD and reorganization of motif IV loop (D394-R406) are observed upon ligand
binding, which have provided a great deal of information regarding the mechanism of
catalysis and allosteric regulation in PfISN1. This study has provided insight into the
catalytic mechanism, allosteric regulation and structure-function relationship of PfFISN1

enzyme.
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Chapter Five

Localization of PfISNL1 in the intraerythrocytic

stages of Plasmodium falciparum
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5.1 Abstract

Probing the in vivo physiological role of PfFISNL1 protein is critical in understanding
the importance of the protein in P. falciparum metabolism. The localization of the
protein in various asexual and sexual intraerythrocytic stages of the parasite was probed
by indirect immunofluorescence using polyclonal antibodies raised in rabbit against the
purified recombinant PfISN1 protein and visualized by confocal microscopy. In all the

stages, the protein was found to be localized in the cytosol.

5.2 Introduction

Life cycle of P. falciparum involves two hosts. P. falciparum sporozoites are
injected from an infected female Anopheles mosquito into the human host during a
blood meal, where they migrate to the liver to initiate the hepatic stage. During this
stage, they multiply and mature into schizonts which eventually rupture, with each
schizont releasing several merozoites. These merozoites enter the bloodstream and
invade erythrocytes to begin their intraerythrocytic life cycle (Fig. 5.1). During this
cycle, the intraerythrocytic merozoites develop into the ring form, thereafter maturing
into trophozoites and finally multiplying within the erythrocytes to form a schizont that
upon rupturing releases several merozoites in the bloodstream. The merozoites invade
fresh erythrocytes. Some merozoites escape this asexual cycle to form sexual stage
gametocytes.
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Figure 5.1. An illustration of the intraerythrocytic stages of life cycle of P. falciparum in the
human host. Figure adapted from Centre for Disease Control and Prevention (Cdc, 2010) —
Malaria at www.cdc.gov/malaria/about/biology.
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Morphology of the various stages, as observed in Giemsa-stained smears of the

parasite culture, is illustrated in Figure 5.2.
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Figure 5.2. An illustration describing the morphology of various intraerythrocytic stages of P.
falciparum life cycle, as seen under a light microscope after staining the blood smear with
Giemsa stain [Hanssen 2010, Bannister 2000].

With the advancement of culturing techniques, in vitro culturing of the
intraerythrocytic stages of P. falciparum has become a routine task and has been widely
used for various in vivo studies like genomic, transcriptomic, proteomic and
metabolomic profiling, immunocytochemical assays and genetic manipulation.
Functional analysis of a gene can be conducted by manipulating gene function at the
transcriptional, translational or protein level and studying the phenotypic changes

associated with it.

5.3 Materials and methods
5.3.1 In vitro maintenance and synchronization of Plasmodium falciparum

culture

Culture maintenance - The in vitro culture of the erythrocytic stages of the 3D7 strain
of P. falciparum was maintained at 37 C in a candle jar (Trager and Jensen, 1976). The
parasites were maintained on human erythrocytes at 5 % hematocrit, isolated from O+
blood collected from healthy volunteers in a culture medium containing RPMI-1640
(10.4 g/L), HEPES (5.94 g¢g/L), sodium bicarbonate (0.2%), Albumax-l (0.5%),
hypoxanthine (0.1 mM), glucose (0.45%) and gentamycin (40 mg/L). The parasitaemia

of the culture was monitored every alternate day by making Giemsa-stained smears.
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Culture synchronization — The culture was synchronized using 5% D-sorbitol. Ring-
stage parasite culture at 5 % parasitemia was washed with 1X PBS to remove the
culture medium. Five volumes of 5% sorbitol was added to volume of the culture pellet
and incubated at room temperature for 5 minutes. The pellet was washed with complete
medium to remove sorbitol and resuspended in the medium. This procedure lyses
trophozoite and schizont-stage parasites while ring-stage parasites are resistant to
sorbitol (Lambros and Vanderberg, 1979).

5.3.2 Production and enrichment of sexual stage gametocytes

For obtaining higher levels of gametocytes in the culture, the 3D7A cell line (MRA-
151; MR4—Malaria Research and Reference Reagent Resource Centre, Manassas, USA
was used since it has a higher sexual conversion rate. Gametocyte production and
enrichment was done as described by Fivelman et al. (Fivelman et al., 2007). Briefly, at
day 0, the synchronized ring-stage culture was stressed by the addition of fresh medium
with a certain percentage of spent (parasite-conditioned) medium left behind, which
may contain factors stimulating sexual stage development (Williams, 1999). The ratio
of conditioned/fresh medium was decided based on the parasitaemia, with a higher ratio
for lesser parasitaemia. At day 1, stressed schizonts were split by increasing the
hematocrit from 3% to 4%. From day 0, 50 mM N-acetylglucosamine (NAG) was added
to the medium, which eliminates the asexual stage parasites by preventing erythrocyte
reinvasion (Ponnudurai et al., 1982). From day 6 to day 12, mid to late-stage

gametocytes were observed in the Giemsa-stained smears.

5.3.2 Generation and purification of polyclonal anti-PfISN1 antibody

Purified recombinant PfISN1 (200 pg) was emulsified with equal volume of
incomplete Freund’s adjuvant and injected subcutaneously into a New Zealand white
rabbit, followed by two booster doses, each 15 days apart. A small volume of blood was
collected from the rabbit 15 days post second booster to check for antibody titer by a
dot blot assay, followed by a major bleed. The serum was separated by centrifugation
after coagulation of blood and stored in multiple aliquots at -20 °C. The polyclonal
antibodies from the serum were purified by affinity chromatography using Sepharose
beads conjugated to purified recombinant PFISN1. PfISN1-conjugated Sepharose beads
were generated using purified ISN1 and CNBr-activated Sepharose. PfISN1-specific
antibodies were isolated by overnight incubation of the serum with PfISN1-conjugated
beads followed by elution of the bound antibody with 50 mM glycine, pH 2.8. The

eluates were collected into tubes containing 50mM Tris HCI, pH 8.0. The positive
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fractions were pooled, concentrated and stored in separate aliquots at -20 °C. These
were used as anti-PfISN1 antibodies. Institutional animal ethics committee clearance for

all animal-related experiments and procedures was obtained.

5.3.3 Immunobinding assays to determine the titer and specificity of PfISN1
antibody

Immunobinding assays involve estimation of the titer and specificity of antigen-
antibody interaction through immunoblotting. Western blot analysis is widely used to
determine the specificity of the antibody (Towbin et al., 1979; Burnette, 1981).
Western blot - The recombinant PfISN1 protein was run on a 12% SDS-PAGE gel
alongside a pre-stained molecular weight marker ladder and transferred to a PVDF
membrane using a Hoefer™ wet transfer apparatus (Hoefer® Inc. USA). The PVDF
membrane was activated with methanol for 10 min prior to use. The membrane was then
blocked with 2.5 % skimmed milk powder-containing PBS solution for 8 hours at 4 °C.
The membrane was then incubated with the affinity-purified antibody at a dilution of
1:2000. The membrane was then washed with PBS solution containing 0.1 % Tween 20
and further incubated with anti-rabbit antibody conjugated with horseradish peroxidase
(HRP) enzyme (1:1000 dilution) for 3 hrs at 4 °C. Following adequate washes, a
chromogenic substrate, 3-amino-9-ethylcarbazole (AEC) was added to the membrane,
which is oxidized by HRP in the presence of hydrogen peroxide to form a red insoluble

precipitate, appearing as a red stain on the membrane.

Dot blot - The dot blot analysis is a simplified form of the western blot, used to estimate
the antibody titer, which is the maximum antibody dilution at which a positive signal is
obtained (Hawkes et al., 1982). 2 pg of the antigen was spotted on nitrocellulose
membrane. The membrane was then blocked with 5 % skimmed milk powder containing
phosphate-buffered saline (PBS) solution. The membrane was then washed with 0.1 %
Tween 20 containing PBS solution. The membrane was then incubated with various
dilutions of the purified antibody. After an adequate number of washing steps, the
membrane was incubated with horseradish peroxidase (HRP) conjugated anti-rabbit
antibody (1:1000 dilution) for 1 hr at room temperature. Following adequate number of
washes, a chromogenic substrate, 3-amino-9-ethylcarbazole (AEC) was added to the
membrane, which is oxidized by HRP in the presence of hydrogen peroxide to form a

red insoluble precipitate, appearing as a red stain on the membrane.
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5.3.4 Indirect immunofluorescence confocal microscopy

To check the in vivo localization of PfISN1 in the intraerythrocytic stages of P.
falciparum, indirect immunofluorescence microscopy was used. The protocol used was
as described in Tonkin et al. (Tonkin et al., 2004). Briefly, the parasite culture was
fixed with 4% paraformaldehyde, permeabilized with 0.08% Triton X-100 and
incubated with anti-PfISN1 primary antibody (1:400), followed by Alexa®-Fluor-488-
conjugated goat anti-rabbit-lgG (Thermo Fisher Scientific Inc., USA) secondary
antibody (1:1000). Hoechst® 33342 (Thermo Fisher Scientific Inc. USA) dye (1:2000
in PBS solution) was used to stain the nucleus. Thereafter, the culture was smeared on
polylysine-coated slides and sealed with thinner. The images were acquired using
Zeiss® LSM META 510™ laser-scanning confocal microscope and analyzed with

Zeiss® LSM Image Examiner software.

5.3.5. Probing the physiological function of PfISN1 in vivo

Generation of pISN1GDB plasmid - The Pf3D7_1206100 gene fragment corresponding
to a length of 1473 base pairs upstream of the 3' end of the coding strand
(Pf3D7_1206100’) was amplified using the following primers, containing Xhol
(highlighted bold in forward primer) and Avrll (highlighted in bold in reverse primer)
restriction sites at the 5° and 3’ ends respectively.

Forward primer - 5' GAATATCTCGAGGAACATTGCCATAGTGACAGCAGC 3'

Reverse primer - 5° CTGCTACCTAGGTTGATTTTCATATAAAACTTCCGGAATAAATG 3'

The amplicon and pGDB plasmid were digested with Avrll and Xhol, and ligated to
form the pISN1GDB plasmid and transformed into E. coli. The sequence of the cloned
insert was confirmed by DNA sequencing. It contained the 3’-end of the coding
sequence of PfISN1 1206100 gene in frame with the regulatable fluorescent affinity
(RFA) tag.

Transfection in P. falciparum parasites by pre-loading of DNA into erythrocytes —
For transfection, endotoxin-free pISN1GDB plasmid DNA was isolated using the
Qiagen Endofree Plasmid Maxi kit (Qiagen, Netherlends). P. falciparum parasites have
been shown to spontaneously uptake DNA from the cytoplasm of host erythrocytes, pre-
loaded with the plasmid DNA through electroporation (Deitsch, 2001). This method has
advantages over direct transfection into parasite-infected erythrocytes. The transfection
procedure is described with a flow-chart in Figure 5.3. On day 0, 100 pug of pISN1GDB
plasmid was resuspended in 400 pl of chilled cytomix buffer (120 mM KCI, 0.15 mM
CaCl,, 2 mM EGTA, 5 mM MgCl,, 10 mM K,HPO,/KH,PO, and 25 mM HEPES, pH
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7.6). 1 ml of fresh chilled erythrocytes at 50% hematocrit were washed with 5 ml of
chilled incomplete cytomix buffer, resuspended in the pISN1GDB-cytomix solution,
and added to a pre-chilled electroporation cuvette (0.2 cm gap Gene
Pulser®MicroPulser™ cuvette (Bio-Rad Laboratories, Inc.)). Electroporation was
carried out for two batches of the suspension, by applying a square wave pulse to batch
I and an exponential decay wave pulse to batch Il, using a Gene Pulser Xcell™
electroporator (Bio-Rad Laboratories, Inc.). Details of the electroporation program and
critical evaluation parameters are given in flow-chart (Fig. 5.3). After the pulse, the
suspensions was transferred to a sterile tube, washed and resuspended with warm (37
°C) culture medium. To both the batches, 1 ml of healthy schizont-stage P. falciparum
PM1KO parasites at 5-6 % parasitemia were added. The culture was maintained as
described in section 5.3.1. From day 1 onwards, 5 pM TMP was added to the culture
medium for both the batches and Giemsa-stained smears were prepared every alternate
day to monitor parasitemia. The pISN1GDB plasmid also contained a blasticidin (BSD)
resistance cassette that allowed for positive selection of plasmid integration using the
drug. Once the cultures attained a minimum of 4-6 % parasitemia, 2.5 pg/ml of BSD
was added to the culture medium (batch | — day 3, batch Il — day 7) for positive
selection of the transfectants. Further on, both TMP and blasticidin were added to the
culture medium and Geimsa-stained smears were prepared every alternate day to
monitor parasitemia. However, parasites failed to appear in either of the batches after

30 days post drug pressure.

The pGDB plasmid and the PM1KO strain were kind gifts from Prof. Daniel
Goldberg (School of Medicine, Washington University, St. Loius, MO, USA).
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Fresh RBC (50% hematocrit)

electroporation
Day 0 (2 mm cuvette)

square wave exponential wave
Specifications: Specifications:
100 pg plasmid DNA 100 pg plasmid DNA
365V, 8 pulses, 310V, 950 pF, Q==
1 ms pulse length, 0.1 s pulse interval
Critical evalution parameters: Critical evaluation parameters:
Time constant: 17.2 ms Droop = 4%
(accepted value=12-20 ms) (accepted value=1-6%)

Invasion by synchronized culture (schizont ———
stage) of parasites

Maintain culture by daily changing Maintain culture by daily changing
media containing TMP media containing TMP
make a smear make a smear
if parasitemia < 4-6% L
if parasitemia >= 4-6% if parasitemia >= 4-6%
Day 3 N Day 7
Add blasticidin S to eliminate Add blasticidin S to eliminate
untransfected parasites untransfected parasites

Maintain culture by changing media every day and adding fresh
RBC (from 50% hematocrit) every alternate day.
Transfectants appear between 30 and 45 days post day 0.

Figure 5.3. Flow-chart describing the procedure of transfection of P. falciparum PM1KO
parasites by pre-loading of uninfected erythrocytes.
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5.4 Results
5.4.1 Generation of polyclonal anti-PfISN1 antibodies in rabbit.

For immunocytochemical studies, antibodies against recombinant PfISN1 protein
were raised in rabbit and affinity-purified by antigen interaction. Anti-PfISN1
antibodies in the purified fraction were detected up to a dilution of 1:10000 (Fig. 5.4).

95
72

42

Figure 5.4. (1) Dot blot for detection of anti-PfISN1 antibody purified by affinity
chromatography. Pre-immune serum 1:500 dilution (A). Blot without antigen (B). Purified anti-
PfISN1 antibody at 1:500 (D), 1:1000 (G), 1:2000 (C), 1:4000 (E), 1:5000 (F) and 1:10000 (H)
dilutions. (I1) Western blot for detection of purified anti-PfISN1 antibody (1:1000 dilution).
Lane 1 contains molecular weight (kDa) markers, lane 2 contains rabbit anti-PfISN1 antibody.
A single band highlighted by a solid black arrow in lane 2 matches the molecular weight of
recombinant PfISN1 protein, indicating the presence of specific anti-PfISN1 antibodies.

5.4.2 Localization of PfFISN1 protein in Plasmodium falciparum

Indirect immunofluorescence was carried out to probe localization of PfISN1
protein using purified rabbit anti-PfISN1 antibodies as the primary antibodies. In order
to rule out non-specific signal, a primary antibody (Fig. 5.4A) and pre-immune serum
controls (Fig. 5.4B) were performed, which showed no significant fluorescence signal.
The protein was found to be localized in the cytosol in all the intraterythrocytic stages
of the protein (Fig. 5.5). The nucleus was stained using Hoechst® 33342 dye which

binds to double-stranded DNA and emits a blue fluorescent signal.
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A. No primary antibody control

B. Pre-immune serum control

C. Ring form

1pm

(figure continued on next page)

1

[EEN

3



Chapter Five. In vivo studies on PfISN1.
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F. Gametocyte

¥

Figure 5.5. Localization of PfISN1 in asexual and sexual intraerythrocytic stages of P.
falciparum. (A) Control with no primary (anti-PfISN1) antibody. (B) Control with pre-immune
serum as primary antibody. (C) Ring form, (D) schizont, (E) trophozoite and (F) gametocyte
stages with affinity-purified rabbit anti-PfISN1 antibody. In each image, panel 1 shows
fluorescence from Alexa® 488, panel 2 from Hoechst® and panel 3 shows differential
intereference contrast (DIC) image. Panels 1, 2 and 3 are merged in panel 4. Scale bar has been
inserted at the right-bottom corner of each panel. For details see ‘Materials and Methods’
section.

5.4.3 Probing the physiological role of PfFISN1 protein in vivo

The in vitro kinetic studies done on recombinant PfFISN1 show that IMP is its most
preferred physiological substrate (chapter 2), suggesting its important role in the purine
salvage pathway. The enzyme has a pH-dependent kinetic profile. At high pH, the
enzyme has a K., for IMP much higher than intracellular IMP levels, causing the
enzyme to be in an “off™ state. However, it is activated in the presence of ATP and the
Km for IMP drops down to a much lower value, switching it to an “on” state. At low pH,
the enzyme has only one state. It has a very low K., value for IMP and the enzyme is in
an “on” state with no modulatory effect of ATP. The low K, state at low pH is the most
efficient catalytic state of the enzyme, suggesting that the protein could be localized to
an acidic intracellular compartment such as the food vacuole (Fig. 5.6). The
intracellular location and physiological function of a protein are closely related.
Immunofluorescence colocalization with pH-sensitive fluorescent dyes or food vacuole
marker proteins can help in identifying organelle-specific localization of PFISN1 within

the parasite. Acidotropic dyes like acridine orange, LysoTracker® and quinacrine are
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low molecular weight fluorescent probes that localize specifically in acidic organelles
(Pierzynska-Mach et al., 2014). In Plasmodium falciparum, the chloroquine resistance
transporter (CRT) protein is a widely used marker for the food vacuole membrane
(Fidock et al., 2000; Cooper et al., 2002) while the merozoite surface protein 8 (msp8)
is another marker protein localized in the food vacuole (Drew et al., 2005). Several
studies pertaining to the localization of proteins in the food vacuole have been done in
the recent past. Using transgenic parasites expressing GFP-tagged protein construct,
Falcipain-2 (FP-2), a cysteine protease has been shown to be trafficked via the
endoplasmic reticulum (ER) to the food vacuole (Dasaradhi et al., 2007). Using a
similar approach, another protein called Plasmepsin-Il, belonging to the family of
aspartic proteases has also been shown to be trafficked to the food vacuole via
cytoplasmic vacuoles and the ER (Klemba et al., 2004). Another important report is the
localization of an M1-family aminopeptidase in the food vacuole, trafficked via the
parasitophorous vacuole (Azimzadeh et al., 2010). The kinetic parameters of this
enzyme also suggest that the enzyme maintains high catalytic efficiency at low pH
(Ragheb et al., 2011), a case similar to PfISN1.

ﬁtosol High m

OFF

High K, for IMP

l T Acidic organelle Low rm

on _ATP ON Low K,, for IMP

Moderate K, for IMP — 7

Allosteric site
\ Catalyticsite \ /

Figure 5.6. A schematic of the physiological implications of pH-dependent dual kinetic profile
of PFISN1.

In order to understand the physiological role of PfISN1 in the parasite, its gene
function must be probed in vivo. Despite the easy availability of P. falciparum culture,
genetic manipulation has not been widely successful, partly due to the low transfection
efficiency of the parasite. In spite of the low rate of functional analysis of P. falciparum
genes, recent advances in molecular genetics have allowed successful targeted

disruption of several genes (Webster and McFadden, 2014; de Koning-Ward et al.,
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2015). Since knockout of essential genes is not feasible due to the haploid nature of the
parasite genome, conditional systems that can regulate gene expression at the genome,
transcriptional or protein level are being adopted (Armstrong and Goldberg, 2007). In a
recent study, the function of a 28-residue asparagine repeat in Rpn6, a proteasome lid
subunit protein, was probed using a regulatable fluorescent affinity (RFA) fusion tag
which allowed protein regulation, probing live cell localization through fluorescence
microcopy and affinity purification of the Rpn6 protein in P. falciparum (Muralidharan
et al., 2011). This strategy was adopted for probing the function of PfISN1 in vivo.
Briefly, a single-crossover homologous recombination strategy was used to fuse the
RFA tag to the endogenous PfISN1 gene, PF3D7_1206100. A fragment from the 3’-end
of PF3D7_1206100 gene coding for PfISN1 (Pf3D7 1206100”) was cloned into pGDB
plasmid (Fig. 5.7), in frame with the RFA tag. Details of the cloning procedure are
described in the Materials and methods section.

(4) Aval - BsoBI - PaeR7I - PspXI - ThI - Xhol BmeT1101I (5)
AvrIIl (17)
EcoNI (21)
BstAPI (38)

MscI (217)

BsaAl - PmII (371)
BstZ17I (496)

BstBI (s63)

% ep6 proma Pmel (853)
P er e %~ BbwCI - Bpu10I (950)

EcoRI [1181)

Figure 5.7. Map of pGDB plasmid with important features highlighted. The figure was
generated using SnapGene® Viewer 4.1.2 (SnapGene software, GSL Biotech; available at
www.snapgene.com).

Upon successful integration at the gene locus by a single site-specific homologous
recombination, the fused construct would lead to the expressed fusion protein PfISN1-
GFP-ecDHFR-HA, with green fluorescent protein (GFP), E. coli dihydrofolate
reductase (ecDHFR) degradation domain and human influenza hemagglutinin (HA) tag
at the C-terminal end of PfISN1. The ecDHFR degradation domain is destabilized in the

absence of trimethoprim (TMP), leading to proteasomal degradation of the fusion

117


http://www.snapgene.com/

Chapter Five. In vivo studies on PfISN1.

protein. Thus, addition of TMP to the culture medium stabilizes the degradation domain
to prevent protein degradation. Localization of the protein can be observed in live cells
by monitoring GFP fluorescence while the HA tag can be used to purify the fusion
protein by affinity chromatography. A schematic diagram of this strategy is shown in
Fig. 5.8.

Regulation of PfISN1 protein level in vivo by a regulatable fluorescent affinity tag

|. pGDB-PfISN1 construct 1. Transfection
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Figure 5.8. Schematic showing the pGDB-PFISN1 plasmid design and its application in context
to monitoring and manipulating PfISN1 protein levels in P. falciparum. GFP, green fluorescent
protein; ecDHFR, E. coli DHFR degradation domain; TMP, Trimethoprim.

The pISN1GDB plasmid was isolated and transfected into uninfected erythrocytes
by electroporation. These erythrocytes pre-loaded with the plasmid were then invaded
by a synchronized schizont-stage culture of the parasite. Details of the transfection
procedure are provided in the Materials and methods section. Since TMP is toxic to the
parasites, P. falciparum PM1KO strain was used, which contains a human DHFR
(hDHFR) marker gene integrated via double crossover recombination into Plasmepsin |,
a non-essential gene (Liu et al., 2005). The presence of the hDHFR marker renders the
parasites resistant to TMP. A blasticidin (BSD) marker cassette in the pGDB plasmid

allows for positive selection of transfectants. Parasites usually appear with 15-25 days
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of applying drug pressure. However, parasites failed to appear even after 30 days of

applying drug pressure (Fig. 5.9).

A

Batch I - day 2 (post transtection) Batch II - day 2 (post transfection)

p=q = B

Batch I - day 28 (post drug pressure) Batch II - day 28 (post drug pressure)

Figure 5.9. Giemsa-stained smears of P. falciparum PM1KO parasite cultures after transfection.

5.5 Conclusion

Using  polyclonal  anti-PfISN1  antibodies  generated  and indirect
immunofluorescence, localization of the protein was probed in the intraerythrocytic
stages of the parasite. To eliminate non-specific signal, a control without primary
antibody and a pre-immune serum control were also performed, which showed no
significant fluorescent signal. The protein was found to be localized in the cytosol in

the asexual and gametocyte stages.
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A brief summary of the significant conclusions derived from this study on an IMP-
specific 5’-nucleotidase from P. falciparum (PfISN1), and its future directions is given
below. The summary includes biochemical characterization of the recombinant protein
performed in vitro, including Kinetic characterization, crystal structure and the
structure-function relationship of several residues, as well as localization of the protein
probed in vivo using indirect immunofluorescence microscopy and attempts using

molecular genetics tools to probe the in vivo function of the protein.

6.1 The significance of 5’-nucleotidases and nucleotide metabolism in
Plasmodium.

5’-nucleotidases play an important role in cellular metabolism. In the past seven
decades, several mammalian 5’-nucleotidases have been biochemically characterized,
revealing information about their substrate specificity, optimum conditions for activity,
modulators and their physiological role. 5’-nucleotidases belong to the HAD
superfamily of proteins, which is one of the largest superfamily containing over 70,000
proteins. However, only a little over 20,000 proteins have been functionally annotated.
The vast sequence diversity amongst its members has made prediction of structure-
function relationship a difficult task. Biochemical studies on various HAD members
have revealed important information about their biochemical properties. Structural
analysis of several HAD members have revealed conserved folds and motifs that are

crucial for structure and function of these proteins.

Malaria is an infectious disease caused by Plasmodium species of parasite, with
high mortality rates in developing countries. Efforts to prevent and eradicate malaria
have been prevailing worldwide. The need for extensive research in areas of
plasmodium biochemistry and anti-malarial drugs continues as the parasite has
developed resistance against commonly used anti-malarial drugs (Socheat et al., 2003;
Roberts, 2017). While anti-malarial drugs target the asexual stages of Plasmodium
parasite in the human host, it is the sexual gametocytes that are responsible for
transmission from the human host to the mosquito, stressing on the need to develop
transmission-blocking agents that have a potent gametocytocidal activity (Maron et al.,
2016; Sun et al., 2017). Of all the plasmodial species, Plasmodium falciparum is the
most lethal as it causes cerebral malaria, a severe complication responsible for high
mortality rate amongst infected patients. Purine nucleotide metabolism in Plasmodium
falciparum has been considered as an effective target for anti-malarial drugs (Hyde,

2007; Cassera et al., 2011; Ducati et al., 2013) since enzymes of de novo purine
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biosynthetic pathway are absent in the parasite, causing it to depend solely on the
purine salvage enzymes to fulfill its purine nucleotide requirements (Chaudhary et al.,
2004). While 5’-nucleotidases form an important part of the purine salvage pathway,
homologs of mammalian 5’-nucleotidases were absent in plasmodium species.
However, a new class of IMP-specific 5’-nucleotidases (ISN1) was discovered in yeast,
with its homologs present in plasmodium, other apicomplexans and lower plants (Itoh et
al., 2003). An in silico study showed that ISN1s belong to the HAD superfamily of
proteins (Srinivasan and Balaram, 2007). Up till now, only ISN1 from S. cerevisiae has

been biochemically characterized. Structural information on ISN1s is not yet available.

With the above information set in the background, a detailed structural and
functional characterization of PfISN1 would provide valuable information, not only
about nucleotide metabolism in P. falciparum, but also about the yet unknown structural
and functional features in the ISN1 family of proteins.

6.2. Biochemical characterization of PfFISN1 in vitro

PfISN1 protein was recombinantly expressed in E. coli for biochemical
characterization. Kinetic characterization of the enzyme revealed that it hydrolyzed the
nucleoside 5’-monophosphates IMP and AMP, with higher catalytic efficiency towards
IMP. 1t preferred the divalent metal ion Mg®" as its cofactor and had optimum activity
at pH 4.0-5.0. It also hydrolyzed pNPP, a non-physiological substrate with catalytic
efficiency 1000-fold lower than IMP. It was also activated by ATP at pH 5.0. No

phosphotransferase activity was detected in the enzyme.

6.3. Structure-function relationship in PfISN1

HAD members contain four invariant motifs that are critical for catalysis. Of these,
motif | (DXDXT/V) is the most important. It contains two aspartates, of which the first
aspartate is a nucleophile attacking the phosphate group of the substrate while the
second coordinates with the metal ion cofactor. While in silico studies done earlier had
suggested that ISN1s belong to the HAD superfamily of proteins, it was biochemically
validated in this study. Mutation of both the asparates D170 and D172 in PfISN1 led to
a complete loss of IMP-hydrolyzing activity in the enzyme. Interestingly, mutants
PfISN1_D172N and PfISN1_D172A showed significantly higher pNPP-hydrolyzing
activity compared to the wild-type enzyme, and a strong affinity for the substrate IMP,

indicating a significant role of D172 in hydrolysis of pNPP as well as binding of IMP.
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Crystal structures of the PfISN1 protein under various conditions were solved by
our collaborative group in France, lead by Prof. Nushin Aghajari (CNRS-University of
Lyon, France). These are the first crystal structures obtained for an ISN1 protein till
date. The domain organization and tetrameric assembly of the protein showed several
features distinct from mammalian 5’-nucleotidases. The core domain architecture
remained conserved while the cap domain represented a C2-type architecture. The N-
terminal domain (NTD) and the oligomerization domain (OD) are unigue to this
structure. The NTD was found to play an important role in catalysis as its deletion

resulted in significantly compromised enzyme activity.

The active site in the PfFISN1_D172N-IMP-Mg?* structure was composed of several
conserved and non-conserved residues interacting with IMP-Mg?*. Amongst these,
W365 interacted with the purine moiety of IMP through a n-stacking interaction. Upon
mutating W365 to leucine, enzyme activity was totally compromised. However, upon
mutating it to phenylalanine or tyrosine, the activity was not compromised, suggesting
that the aromatic nature of the residue is critical for substrate binding.

In the PFISN1-ATP structure, ATP was found to interact with a non-conserved
residue H150 at the allosteric site. The importance of this residue in ATP binding and
allosteric activation of PfISN1 was confirmed by the mutant PFISN1_H150V which
showed no activation by ATP. In the absence of ATP, the C10 loop interacted with
H150. The mutant PfISN1 ACI10 showed higher activity compared to the wild-type
enzyme, but inhibition in the presence of ATP, suggesting its regulatory role in enzyme
function. Significant conformational changes including cap domain closure,
destabilization of NTD and reorganization of motif IV loop, were observed upon ligand
binding. Overall, 15 non-conservative mutations for 15 residues, 2 conservative
mutations for 1 residue, and 4 deletion mutations were generated, which have provided
valuable information regarding the mechanism of catalysis, allosteric activation by

ATP, and ligand-induced conformational changes in the PFISN1 protein.

6.4. Probing the physiological role of PfISN1 through in vivo studies

Through indirect immunofluoresence microscopy using anti-PfISN1 antibodies
raised in rabbit, the PFISN1 protein was found to be localized in the cytosol of the
parasite, in the asexual and sexual intraerythrocytic stages. Since knockout of essential
genes is not feasible due to the haploid nature of the parasite genome, conditional
systems that can regulate gene expression at the genome, transcriptional or protein level

are being adopted (Armstrong and Goldberg, 2007). In a recent study, the function of a
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a proteasome lid subunit protein, Rpn6, was probed using a regulatable fluorescent
affinity (RFA) fusion tag which allowed protein regulation, probing live cell
localization through fluorescence microcopy and affinity purification of the Rpn6
protein in P. falciparum (Muralidharan et al., 2011). A short 3’-end of the coding
sequence of the PfISN1 gene Pf3D7_1206100 was cloned in frame with the RFA tag
into pGDB plasmid and was transfected into P. falciparum parasites. The tag contained
GFP for fluorescence microscopy, ecDHFR degradation domain for protein stabilization
and HA tag for affinity purification. Upon successful integration at the gene locus by a
single-crossover homologous recombination, the levels of the expressed fusion protein
can be regulated in vivo by the drug trimethoprim (TMP), which stabilizes the ecDHFR
degradation domain. Uninfected erythrocytes were transfected with the plasmid,
followed by the addition of schizont-stage parasites of P. falciparum PMIKO strain,
which is resistant to TMP. Parasites transfected with the plasmid were positively
selected with the drug blasticidin (BSD). Parasites usually appear within 15-25 days of
applying drug selection pressure. However, after adding BSD, no parasites were found
in the Giemsa-stained smears of the culture even after 30 days.

6.5. Future directions

HAD members exhibit an extensive substrate space. In keeping up with the current
knowledge of this substrate space, a significant number of compounds are yet to be
screened as putative substrates for PFISN1. A similar approach can also be considered
for extending the modulator screen, as the modulator space amongst HAD members has
not been explored extensively. The asymmetry in the quaternary structure of PfISN1 in
the apo-form, global conformational changes observed in the IMP-bound structure, and
asymmetry in ATP-binding at the allosteric site suggest inter-domain as well as inter-
subunit communication in the functional enzyme. The kinetics and mechanism of ligand
binding as well as their stoichiometry can be elucidated through the continuous
measurement of enzyme activity under pre-steady state conditions using a couple-
enzyme assay involving the purine nucleoside phosphorylase-xanthine oxidase (PNP-
XO) system, which has been used for continuous measurement of 5’-nucleotidase
hydrolysis activity (Groot et al., 1985; Zerez and Tanaka, 1985; Webb, 1992).
Preliminary assays performed in the laboratory under steady state conditions have
reported the detection of IMP-hydrolyzing activity specific to PfISN1. The assay needs

further standardization before it can be used for pre-steady state measurements.
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The intracellular location and physiological function of a protein are closely related.
The optimum activity of PfISN1 at low pH in vitro suggests that the protein is probably
localized in an acidic organelle like food vacuole in the parasite. Colocalization studies
using pH-sensitive fluorescent dyes or food vacuole marker proteins can help in
identifying organelle-specific localization of PfISN1 within the parasite. With recent
advances made in plasmodium genetics, better molecular tools such as conditional
expression systems and CRISPR/Cas9 technology are available (Ghorbal et al., 2014;
Lee and Fidock, 2014; Crawford et al., 2017). These alternate approaches will be
adopted to probe PfISN1 gene function in vivo. Amongst other apicomplexans, ISN1
from Toxoplasma gondii is closely related to PfISN1. Biochemical characterization of
TgISN1 and other ISN1s can provide valuable information about the diverse and

conserved features amongst ISN1 members.
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Figure B1. SDS-PAGE of eluted fractions of PfISN1 mutants D170N, D172N, D170N-
D172N and D172A.

Table B1. Kinetic parameters of PfISN1 wild-type enzyme and mutants D172N and
D172A with substrate pNPP.

Protein | Vipax (nmol min® mg™®) | Ky (MM) | Kea (s8€™) X 102 | Koot/ K (seC™ mM™) x 1072
Wild-type 3.01 £ 0.07 5.94 +0.22 0.3 £0.0062 0.045 £ 0.0019

D172N 319+14 15+£0.2 28212 18.8 £ 2.64

D172A 222120 47+11 1.96+£0.18 0.42 £0.104
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Table C1. Kinetic parameters of PfISN1 wild-type enzyme and mutants AN30, AC10,

K41L and H398V with substrate IMP at pH 8.0 and 5.0".

Protein Vinax (umol min™t mg™) Km (MM) Keat (seC™h) Keat/Km (sec* mM™)
pH 8.0
Wild-type 153+£05 65.8 £ 4.9 135104 0.2 £0.02
AN30 34.3+2.4 29.9+55 30.3+2.1 1.01£0.20
AC10 41.2+3.0 20.7+ 4.4 36.4+2.6 1.76 £ 0.39
K41L 16.4 £ 0.9 15424 145+0.8 0.94 £0.15
H398V 18.7+1.4 10.8+3.0 165+1.2 1.53+0.44
pH 5.0
Wild-type 11.0+£0.9 0.31 £0.06 9.72+£0.79 314+£6.6
AN30 65.9 £ 2.6 2.7+0.3 58.2+2.3 21.3+2.7
AC10 63.6 £ 3.1 1.6+0.2 56.2 +2.7 36.2+5.6
K41L 247+ 1.7 3.0£05 21.8+15 7.28+£1.31
H398V 36.5 +2.6 16+04 32.2+23 20.2+5.2
*FOOTNOTE: Values represent mean + SD of 3 independent measurements.
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Figure C1. Initial velocity vs IMP concentration plots for PFISN1 mutants (A) AN30, (B) AC10,
(C) K41L and (D) H398V at pH 8.0. Values represent mean + SD of three independent

measurements.
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Figure C2. Initial velocity vs IMP concentration plots for PFISN1 mutants (A) AN30, (B) AC10,
(C) K41L and (D) H398V at pH 5.0. Values represent mean + SD of three independent
measurements.
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