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Thesis summary

Amidotransferases are a class of enzymes that catalyse the incorporation of nitrogen
into a wide variety of substrate molecules, such as amino acids, amino sugars, nucleotides of
purines and pyrimidines, coenzymes and antibiotics (Adv. Enzymol. Relat. Areas. Mol. Biol.
(1998), 72, 87-144). The aminated products of these reactions serve as entry points for
nitrogen into their respective pathways. Most of the amidotransferases are known to utilise
both glutamine as well as external ammonia for the nitrogen incorporation reaction. However,
when glutamine is used as a source of nitrogen, its hydrolysis is catalysed in a specialized
domain called the GAT (glutamine amidotransferse) domain. This domain has evolved a
mechanism by which glutamine is hydrolysed using cysteine as a nucleophile (Cell. Mol. Life
Sci. (1998), 54, 205-222). Accordingly, amidotransferases have been classified into three
classes, depending on the mechanism by which glutamine is hydrolysed in the GAT domain
for generating ammonia. G-type amidotransferases use a catalytic triad formed by a set of
conserved residues (Cys-His-Glu), while, F-type amidotransferases contain a conserved N-
terminal cysteine as the main nucleophillic residue with catalysis being assisted by His and
Asp, as has been shown in some cases (J. Biol. Chem. (1989), 264, 16613-16619). In the third
class of amidotransferases, though ammonia is generated by glutamine hydrolysis, a
consensus motif involved in such a reaction is yet to be identified. All the amidotransferases
are modular enzymes, containing two spatially separated domains which are specialized for
two different types of chemical reactions. Ammonia channeling and domain cross-talk are the
hallmarks of these enzymes (Curr. Opin. Chem. Biol. (2006), 10, 465-472; Curr. Opin. Struct.
Biol. (2007), 17, 653-664).

Guanosine monophosphate synthetase or GMP synthetase (E.C. 6.3.5.2) belongs to
the G-type class of amidotransferases that catalyses the formation of guanosine
monophosphate (GMP) in the purine nucleotide biosynthetic pathway. The reaction catalysed
by GMP synthetase involves the irreversible conversion of XMP (xanthosine 5'-
monophosphate) to GMP, a reaction that requires ATP and involves the transfer of an amino
group from glutamine to the C2 carbon of XMP via an adenyl-XMP intermediate
(Biochemistry (1983), 24, 5343-5350). The enzyme also directly uses ammonia as a source of
nitrogen replacing glutamine. GMP synthetase is a Mg?* dependent enzyme. The overall

reaction catalysed by GMP synthetase is shown in the scheme below.

Mg™
XMP + ATP + Gln (or NH3) — GMP + AMP+ PPi + Glu



GMP synthetases from both prokaryotes and eukaryotes consist of two domains. The C-
terminal ATPPase (ATP pyrophosphatase) domain catalyses the condensation of XMP with
ATP and the N-terminal glutaminase domain (GAT) liberates ammonia by the hydrolysis of
glutamine.

Plasmodium falciparum relies solely on purine salvage pathway for the replenishment
of purine nucleotides, as the parasite lacks purine de novo biosynthetic pathway. Due to the
presence of low levels of free guanine in human blood (Mol. Cell. Biochem. (1994), 140, 1-
22), GMP production through the enzyme hypoxanthine guanine phosphoribosyl transferase
(HGPRT) would be insufficient for the rapidly multiplying parasite during intraerythrocytic
stages. Also, both P. falciparum and human erythrocytes lack guanosine kinase eliminating
the possibility of conversion of guanosine to GMP. Hence, the major source of GMP in P.
falciparum is through the conversion of XMP to GMP by GMP synthetase. The aim of this
study is to understand the biochemical and kinetic aspects of Plasmodium falciparum GMP
synthetase (PfGMP synthetase) in terms of Kkinetic mechanism, ammonia channeling and
domain cross-talk.

The thesis comprises of four chapters. The first chapter provides a detailed
introduction to different classes of amidotransferases. The available literature on different
aspects of amidotransferases in terms of ammonia channeling, conformational changes and
other biochemical and structural features are summarized. This chapter concludes with the
literature survey on GMP synthetases reported from different organisms, in which different
aspects of the enzyme function and its regulation are highlighted.

The second chapter presents the work done on biochemical and kinetic aspects of P.
falciparum GMP synthetase. Primers were designed based on the annotated gene sequence of
PfGMP synthetase (PF10_0123) available in the Plasmodium falciparum genome database,
PlasmoDB (Nucleic Acids Res, (2001), 29, 66-69). The gene was cloned in pQE30 expression
vector and over-expressed in an E. coli strain deficient in GMP synthetase (guaA™ mutant).
The overall results obtained from these studies on PfGMP synthetase highlighted that the
enzyme has many features that are similar to E. coli GMP synthetase and distinct from the
human counterpart. PFGMP synthetase, though an eukaryotic enzyme shares only 21 %
sequence identity with the human enzyme, while a sequence identity of 41 % is shared with
the E. coli counterpart. The oligomeric state of PFGMP synthetase was found to be dimeric
like the E. coli enzyme, and is an exception from the eukaryotic counterparts that have been
shown to be monomeric. XMP binding in PFGMP synthetase is hyperbolic in nature, while a
cooperative behavior operates in the human counterpart and overall catalytic turnover of
PfGMP synthetase is 10 fold lower than the human enzyme. The order of substrate (ATP,
XMP and glutamine) binding in PFGMP synthetase was elucidated by combination of detailed

initial velocity kinetics and, inhibition kinetics using products and a substrate analogue. The
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initial velocity kinetics done according to the method of Freiden (J. Biol. Chem. (1959), 234,
2891-2896) followed by fitting of the data to appropriate models suggested that the binding of
ATP and XMP follows a steady state ordered mechanism and an irreversible step (ping pong
mechanism) occurs between the binding of either ATP or XMP and glutamine. Use of
products (GMP and PPi) and a substrate analogue (AMP-PNP) for inhibition Kinetics
suggested that ATP is the first substrate to bind followed by XMP, and glutamine can bind
either before or after the binding of the nucleotides. Overall, these studies suggested that a
two-site ping pong mechanism operates in PFGMP synthetase in which the immediate release
of glutamate upon glutamine hydrolysis in the GAT domain gives rise to the irreversible step
in the whole kinetic mechanism. These studies also led us to conclude that the products
formed in the reaction are released in an ordered manner, in which AMP leaves first followed
by GMP and then PPi. PfGMP synthetase is a Mg®* dependent enzyme and binding of Mg?" is
cooperative in nature. Though Mg® is used in the formation of MgATP complex, extra
binding sites for free Mg?®* are present on this enzyme. Psicofuranine and decoyinine are the
two known potent inhibitors of human and E. coli GMP synthetases. However, the effect of
these inhibitors on PFGMP synthetase activity was minimal and though psicofuranine reduced
the activity by 25%, decoyinine did not elicit any effect, suggesting that there may be
structural differences across these enzymes.

Ammonia channeling in amidotransferases is an essential process in the catalysis of
glutamine dependent amidotransferase reaction. The third chapter focuses on ammonia
channeling in P. falciparum GMP synthetase. Functional coordination between the two
domains in amidotransferases is essential for their efficient catalysis, and binding of
substrates in the acceptor domain generally triggers the hydrolytic reaction in the GAT
domain. In PfGMP synthetase, though a significant level of leaky glutaminase activity is
observed in the absence of substrates in ATPPase domain, the enzyme has evolved a
mechanism to prevent such a wasteful process during the complete reaction, as in the
presence of ATP and XMP a 1:1 stoichiometry in the formation of glutamate and GMP from
their respective domains was seen. Differences in the K., value for glutamine and external
ammonia, occurrence of 1:1 stoichiometry in the formation of two products (GMP and
glutamate) and pH kinetics of ammonia and glutamine dependent reactions, all indicated
channeling of ammonia across domains in PFGMP synthetase. To further validate ammonia
channeling in PfGMP synthetase, competition assays were carried out in which both
glutamine and ammonia were together provided in the reaction mixture. **N edited *H fHSQC
(Fast Heteronuclear Single Quantum Coherence) NMR spectroscopy allowed us to quantify
the contribution of external **NHj to the formation of GMP, when both glutamine and *°NH;
were together present in the reaction mixture. The proportion of ®N GMP produced by the

utilization of *°NHs in the total pool of N and ®N GMP in presence of “N glutamine was
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always <50 %, suggesting that indeed the ammonia generated from glutamine is channeled
within the protein and does not mix with the outside medium. Presence of saturating
concentration of glutamine (15 mM) in the assay did not stop the entry of external “NH;
(present at subsaturating concentration of 20 mM), indicating that external ammonia could be
accessing the adenyl-XMP intermediate through a route that is different from the one
followed by ammonia generated from glutamine. In competition assays where glutamine and
>NIH; were together present, °N edited "H fHSQC NMR spectra also showed the formation
of N L- glutamine. The formation of N L- glutamine is due to the reaction of "’NH; with
the thioester intermediate formed in the GAT domain during the hydrolysis of glutamine and
this observation validates the general catalytic mechanism in G-type amidotransferases. The
presence of two routes for the entry of external ammonia into PFGMP synthetase was further
validated by mutating the active site cysteine (C102) to alanine. Assays done with the C102A
mutant for both glutamine and ammonia dependent activities showed that only the latter
activity is retained while, as expected, the former activity is completely abolished. Inhibition
of ammonia dependent activity seen in presence of glutamine suggested that glutamine was
able to bind to the mutant enzyme. Presence of 15 mM glutamine (saturating concentration) in
the reaction assay did not completely inhibit the ammonia dependent activity, suggesting that
external ammonia may indeed be entering the enzyme through another route. The reciprocal
plots of 1/v versus 1/substrate, in which one of the substrates (either NHz XMP or ATP) was
varied at different fixed concentrations of glutamine, were all parallel. This line pattern
reflects dead-end inhibition arising from the binding of glutamine to the GAT domain.
However, replots of the intercepts (obtained from primary plots) versus glutamine
concentration were all hyperbolic. This nature of the replots is indicative of partial inhibition
by glutamine, confirming that external ammonia uses two routes for entry into the enzyme.
Domain cross-talk and conformational changes in amidotransferases are known to aid
these enzymes in synchronizing the function of GAT and the acceptor domains. The last
chapter of this thesis deals with the studies that were carried out to monitor the global and
local structural changes in PfGMP synthetase, occurring as a consequence of substrate
binding. Binding of substrates, ATP and XMP in the ATPPase domain in PfGMP synthetase
should regulate the function of GAT domain, in order to carry the whole reaction in a
coordinated way. Biochemical assays in which glutaminase activity was measured in presence
and absence of ATP and XMP showed that presence of substrates enhanced the glutaminase
activity by 40 % as compared to the unliganded form. Similarly, GAT inactivation studies
using acivicin and diazo oxo norleucine (DON), the two known structural analogues of
glutamine, suggested that rate of inactivation was higher in the presence of substrates. The
second order rate constants for inactivation by acivicin and DON in the absence of substrates
were 0.18 + 0.01 and 0.19 + 0.01 min™ mM™, respectively, which increased to 1.49 + 0.34
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and 0.95 + 0.08 min™ mM™, respectively, in the presence of substrates. Limited proteolysis of
PfGMP synthetase with trypsin followed by measurement of the residual activity and
visualization of band pattern by SDS-PAGE showed that the enzyme is comparatively
resistant to proteolysis in the liganded form when compared to that of the unliganded.
Circular dichroism spectroscopy of the ATP and XMP bound form of PFGMP synthetase
showed reproducible changes both in the far and near-UV regions, when compared to the
unliganded form, suggesting the occurrence of both local and global changes in the liganded
form of PFGMP synthetase. Use of ANS (8-anilino-1- naphthalene sulphonic acid) as a probe
for conformational changes in PFGMP synthetase showed that complete ligand binding causes
a significant decrease in ANS emission intensity compared to the unliganded form. To
specifically localize the regions on PFGMP synthetase that undergo change on ligand binding,
two approaches were taken; 1) limited proteolysis of PFGMP synthetase in the presence and
absence of substrates, and 2) hydrogen/deuterium exchange of liganded and unliganded
enzyme and both approaches were followed by MALDI-TOF mass spectrometry. Comparison
of MALDI-TOF mass spectra of PfGMP synthetase incubated with different ligand
combinations and after being subjected to limited proteolysis, showed complete absence of a
15471 + 1 Da peak in the spectrum when the enzyme was bound to both ATP and XMP.
Replacement of ATP in the pre-incubation reaction with its non hydrolysable analogue,
AMPPNP showed a similar pattern. The 15471 + 1 Da peak was assigned to a region in the
GAT domain of PfGMP synthetase involving the residues Lys*-Lys*®. This suggested that
ligand binding in ATPPase domain leads to the inaccessibility of Lys*’ and Lys'” (both
residues in the GAT domain) to trypsin leading to the absence of the peak and, reflecting that
ligand binding causes global changes in PFGMP synthetase. A more robust technique which
addressed the question whether both local and global changes occur in the enzyme as a
consequence of substrate binding, was hydrogen/deuterium exchange (H/DX) followed by
mass spectrometry. H/DX of PFGMP synthetase, both in the presence and absence of ATP
and XMP followed by pepsin digestion and MALDI-TOF mass spectrometry highlighted
regions both in ATPPase (300-315 and 423-430)) and GAT domain (4-22 and 143-155) that
have reduced deuteration when the enzyme was completely liganded. These studies not only
supported the results obtained with other probes used in this study, but also showed that the
liganded form of PFGMP synthetase undergoes both local as well as global structural changes.
All these studies led to the conclusion that a change brought about by ligand binding in
ATPPase domain is somehow transduced to the GAT domain to synchronize the function of
the two catalytic pockets.

In conclusion, the overall study provides a comprehensive view of the biochemical
aspects of PFGMP synthetase, the order of substrate binding and product release, ammonia

channeling and inter-domain activity coordination as a result of local and global
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conformational changes brought about by the binding of substrates. Probably, the binding of
substrates leads to the formation of a closed form of the enzyme which may be aiding in the

creation of an ammonia channel across the protein.
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Chapter 1. Introduction

( Introduction to amidotransferases and

guanosine monophosphate synthetase

Chapter 1

1.1. Summary

This chapter provides a general introduction to amidotransferases, a class of
enzymes that belong to different metabolic pathways. Common features that form the
basis of classification of these enzymes are disscussed. P. falciparum GMP
synthetase, an enzyme of purine salvage pathway and a member of amidotransferases,
forms the theme of studies reported in this thesis. A brief survey of literature available
on GMP synthetases is also included. The chapter concludes with an account on
current understanding of the purine biosynthetic pathway in P. falciparum and its

potential use as antimalarial drug target.

1.2. Glutamine amidotransferases

1.2.1. General description

Glutamine amidotransferases (GIn-ATs) or transamidases, are the enzymes
catalyzing amination of a wide variety of metabolites, like amino acids, purines,
pyrimidines, amino sugars, coenzymes and antibiotics, that sometimes serve as entry
points for nitrogen into the respective pathways Most of the amidotransferases
reported till date can either directly utilize ammonia from an external source or
generate it by the hydrolysis of glutamine, needed for the amination of the acceptor
molecules. Generally, these enzymes are modular with spatially separated
glutamianse and the acceptor domains, specific for catalyzing the complex
amidotransferase reaction in two parts, the glutamine hydrolysis and the acceptor
amination, respectively. A set of glutamine amidotransferases after glutamine
hydrolysis, transfer the generated ammonia directly to the acceptor substrates, with
glutamate synthase serving as an example. However, in other cases, the acceptor

substrate is first pre-activated by utilization of a molecule of ATP that leads to the
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formation of catalytically active intermediate possessing an electron deficient centre.
The intermediate finally reacts with ammonia (with lone pair of electrons) in a
nucleophillic reaction to proceed to the formation of aminated product (Buchanan,
1973; Massiere and Badet-Denisot, 1998; Zalkin, 1985; Zalkin, 1993; Zalkin and
Smith, 1998). Though the final nitrogen-incorporated products differ across
amidotransferases, glutamate is the common product whenever glutamine is
hydrolyzed. The amidotransferase reaction differs from that catalyzed by
aminotransferases or transaminases (E.C. 2.6.1.) as the latter catalyse the transfer of
a-amino group from an amino acid to an a-keto acid (generally a-keto glutaric acid),
in a pyridoxal phosphate (PLP) dependent reaction (Hirotsu et al., 2005). A general

amidotransferase reaction scheme (Scheme 1.1) is shown below:

]

(o]
R NH, o amidotransferase /U\/\/U\
Lo + 4L\V/A\V/ﬂ\ ----i"
lo) Y OH e H on * P

NH, NH,

Glu
Gln

amidotransferase o i
NH, o .
2 AL, +P +AMP+PPi
M é HO OH
O e OH H
NH NHz

ASEP SUR.nopnur
<
dlv

AcS_AMP  +

AcS = Acceptor substrate: AcS_AMP = Acyl intermediate: P= Aminated product

Scheme 1.1. General amidotransferase reaction showing the transfer of amino

group from glutamine to the acceptor molecule

1.2.2. Classification of amidotransferases

Till date International Union of Biochemistry and Molecular Biology
(ITUBMB) has not proposed any separate official classification for amidotransferases
(Webb, 1992). However, Howard Zalkin at Purdue university (Zalkin, 1993), has
classified amidotransferases into two distinct classes based on alignment of the gene
sequences that were available for these enzymes at that time. The classification was
initially based on the conserved residues in primary sequences of the glutaminase
domains in these enzymes and subsequent biochemical and structural analysis led to
their functional implication. A group of glutamine hydrolyzing enzymes that also

incorporate nitrogen into their substrates do not resemble either of the two canonical
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amidotransferase classes in terms of the glutaminase domain architecture and hence,

have been placed in a separate class (Zalkin, 1985; Zalkin, 1993).

1.2.2.1. Class | or G-type amidotransferases

These enzymes possess a conserved catalytic triad (cysteine, histidine and
glutamate) (Tesmer et al., 1996; Thoden et al., 1997) in the glutaminase domain for

generating ammonia from glutamine. Anthranilate synthase, an enzyme catalyzing a

reaction both in the tryptophan and the folic acid biosynthetic pathways, was first to

be reported from class | amidotransferases. This enzyme is encoded by trp-G operon

and hence, the name G-type amidotransferases. Scheme 1.2 shows the proposed

catalytic mechanism for glutamine hydrolysis in class I amidotransferases (Amuro et

al., 1985; Zalkin, 1993).

Formation of Glutaminyl enzyme adduct:

-+ Cc-s + HB ( His)
xJ) (IDH
*SE—NHa ———— 7 S-C-NHp
Fli R
(GlIn)
Transfer of amide
OH CH
L . c—s—C-NH{ + B
C—s~C-NHz +HB I!'«’ =
5
: : ‘i :NH,
Hydrolysis of thioester: /H
B 7™ OH" + H—B \
D i
C—SH <+« —— H-B TS E’;_OH
(Glu)

Scheme 1.2. Proposed catalytic mechanism for glutamine hydrolysis in class 1

amidotransferases. During this reaction, thioester intermediate is formed between

glutamine and the catalytic cysteine followed by generation of ammonia and release of

glutamate.
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In this mechanism, a general base (His) assisted cysteine nucleophile forms an
adduct with glutamine (glutaminyl-enzyme adduct) and its subsequent protonation
drives the reaction towards the release of ammonia. Finally, the catalytic glutamate
assists in hydrolysis of the thioester intermediate to release glutamate as a product and
prepare the enzyme for another round of catalysis. This mechanism has been
supported both by biochemical (isolation of the thioester intermediate) (Chaparian and
Evans, 1991; Levitzki and Koshland, 1971; Roux and Walsh, 1992; Schendel et al.,
1989) and structural studies (crystal structures containing covalently bound acivicin)
(Chaudhuri et al., 2001). The catalytic mechanism in class | amidotransferases
resemble that of o/p hydrolases in many aspects (Tesmer et al., 1996). Two prominent
mechanistic features shared by these two different families of enzyme are (1) the
oxyanion hole that is involved in stabilization of the transient negative charge on
glutamine amide oxygen, and (2) the nucleophile elbow, that provides the disallowed
backbone conformation to the nucleophillic residue (cysteine). The members of this
group (Table 1.1) are either hetero or homo oligomers, where the glutaminase and the
acceptor domains are either fused or separate. Site-directed mutagenesis (Miran et al.,
1991), structural elucidation (Smith, 1995; Tesmer et al., 1996) and other routine
biochemical methods involving chemical labeling have accounted the role of triad

residues in catalysis of the glutaminase domain in these enzymes.

1.2.2.2. Class Il or F-type amidotransferases

These enzymes are characterized by the presence of a conserved N-terminal
nucleophilic cysteine in the glutaminase domain that forms the main catalytic residue
during glutamine hydrolysis. Unlike triad glutamine amidotransferases, no consensus
assisting residues have been distinguished in class Il GATs. Though pH dependent
assays in glutamate synthase (Vanoni et al., 1994) and diethylpyrocarbonate labeling
(Badet-Denisot and Badet, 1994) and mutational analysis of glutamine-PRPP-
amidotransferase (Mei and Zalkin, 1989) have suggested the involvement of histidine
in glutamine hydrolysis, alignment of large number of class Il primary sequences did
not reveal any conserved histidine across the members (Zalkin, 1993). In the absence
of any close residue that can increase the nucleophillicity of the catalytic cysteine, it
has been proposed that the terminal amino group could be doing the function (Isupov

et al., 1996) through involvement of a chain of water molecules, though a clear proof
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Table 1.1. Class | amidotransferases, their acceptor substrates, the aminated products,
name of the biosynthetic pathway and the respective PDB IDs for those reported in

literature. Those marked in red are two-subunit type amidotransferases. Arrows point to the

site of nitrogen incorporation. The structures of the molecules were adapted from KEGG
pathway database (Kanehisa and Goto, 2000) (http://www.genome.jp/kegg/pathway.html).

Enzyme Acceptor substrate Product Biosynthetic Pathway Structure
reported
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for such a mechanism is awaited. This family of enzymes has gained the name F-type
amidotransferases due to the reason that pur F operon encoded glutamine PRPP
amidotransferase was the first reported member (Zalkin, 1993) from the class. Most
members of class Il (table 1.2) are two-domain type amidotransferases, i.e. the
glutaminase and the acceptor domains are fused in a single polypeptide chain.

Table 1.2. Class Il amidotransferases, their acceptor substrates, the aminated products,
name of the biosynthetic pathway and the respective PDB IDs for those reported in
literature. Arrows point to the site of nitrogen incorporation. Structures of the molecules
were adapted from KEGG pathway database (Kanehisa and Goto, 2000)
(http://www.genome.jp/kegg/pathway.html).

Enzyme Acceptor substrate Product Biosynthetic pathway  Structuresreported
o} o}
i OH NH;
ASHatEYIne Synimetace HOJ\E/Y HOJKE/\H/S Asparagine  E coli (1CT9,11AS, 12AS)
(E.C .6.3.5.4) NH, O NH, O
Aspartate Asparagine
O‘)‘ b
jo"‘ 9 v " E. Coli ( 1MOR, 1MOS, 2J6H
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6-phosphate < 6-phosphate

Glutaminephosphoribosyl- & ,0‘(\ .
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s O [} & 1ECC,1ECJ) H. sapiens
b & & o A (2HCR)
oy e Lo 0
QA0 5 RN
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Glutamate synthase o)\/\,(ﬁ\orl HOWOH Glutamate ALMA) A. brasilense (1EAO)
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[o] 2
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1.2.2.3. Non-classified amidotransferases

In this class of amidotransferases, a set of glutamine utilizing enzymes have
been placed that do not fit otherwise to the canonical amidotransferases in terms of
geometry of the glutaminase active site involved in glutamine hydrolysis. In NAD
synthetase, an enzyme of the NAD biosynthetic pathway, it has been recently

proposed that cysteine, lysine and glutamate could form the catalytic motif and their
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subsequent replacement with alanine by site-directed mutagenesis led to the complete
loss of glutamine utilizing ability (Bellinzoni et al., 2005; LaRonde-LeBlanc et al.,
2009). GatCAB and GatDE, are the two glutamine dependent amidotransferases that
carry out the amination of either aspartate or glutamate using glutamine, after the two
residues get misacylated to tRNA”P or tRNA®" by aspartate and glutamyl tRNA
synthetases, respectively (Wu et al., 2009). Though, these enzymes can generate
ammonia either from glutamine or asparagines, it has been suggested that glutamine
serves as a better amide donor than asparagine in S. aureus GatCAB compared to A.
aeolicus GatCAB, where both the substrates are utilized with similar efficiency
(Nakamura et al., 2006; Wu J, 2009). These amidotransferases belong to a family of
amidases that use Ser-cisSer-Lys motif as a “catalytic scissor” for glutamine
hydrolysis with Ser acting as a nucleophile. A recently solved crystal structure of A.
aeolicus GatCAB co-crystallised with glutamine has confirmed the formation of acyl
intermediate at the nucleophille Ser'’* with Ser'™, cisSer'*’, and Lys’® forming the
catalytic scissor (Wu et al., 2009).

Besides the listed amidotransferases (Table 1.3), arylamine synthetase
(chloramphenicol biosynthesis) and aminoDAHP synthase (ansamycines and
mitomycines biosynthesis) have been placed in this group. Recent studies have added
few new candidates to the list of existing amidotransferases, with their putative
reactions and the amidotransferase class being predicted, though a complete
biochemical characterization is still awaited. OxyD, an enzyme of tetracycline
biosynthesis, is a putative class Il amidotransferase resembling asparagine synthetase
in terms of the glutaminase domain architecture (Zhang et al., 2006), with either
malonyl-CoA or malonyl-ACP as the predicted acceptor substrate and malonamyl-
CoA or malonamyl-ACP repectively, as the amidated product. Polyene carboxamide
synthase, an enzyme involved in the biosynthesis of polyene macrolide carboxamide
AB-400, contains asparagine synthetase-like glutaminase domain and is proposed to
be a member of class Il of amidotransferases (Miranzo et al., 2010). A member of
thiostrepton biosynthetic pathway producing thiopeptide antibiotics, has also been

proposed to be a member of class Il of amidotransferases (Kelly et al., 2009).
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Table 1.3. Unclassified amidotransferases, their acceptor substrates and the aminated
products, name of the biosynthetic pathway and the respective PDB IDs for those
reported in literature. Those marked in red are two-subunit type amidotransferases. Arrows

point to the site of nitrogen incorporation. The structures of the molecules were adapted from
KEGG pathway database (Kanehisa and Goto, 2000)

(http://www.genome.jp/kegg/pathway.html).

Enzyme Acceptor substrate Product Biosynthetic pathway Structuresreported
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1.2.3. General features of glutamine amidotransferases

1.2.3.1. Modularity

All amidotransferases reported till date, are modular in structure; possessing
two spatially separate active sites specialized for the catalysis of two chemically
different reactions. The domain that catalyses glutamine hydrolysis and hence,
producing glutamate and ammonia, is referred to as glutamine amidotransferase
domain or glutaminase domain. Structural and biochemical studies on both class I and
class Il amidotransferases have shown the presence of a conserved cysteine in the
glutaminase domain that acts as a nucleophile during glutamine hydrolysis (Isupov et
al., 1996; Tesmer et al., 1996; Thoden et al., 1997; van den Heuvel et al., 2004).
Different glutamine analogues have been used for locating position of the catalytic
cysteine in the glutaminase domain as the mechanism of reaction of the cysteine with
these analogues is similar to that followed in the cysteine-glutamine reaction and
unlike glutamine, they remain bound to the enzyme covalently (Chittur et al., 2001;
Massiere and Badet-Denisot, 1998). The analogues that have been used commonly are
acivicin (Tso et al., 1980), diazo-oxo-norleucine (Badet et al., 1987; Hartmann, 1963;
Mehlhaff and Schuster, 1991; Vanoni et al., 1994; Vollmer et al., 1983), azaserine
(Hartmann, 1963; Mehlhaff and Schuster, 1991; Mizobuchi and Buchanan, 1968;
Queener et al., 1973) and chloroketone (Khedouri et al., 1966; Mantsala and Zalkin,
1976; Trotta et al., 1974).

The second domain in amidotransferases is generally known as the acceptor
or synthetase domain and contains the active site that carries out amination of the
acceptor substrate, by availing ammonia either from glutaminase domain (hydrolyzing
glutamine) or directly from the surrounding medium. The acceptor domains across
different amidotransferases differ in the primary sequence and this has been primarily
attributed to the differences in reactions occurring in the domain that involve varied
acceptor substrates (Tables 1.1, 1.2 and 1.3). Based on the reaction mechanism for
amination in the acceptor domain, amidotransferases can be placed into three groups:
(1) enzymes where the acceptor substrate is activated by transfer of a phosphate group
from ATP before being aminated and produce ADP and Pi as the by-products. e.g
CTP synthetase, carbamoyl phosphate synthetase, formoylglycinamidine synthetase,

Glu-tRNA amidotransferse. (2) amidotransferases like, GMP synthetase, asparagine
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synthetase, cobyrinic acid a, c-diamide synthetase, cobyric acid synthetase and NAD
synthetase, where utilization of ATP is followed by attachment of AMP to the
respective substrates for activation, and produces AMP and PPi as by-produts. An
amino acid motif in the ATPPase domain of GMP synthetase, known as P-loop, is
highly conserved in the acceptor domains of asparagine and NAD synthetases and
binds to PPi of ATP in these enzymes (Tesmer et al., 1996). (3) a third set of
amidotransferses (9In:PRPP amidotransferse, anthranilate synthase,
aminodeoxychorismate synthase, IGP synthase, glucoseamine-6 phosphate synthase,
PLP synthase and glutamate synthase) do not use ATP before the amination process
in the acceptor domain and hence, incorporate the amino group directly into the
substrates (Massiere and Badet-Denisot, 1998).

While biochemical and structural studies have confirmed that
amidotransferase reactions are completed by synchronized catalysis of two physically
distant active centers, it has also been revealed that the glutaminase and the acceptor
domains may not be part of the same polypeptide, but can be synthesized separately
that after interaction catalyze the glutamine dependent amidotransferase reaction. For
example, in E. coli IGP synthase, the two domains form two distinct polypeptides
(Klem and Davisson, 1993), while in S. cerevisiae homolog, the two domains are
fused in a single polypeptide (Kuenzler et al., 1993) and have been accordingly called
as two-subunit or two-domain IGP synthases. This arrangement of domains in
amidotransferases has been implicated in their functional regulation as demonstrated
in carbamoyl phosphate synthetase (CPS). In mamalian CPS, the enzyme with fused
glutaminase and the synthetase domains, deletion of 29 amino acid stretch that links
the two domains, resulted in an active enzyme with stimulated glutamine dependent
activity and abolished ammonia dependent activity (Guy and Evans, 1997). Similarly,
when the two domains of E. coli CPS, a two-subunit GAT, were fused into a single
polypeptide, the enzyme did not show similar allosteric inhibition by ornithine, as
elicited by the native enzyme (Guy et al., 1997). However, like mammalian CPS, the
enzyme lost the ammonia utilization property and gained enhanced glutamine
dependent activity. Tables 1.1 and 1.3 provide a list of two-subunit amidotransferases
(marked in red) that have been characterized and the structures reported in literature.

When the two domains in amidotransferases exist as separate proteins,

generally the glutaminase domain specifically interacts with the cognate acceptor
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domain, however an exception to this rule is observed in Bacillus subtillis and
Acinetobacter calcoaceticus anthranilate synthases. In these organisms, a single
glutaminase domain (TrpG) can couple with two different acceptor domains, TrpE
and PabB to form anthranilate and 4-amino-4 deoxychorismate, respectively as the
final products. These glutaminase domains are referred to as amphibolic (Slock et al.,
1990; Zalkin, 1993).

1.2.3.2. Ammonia channeling and domain cross-talk in glutamine-dependent
amidotransferases

Ammonia channeling is a characteristic feature of glutamine-dependent
amidotransferases and has due implication in their catalytic mechanism. In this
phenomenon, the ammonia generated by glutamine hydrolysis in the glutaminase
domain is transferred to the synthetase domain without its diffusion to the
surroundings. Defined structural elements that perform the function are known as
ammonia tunnels or channels (Mouilleron and Golinelli-Pimpaneau, 2007; Weeks et
al., 2006). Recent studies have provided great details of this process.

Domain coordination in amidotransferases is needed for the synchronized
function of the domains that perform different individual reactions. Towards the same
step, these enzymes undergo large conformational changes upon substrate binding
that not only serves the purpose of domain coordination, but also lead to the formation
of ammonia tunnels in some cases (Mouilleron and Golinelli-Pimpaneau, 2007).

Detailed account of ammonia channeling and conformational changes in

amidotransferases is provided in chapters 3 and 4 of this thesis, respectively.

1.3. Amidotransferases in protozoa

To sustain their complex life cycle, parasites have shaped their metabolism in
a fascinating adaptive way, making it logically fair to visualize the existing variations
that these organisms harbor in terms of metabolism. Therefore, presence or absence of
different metabolic pathways or some of the steps thereof, leads to the subsequent
absence of the respective enzymes in these organisms (Ginger, 2006).

Though a detailed description and analysis of many of the amidotransferases
in parasitic protozoa is still not reported, few of the enzymes have been studied or at

least putatively identified from genome sequencing. Hill et al., (Hill et al., 1981)
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reported activity of five of the pyrimidine biosynthestic pathway enzymes including
carbamoyl phosphate synthetase (CPS) from crude extracts of many parasitic protozoa
Crithidia fasciculata, Trypanosoma cruzi, Leishmania major, Trichomonas vaginalis,
Eimeria tenella, Toxoplasma gondii, Plasmodium berghei, Fasciola gigantica,
Schistosoma mansoni, Hymenolepis diminuta, Nippostrongylus brasiliensis and
Trichuris muris. Characterization of CPS Il gene and its localization on T. cruzi DNA
was reported by Aoki et al (Aoki et al., 1994) and Nara et al (Nara et al., 1998),
respectively. Cloning and preliminary characterization of CPS Il from L. mexicana
and T. cruzi has also been reported (Nara et al., 1998). Generation of CPS Il mutant
strains of T. gondii and their infection into an immune competent mice did not show
any virulence, underscoring role of CPS in the organism (Fox and Bzik, 2002)
Recently, CTP synthetase from T. brucei (Fijolek et al., 2007) and P. falciparum
(Hendriks et al., 1998; Yuan, 2005) has been cloned and biochemically characterized,
that highlighted differences in the kinetic parameters of these enzymes from that of
the human host.

Pyridoxal 5-phosphate synthase from P. falciparum, involved in the
biosynthesis of vitamin Bg, has been investigated in a detailed manner (Derrer et al.,
2010; Gengenbacher et al., 2006). The enzyme consists of two subunits, Pdx1 and
Pdx2 with former being the glutaminase domain and latter the synthase domain.
Structural characterization of the protein has provided basis for the interaction of its
two subunits that also led to the conclusion that its overall structure resembles its
homologs from other organisms. In 2000, isolation and characterization of the gene
encoding P. falciparum GMP synthease was reported by McConkey (McConkey,
2000). Besides the above well characterized glutamine amidotransferases in P.
falciparum, other members of this class have been annotated. The enzymes that have
been listed in Plasmodium genome database, PlasmoDB (http://plasmodb.org) but still
to be characterized are; carbamoyl phosphate synthase (Pf13_0044), NAD synthase
(PFI1310w), asparagines synthetase (PFC0395w). Microarray analysis of
Plasmodium available in PlasmoDB (Bahl et al., 2003) (http://plasmodb.org/plasmo/)
shows the expression profile of these genes during the intra-erythrocytic stages of the
parasite. Different aspects of P. falciparum GMP synthetase are presented in this

thesis.
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1.4. Guansoine monophosphate (GMP) synthetase

GMP synthetase is a G-type amidotransferase catalyzing the amination of
XMP in presence of ATP and an amonia source, to form GMP. The enzyme is a ligase
and catalyses the amination reaction using either NH; (xanthosine-5'-phosphate:
ammonia ligase, E.C.6.3.4.1) or glutamine (xanthosine-5’-phosphate: L-glutamine
amido-ligase, E.C.6.3.5.2) as a source of nitrogen. By-products of the reaction are
AMP and PPi, and glutamate if glutamine is used as an amino source (Scheme 1. 3).

XMP i Glutamine O
{NI[NH HzN_|CHC_0H

ﬁ N NHJ\O o ATP + (|.';I-I2

0—P—0 o ?HZ

0 H =0

o Adenyl-XMP

NH,
GMPS, |v|g7-'+lv ffL NH O "%
Ao ronpe S
. / '1OH HT oh
203P0 E)H lGMPS, Mgz+
o 0 Glutamate g
I
GMP (NfLNH HN—CHC—OH
0 N N'J\NH2 c|:H2
o—b—o - CH
o0 o +AMP + PPi+
o- d C=0
H H |
OH OH OH

Scheme 1.3. Reaction showing the conversion of xanthosine 5'-monophosphate to

guanosine 5'-monophosphate by GMP synthetase.

1.4.1. Discovery of GMP synthetase
In 1954, Magasanik and Brookes reported the accumulation of xanthosine in

guanineless mutants of Aerobacter aeogenes (Magasanik and Brooke, 1954)
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suggesting that xanthosine was an essential intermediate in guanine biosynthesis.
Gehring and Magasanik reported that the enzyme converting XMP to GMP is ATP
dependant and requires glutamine as an amino donor (Gehrig and Magasanik, 1955).
Moyed and Magasanik (Moyed and Magasanik, 1957) first reported the isolation and
purification of xanthosine 5-monophosphate aminase from Aerobacter aerogenes.
Lagerkvist in pigeon liver and Abrams and Bentley in rabbit bone marrow extracts
independently demonstrated the formation of GMP from XMP using glutamine, ATP
and Mg®" in the reaction (Abrams and Bentley, 1955; Lagerkvist, 1958).The studies
on pigeon liver GMP synthetase using '®0-labeled XMP as a substrate indicated the
occurrence of adenyl-XMP intermediate during the reaction (Lagerkvist, 1958).
Fukuyama substantiated the formation of adenyl-XMP using radiolabel substrates in
the GMP synthetase reaction (Fukuyama, 1966) and was latter supported by von der
Saal (von der Saal et al., 1985) and Tesmer (Tesmer et al., 1996) .

1.4.2. Structural organization of GMP synthetases
A phylogenetic analysis of ~60 non-redundant protein sequences representing
GMP synthetases from different organisms showed diversity in terms of length of the
sequences. While the glutaminase and the synthetase domains in eukaryotic and
prokaryotic GMP synthetases reside in one polypeptide (two-domain proteins), the
domains in the archaeal enzymes with few exceptions, occur as separate polypeptides
(two-subunit proteins). Based on this feature, GMP synthetases can be placed in three
separate groups (1) Except plants, fungi and some protozoa, eukaryotic GMP
synthetases represent the longest primary sequences (600-700 residues) among these
enzymes due to the presence of ~100 amino acid insertion in the dimerisation domain
(2) Enzymes from prokaryotes, plants and fungi with few inclusions from protozoa
are ~520-580 residue in length. (3) Archaeal enzymes with few exceptions are two-
subunit enzymes with the glutaminase and the acceptor domain sequence lengths
being ~ 180 and ~310 amino acids, respectively.
Figures (1.1 and 1.2) show the unrooted and rooted phylogenetic trees for
GMP synthetases that expectedly classified the closely related sequences in a single
group. Interestingly, fungi and protozoa though eukaryotic, have diverged from
mammals, plants and insect and lie closer to the bacterial counterparts, as supported

by the bootstrap values in Fig 1.2.
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Figure 1.1. Phylogenetic tree of the GMP synthetasese sequences representative of both
two-domain (prokaryota and eukaryota) and two-subunit enzymes (archaea). The tree

was generated by using MEGA software (Kumar et al., 2008; Tamura et al., 2007).
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Figure 1.2. Phylogenetic tree of the GMP synthetasese sequences representative of both

two-domain (prokaryota and eukaryota) and two-subunit enzymes (archaea) provided
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with bootstrap values. The tree was generated by using MEGA software (Kumar et al.,
2008; Tamura et al., 2007).

Archaeal bacteria form a separate branch in the phylogenetic tree.
Interestingly GMP synthetases from leishmania and trypanosoma, the two
Kinetoplastid protozoa, unlike their protozoan homologs, seem to be closer to that
from mammalian and insect counterparts. These observations probably reflect on the
different evolutionary rates with which these enzymes have evolved.

Tesmer et al reported crystal structure of E. coli GMP synthetase (PDB ID
1GPM) bound to AMP and PPi (Tesmer et al., 1996), nearly four decades after the
establishment of its biochemical activity. At present, a PDB (http://www.pdb.org/pdb)
query for GMP synthetase retrieves ten entries including the recently reported
structure of P. horikoshii (PDB ID 3A4l), a two-subunit GMP synthetase. The
unpublished PDB list of GMP synthetases among others holds structures of T.
thermophillus unliganded (2YWC) and XMP bound (2YWC) and human (PDB ID
2V X0, 2VPI) enzymes. In GMP synthetases, both two-domain-type or two-subunit-
type enzymes, N-terminal glutaminase domain or the glutaminase subunit catalyses
the hydrolysis of glutamine to glutamate and ammonia, and the C-terminal domain or
ATPPase domain or ATPPase subunit catalyses the ATP-XMP ligation (adenyl-XMP
formation) followed by amination to form GMP.

Analysis of different crystal structures available in Protein Data Bank suggest
that the core structural elements in GMP synthetases are highly recurring. The
glutaminase domain generally contains o/f structures with the core mainly
constructed of f-strands, with most of the conserved residues including the catalytic
triad (Cys-His-Glu) residing in the core (Fig. 1.3). The catalytic triad has been
proposed to be similar to that present in serine proteinases, as cysteine, a replacement
for serine in the latter is surrounded by a general base (His) and a third residue
glutamate, that can serve as a hydrogen bond acceptor from the imidazole ring.
Glutaminase domain of GMP synthetases possess a nucleophile elbow containing the
catalytic cysteine that is distinguished by disallowed backbone conformation and
connects the top of a f-strand and the base of an a-helix. This feature in GMP
synthetases is similar to that in o/f hydrolases where position of the nucleophile is
stiffened by nucleophile elbow (Tesmer et al., 1996). Figure 1.3 presents a

comparative view of GMPS glutaminase domains from different organisms,
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highlighting the similarity in organization of different structural elements in the
domain. The catalytic triad residues are conserved across these enzymes (Fig 1.4).

Figure 1.3. Comparison of the glutaminase domain of GMP synthetases from H. sapiens,
T. thermophillus, P. horikoshii and E. coli, portraying their similarity in overall topology.

The catalytic triad residues present in core of the domain are highlighted in red.
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Figure 1.4. Sequence alignment of GMP synthetases, representative of prokaryotes,

eukaryotes and archaea, was generated using Clustal W (Higgins D. et al., 1994) and
modified by ESpript 2.2 (Gouet et al., 2003).

Catalytic triad residues (Cys-His-Glu) are boxed in pink. Green bar represents the residues

present in the P-loop. Putative residues involved in ATP binding are solid boxed and arrow

pointed in dark blue. XMP interacting residues are solid boxed and arrow pointed in light

blue. The region solid boxed in black represent the dimerisation domain insertion (>100

residues) in some eukaryotes. The red shaded regions represent the residues that are identical

across the GMP synthetases.

22



Chapter 1. Introduction

The ATPPase domain in GMP synthetases is generally larger in size than the
GAT domain and resembles dehydrogenases in having a typical dinucleotide binding
fold characterized by sandwiching of five-strand S-sheet between a-helical layers. P-
loop, a characteristic motif of ATP utilizing proteins is also conserved across the
GMP synthetases (SGGVDSS/T, green marked in Fig. 1.4). Much of the information
for mode of ATP binding was gained from the structural analysis of ECGMPS. Recent
structures of HSGMPS and TtGMPS bound to XMP (unpublished) have highlighted
the residues that interact with the bound nucleotide. Recently, a report on P.
horikoshii GMPS (Maruoka et al., 2010) has predicted a list of residues in the
ATPPase domain that showed contacts with ATP (arrowed dark blue boxes in Fig.1.4)
and XMP (arrowed light blue boxes in Fig.1.4). A dimerisation domain lies adjacent
to the ATPPase domain that contains many conserved residues and the o/ structural
(Figure 1.5) motifs, forming a hydrophobic interface for inter-subunit interaction.
Eukaryotic GMP synthetases, except plants, fungi and some protozoa, contain a large
conserved insertion (>100 residues) in the dimerisation domain (boxed in dark, Fig.
1.4) that probably prevents them from dimerisation and also evokes the possibility of
their non-enzymatic role in these organisms. Already such a role for GMP synthetases
from Drosophila and a human cell line has been demonstrated and an account of this
is provided in next section. Apart from the presence of large dimerisation domain
insertion, two more conserved insertions are also seen in the above mentioned
enzymes. It will be interesting to investigate whether the non-enzymatic roles of
DmGMPS and HsGMPS specifically lie with the extra amino acid stretches present in
the enzymes. A structural view of the ATPPase domains from different organisms is
given in Fig.1.5. The presence of large number of conserved residues across GMP
synthetases (Fig. 1.4.) agrees well with the structural similarity observed in these

enzymes.

1.4.3. Moonlighting or non-catalytic functions of GMP synthetases

Involvement of metabolic enzymes in processes independent of their
enzymatic function has been known (Jeffery, 2009; Moore, 2004), with very recent
addition of GMP synthetase to the list. Pegram et al first reported MLL-GMPS fusion

in person with metastatic neuroblastoma (Pegram et al., 2000).
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Figure 1.5. Comparison of E. coli, T. thermophillus, P. horikoshii and H. sapiens
ATPPase domains, highlighting overall similarity in topology. Regions highlighted in

dotted circles represent the dimerisation domains.

Translocation of MLL (myeloid/lymphoid or mixed lineage leukemia), a transcription
factor, has been implicated in many leulemias (Rowley, 1998). The function of GMPS
as a fusion partner of MLL is yet to be determined. Two recent studies have shown
that Drosophilla GMPS strongly interacts with the ubiquitin specific protease 7
(USP7) and deubiquitylates H2B, a function related to gene regulation. These studies
highlighted that USP7-GMPS interaction and not the catalytic activity of DmMGMPS is
needed for this function, as the active site mutants of DmGMPS did not disrupt the
activity (van der Knaap et al., 2005). These studies also highlighted the interaction of
USP7-GMPS complex with ecdysone binding genes and has been proposed to act as a
co-repressor of developmental gene control by ecdysone receptors (van der Knaap et

al., 2010). A similar study on EBNA1, a protein of Epstein-Barr virus (EBV) essential
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for the replication and persistence of its genome in the latently infected cells, has
demonstrated that human GMPS-USP7 activates transcription by forming a ternary
complex with the EBNA1-DNA complex via deubiquitylation of H2B (Sarkari et al.,
2009). In conclusion, these studies brought off the non-enzymatic activities of GMPS
that was unknown till now. It is pertinent to mention that both DmGMPS and
HsGMPS contain ~100 amino acid insertion in the dimerisation domain that could be

playing a role in such activities.

1.5. Purine biosynthesis and the role of GMP synthetase in P. falciparum

Plasmodium falciparum, a parasitic protozoan and the causative agent of
cerebral malaria, causes ~1 million deaths annually (World Malaria Report 2009,
http://www.who.int/malaria/world_malaria_report_2009/en/index.html). Despite
availability of anti-malarial drugs, the widespread emergence of drug resistant
parasites necessitates a quest for new therapies. Structure and mechanism based
combinatorial approach for drug design has proved highly fruitful. All parasitic
protozoa including Plasmodium spp. are auxotropic for purines and use different
reactions of the salvage pathway for the synthesis of purine nucleotides, (Sherman,
1998; Walsh and Sherman, 1968). That protozoan parasites including Plasmodium
spp. are unable to synthesize purines de novo has been recognized long back (Booden
and Hull, 1973), followed by the apicomplexan genome sequencing that failed to
identify the enzymes needed for de novo purine biosynthesis (Gardner et al., 2002).
Plasmodium berghei fed with [*H]-labeled adenosine and hypoxanthine showed their
incorporation into the nucleic acids, while [*H]-labeled uridine and thymidine failed
to be incorporated (Bungener and Nielsen, 1967; Bungener and Nielsen, 1968;
Bungener and Nielsen, 1969; Van Dyke et al., 1970). P. knowlesi grown on monkey
erythrocytes, did not incorporate [**C]-labeled thymidine, thymine, uridine and uracil
into its nucleic acids, but incorporated [**C]-labeled orotate (a pyrimidine precursor)
and adenine (Polet and Barr, 1968). All these studies collectively supported the
presence of purine and absence of pyrimidine salvage pathways in the parasite.
Moreover, incorporation of [*C]-labeled orotate into nucleic acids supported the
presence of de novo pyrimidine biosynthetic pathway in the parasite. A schematic
representation of the purine salvage pathway operating in P. falciparum is shown in
Fig. 1.6.
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l
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Figure 1.6. Representation of steps involved in the P. falciparum purine salvage

pathway.

P. falciparum-encoded nucleoside transporters have been implicated in the
transport of nucleosides and nucleobases from erythrocyte compartment into the
parasite. PfNT1, the adenosine transporter in P. falciparum, has been biochemically
characterized (Carter et al., 2000; Parker et al., 2000; Quashie et al., 2010) and,
knockout of its gene from the parasite led to its complete dependency on high
concentrations of adenosine, inosine or hypoxanthine (EI Bissati, 2008; El Bissati et
al., 2006). Recent studies have shown the presence of new nucleoside transporters in
P. falciparum (Downie et al., 2010; Martin, 2005; Quashie et al., 2008).

Early studies on P. falciparum isolated by mechanical rupture of the host

erythrocytes showed the presence of purine salvage pathway enzymes like adenosine
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deaminase (ADA) purine nucleoside phosphorylase (PNP) and phosphoribosyl
transferase (PRT) in the parasite (Reyes et al., 1982; Wiesmann et al., 1984).
Adenosine deaminase catalyses the irreversible conversion of adenosine to inosine
and ammonia and its initial characterization from P. falciparum was done in 1984
(Daddona et al., 1984; Wiesmann et al., 1984). PNP in the presence of inorganic
pyrophosphate, carries out the reversibe phosphorolysis of nucleosides into their
respective nucleobases and ribose sugar. P. falciparum PNP (PfPNP) was first
characterized in 1986 (Daddona et al., 1986) and was shown to utilize inosine,
guanosine, and deoxyguanosine but not adenosine or xanthosine. Biochemical studies
on PfPNP showed that the enzyme differs from human counterpart in having low K,
value for inosine, decreased preference for deoxyguanosine and reduced affinity for
transition state analog inhibitors, immucillins (except 5'-deoxy-immucillin-H).
Immucillin-H, showed a slow onset tight binding to PfPNP (K; = 0.6 nm, Ky, /K; =
9000) and hence, turned out to be an effective inhibitor of parasite growth (Kicska et
al., 2002a). Reversal of growth reduction by hypoxanthine and not by inosine, in the
Immucillin-H treated P. falciparum grown in human erythrocytes, indicated the
inhibition of PNP even under in vivo conditions. Inhibition of parasite growth by
immucillin-H varied with the culture hematocrit leading to the conclusion that
inhibition of both the erythrocyte and parasite PNPs are needed for the purine-less
death of the parasite (Kicska et al., 2002b). Recent studies on PNP gene disrupted P.
falciparum showed that the parasite has severe growth defects at physiological
concentrations of hypoxanthine, highlighting importance of the enzyme for its
survival (Madrid et al., 2008). Conversion of nucleobases (hypoxanthine, guanine and
xanthine) to their respective nucleotides in  P. falciparum is catalyzed by
hypoxanthine guanine phosphoribosyltransferase (PfFHGXPRT) (Queen et al., 1988)
in a reaction where phosphoribosyl group from phosphoribosylpyrophosphate is
transferred to the nucleobases and PPi is released as byproduct. The first cDNA
clones of PfTHGXPRT were isolated and characterized in 1987 (King and Melton,
1987) that was followed by recombinant expression of the protein in E. coli (Keough
et al., 1998; Shahabuddin et al., 1992; Vasanthakumar et al., 1990). Detailed
structural (Shi et al., 1999) and biochemical characterization (Gayathri et al., 2008;
Keough et al., 1999; Li, 1999; Raman et al., 2005; Raman et al., 2004b; Sarkar et al.,
2004; Subbayya and Balaram, 2002; Sujay Subbayya and Balaram, 2000) of
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PfHGXPRT has led to the identification of unique features in the enzyme. Human
blood contains higher levels of hypoxanthine (1.65 M) (Scholar et al., 1973) making
this purine base the key precursor for the generation of both AMP and GMP through
the HGPRT reaction.

Inosine monophosphate (IMP) generated by HGXPRT activity, serves as
precursor for both GMP and AMP. Conversion of IMP to AMP involves two
enzymes, adenylosuccinate synthetase (ADSS) and adenylosuccinate lyase (ADSL).
In vitro P. falciparum cultures treated with hadacidin, a specific inhibitor of
adenylosuccinate synthetase, showed inhibition of AMP synthesis that underscored
role of the enzyme in parasite metabolism (Webster, 1984). ADSS converts IMP to
adenylosuccinate, in a reaction that utilizes a molecule of each GTP and aspartate.
Cloning, expression, biochemical and structural characterization of P. falciparum
ADSS (PfADSS) has provided functional insights of the enzyme (Eaazhisai et al.,
2004; Gayathri et al., 2007; Jayalakshmi et al., 2002; Mehrotra et al., 2010; Raman et
al., 2004a). P. falciparum ADSL (PfADSL) catalyses the formation of AMP from
adenylosuccinate and releases fumarate as by-product. The enzyme has been cloned
and characterized biochemically (Bulusu et al., 2009). The parasite enzyme has
retained the property of transforming 5-aminoimidazole-4-(N-succinylcarboxamide)
ribonucleotide (SAICAR) to 5-aminoimidazole-4-carboxamide ribonucleotide
(AICAR) and fumarate, a reaction in the de novo purine biosynthesis pathway and
hence, non-essential for the parasite. Formation of adenosine diphosphate (ADP) from
AMP in P. falciparum is mediated by adenylate kinase (PfAK), whose
characterization has recently been reported (Ulschmid et al., 2004).

GMP (guanosine 5-monophosphate) is mainly formed from IMP through a
two-step process involving the enzymes inosine monophosphate dehydrogenase
(IMPDH) and guanosine monophosphate synthetase (GMPS). Though the formation
of GMP could also occur through both human erythrocyte and parasite HGPRT,
presence of low concentrations of free guanine in human blood (Scholar et al., 1973)
would yield levels of GMP insufficient for the rapidly multiplying parasite. Also, both
human erythrocytes and P. falciparum lack guanosine kinase, eliminating the
possibility of generating GMP from guanosine. The potent antimalarial activities of
mycophenolic acid (Queen et al., 1990) and bredinin (4-carbamoyl-1-beta-D-

ribofuranyosyl-imidazolium-5-olate, active as bredenin monophosphate) (Webster,
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1984), both inhibitors of IMPDH underscore the necessity of both IMPDH and GMP
synthetase for the survival of intra-erythrocytic parasite. GMP synthetase converts
xanthosine monophosphate (XMP) to guanosine monophosphate (GMP). In the paper
describing identification of the gene for P. falciparum GMP synthetase, the authors
have also shown that psicofuranine, a specific inhibitor of GMPS, could reduce the
intra-erythrocytic growth of the parasite under in-vitro conditions (McConkey, 2000).
IMPDH, that forms XMP from IMP in the purine salvage pathway of the parasite, is
the only enzyme that remains to be characterized. Guanylate kinase (GK) converts
GMP to GDP (guanosine diphosphate) and has been cloned, expressed and
characterized (Kandeel et al., 2008). This study showed that the parasite enzyme has
certain distinct biochemical and structural features when compared to its homolgs
from other organisms. Indeed, a recent high throughput screening for new drug targets
in P. falciparum has listed PfGK (P. falciparum guanylate kinase) as one of the
potential candidates (Crowther et al., 2010).

Formation of GTP and ATP from GDP and ADP respectively, is catalyzed by
nucleoside diphosphate kinase (NDK). Two reports have confirmed the presence of
NDK in the parasite. Biochemical analysis of the recombinant protein has shown that
the nucleotides bind to the enzyme in following order; ADP ~ GDP > dGDP > dADP
> dTDP > CDP > dCDP > UDP (Kandeel and Kitade, 2010; Kandeel et al., 2009).

Absence of de novo purine biosynthetic pathway in P. falciparum qualifies the
salvage pathway to be a novel antimalarial drug target (Berg et al., 2010; Brady and
Cameron, 2004; Bustamante et al., 2009; Choi et al., 2008; Donaldson, 2010; Downie
et al., 2008; Subbayya et al., 1997; Vial, 1996). Luebke and coworkers (Luebke et al.,
1991) reported that the mice treated with 2'-deoxycoformycin, an adenosine
deaminase inhibitor, were able to clear the infection caused by injection of P. yoelii
parasites. Subsequent use of L-isomers of D-coformycin by Brown, et al., in P.
falciparum showed selective inhibition of adenosine deaminase in the picomaolar
range (Brown et al., 1999). Recently, 5'-methylthio coformycin and its mimics have
been shown to be specific and potent inhibitors (K; in picomolar range) of P.
falciparum adenosine deaminase (Ho et al., 2009; Tyler et al., 2007). Crystal structure
of PfPNP in the presence of Immucillin-H-SO, revealed (1) the protein to be
homohexamer with each catalytic site occupied by a molecule of Immucillin—H and

SO, and, (2) existence of a solvent filled cavity near 5'-hydroxyl group of Immucillin—
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H, indicating the possible binding of an additional functional group (Shi et al., 2004).
Biochemical studies established that 5'-methylthioinosine, a non-existent metabolite
in humans, can bind to PfPNP, a feature different from the human enzyme. This laid
the foundation for designing of transition state analogue, 5’-Methylthio-Immucillin-H
for PfPNP, that discriminated the human and parasite enzymes by 112 fold, with K4
values of 2.7 and 303 nM, respectively. Crystal structure of 5’-Methylthio-
Immucillin-H-PfPNP complex indeed located the inhibitor near the solvent filled site
in the protein. A later report showed that 5'-methylthioinosine is generated by PFADA
mediated recycling of polyamine biosynthetic pathway products (Ting et al., 2005)
suggesting that both PFADA and PfPNP are active in combined metabolism of the two
pathways. This unique characteristic rationalizes the validation of these enzymes as
anti-malarial drug targets. Phosphorylated forms of immucillins (immucillin-HP and
immucillin-GP) have been shown to be good inhibitors of PfTHGXPRT and the
structure solved with these compounds should provide a lead for designing new
inhibitors for the enzyme (Shi et al., 1999). Recent study on PfTHGXPRT and human
HGPRT have shown differences in the binding attributes of these enzymes to different
substrate and product analogs, that underscored the use of PFHGXPRT as an
antimalarial drug target (Keough et al., 2009; Keough et al., 2006). Search for new
drug targets in the malarial parasite is a continuous process, necessitated by the rapid
evolution of drug resistance in the parasite. Towards the same goal, Crowther and
coworkers using high throughput screening methods have led to the identification of
new potential antimalarial tergets. Interestingly, P. falciparum adenylosuucinate
synthetase (PFADSS) has been validated as a candidate with a high druggability score
of 0.8. This study also led to the identification of few compounds that not only
specifically inhibit PfADSS, but also can serve as a guide for design of new
inhibitors of the enzyme (Crowther et al., 2010).

The overall aim of the work undertaken in this thesis is to understand the
structural and functional aspects of PFGMP synthetase, an essential enzyme for the
parasite. Attributes specific to this enzyme compared to that already known in its
homologs from other organisms, are mentioned later in the thesis. The specific aspects
of PFGMPS highlighted by this study may allow the validation of this enzyme as a

new antimalarial drug target.

30



CHAPTER 2



Chapter 2. Biochemical and kinetic characterization of PFGMP synthetase

( Plasmodium falciparum GMP synthetase:

! biochemical and kinetic characterization

Chapter

2. 1. Summary

Plasmodium falciparum, the causative agent of the fatal form of malaria
synthesizes GMP primarily from IMP and hence, needs active GMP synthetase
(GMPS) for its survival. GMPS, a G-type amidotransferase catalyzes the amination of
XMP to GMP with the reaction occurring in two domains, the glutaminase domain
and the ATP pyrophosphatase (ATPPase). This chapter mainly presents (1) general
introduction to kinetic mechanisms operating in different enzymes, (2) the related
literature on GMP synthetases and, (3) the studies undertaken for deciphering the
Kinetic mechanism of Plasmodium falciparum GMPS (PfGMPS). Results from the
study on PFGMPS indicated steady-state ordered binding of ATP followed by XMP to
the ATPPase domain with glutamine binding in a random manner to the glutaminase
domain. The irreversible, ping-pong step seen in initial velocity Kkinetics is attributed
to the release of glutamate prior to the attack of adenyl-XMP intermediate by

ammonia. The work reported in this chapter has been published (Bhat et al., 2008).

2.2. Introduction

Enzymes are efficient catalysts for biochemical reactions, wherein they
speed up the conversion of substrates to products by providing an alternative reaction
pathway of lower activation energy. Unlike chemical catalysts, enzymes are very
selective in nature with tight functional regulation and, catalyze physiological
reactions specifically in a pool of metabolites. The enzyme catalyzed reactions
progress through a high energy intermediate step called transition state that finally
progresses to the formation of products (Allison and Purich, 2002; Pauling, 1946;
Wolfenden, 1976).The enzyme catalyzed reactions have mainly two components; (a)
the chemical part involving breaking and making of chemical bonds and, (b) the
Kinetics that defines rate of the reaction. Active site is the region of an enzyme where

substrates bind physically and have been proposed to be complementary to the
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substrates and transition states. For understanding function, the catalytic and kinetic

mechanisms of an enzyme need to be understood.

2.2.1. Catalytic mechanism

At the heart of all enzyme catalyzed reactions, thermodynamic factors play an
essential role. Enzymes catalyse reactions in a chemically unique surrounding (active
site) which is different for different enzymes and the efficiency of turnover is mainly
governed by the physiological needs of a particular cell and hence, the evolution of
diverse three dimensional structures of proteins. Depending on the architecture and
chemical composition of the active centers, different ways of catalysis are prevalent
across enzymes. Stereo specificity, electrostatic and covalent catalysis, hydrogen
tunneling and protein dynamics, all play essential roles in an enzyme catalyzed
reaction. Site-specific mutations, isotope effects, use of transition state analogs and
site-specific chemical labeling are the few approaches which have provided an
understanding of chemical catalysis (Jencks, 1987; Kyte, 1995; Silverman, 2002).

2.2.2. Kinetic mechanism

Enzyme Kinetics mainly deals with the factors affecting the rate of
enzyme-catalyzed reactions. The most important factors are, ligand (substrates,
products, inhibitors, activators, and cofactors) and enzyme concentration, pH,
temperature, ionic strength and the solvent. Kinetic mechanism of an enzyme involves
the elucidation of the order of addition of substrates to or release of products from the
enzyme active site.

The kinetic mechanism of a reaction is generally elucidated by a combination
of pre-steady (millisecond to seconds) and steady state (seconds to minutes) Kinetic
methods involving the rate laws which a typical chemical reaction follows. For
describing the initial rate of an enzymatic reaction under any given set of conditions, a
mathematical form known as rate equation is derived (Cook and Cleland, 2007;
Kaplan, 1979; Leskovac, 2003; Segel, 1993). This is achieved by following one of the

assumptions described below:
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(A) Rapid equilibrium assumption
In this assumption Henri Michaelis and Maude Menten (Michaelis and
Menten, 1913) proposed that the binding of substrates would be rapid compared to
subsequent chemical steps that convert substrate to product (Cook and Cleland, 2007;
Kaplan, 1979; Leskovac, 2003; Segel, 1993). Scheme 1.1 represents the mechanism
for rapid equilibrium which predicts that under saturating substrate concentration, the
rate of reaction would be limited by the rate constant k3 and the formation of
intermediate(s) like ES would proceed at a faster rate. The two Kkinetic parameters
Vmax (maximum rate) and K, (the substrate affinity constant for enzyme) for rapid
equilibrium assumption are represented by ksE; and ka/ki, respectively, where, E;
represents the total enzyme concentration.
ki ks
E+S ? ES —> E+ P Scheme 1.1
$2

(B) Steady-state assumption

G.E. Briggs and J.B.S. Haldane (Briggs and Haldane, 1925) with
modification of the above assumption proposed that binding of substrates to the
enzyme need not to bring them in equilibrium, but a steady-state condition is reached
in which the concentration of different enzyme forms is determined by their rates of
formation and breakdown, and remains constant during the initial velocity phase of
the reaction. This assumption considers substrate binding (ES formation) and
dissociation of the enzyme-substrate complex (breakdown of ES) governed by the rate
constants k; and kp, respectively (in scheme 1), as the rate limiting steps, while the
rate of conversion of ES to products (ks) remains the fast step. The Ky, in this case is
more complex than the one in rapid equilibrium assumption and is represented by the
expression (k; + k3)/k, (Cook and Cleland, 2007; Kaplan, 1979; Leskovac, 2003;
Segel, 1993).

2.2.2.1. Initial velocity kinetics without added inhibitors

The overall rate equation of an enzyme catalyzed multisubstrate reaction is
complicated due to the presence of multiple enzyme-substrate/product intermediates
and is determined by the number of substrates being used in the reaction. Hence,

initial velocity experiments have been devised in which the concentration of one of
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the substrates is varied at a time while maintaining the other substrates at fixed
concentrations with the procedure repeated for all substrates and initial rates
determined. In this way, the final rate equation is simplified due to reduction in the
number of intermediates whose concentration changes during the course of reaction.
The graphical form of data is generally displayed by linearly transforming the
Michaelis-Menten equation using the method proposed by Lineweaver and Burk
(Lineweaver and Burk, 1934). In such a type of plot, reciprocal of initial velocity
obtained at different concentrations of a substrate is plotted against reciprocal of
substrate concentration. The different kinetic mechanisms manifested by enzymes
have been classified into sequential or ping-pong mechanisms, as devised by Cleland
(Cleland, 1963).

A sequential mechanism is one in which all the substrates first bind to the
enzyme and then the products are released. Hence, no irreversible step occurs during
the binding of substrates and, all the reaction intermediates contribute to the final rate
equation. The presence of a set of intersecting lines obtained during initial velocity
measurements (1/v versus 1/s) is indicative of a sequential mechanism. In a multi
substrate reaction, substrate binding may be ordered or random and accordingly, the
mechanism is called as ordered or random sequential. In a ping-pong or double
displacement mechanism, first substrate binds to the enzyme, transfers a part of itself
to the enzyme and the first product gets dissociated off before the second substrate
binds. The form of enzyme bound to part of the first substrate now reacts with the
second substrate and forms the final product. Hence, the presence of an irreversible
step eliminates some reaction intermediates when the final rate equation is derived,
that in graphical display results in a set of parallel lines (when 1/v is plotted against
1/s) (Cook and Cleland, 2007; Kaplan, 1979; Leskovac, 2003; Segel, 1993). Two
types of ping-pong mechanisms have been reported in different systems. (a) One-site
or classical ping-pong mechanism, wherein only one site is shared by all substrates on
the enzyme. Aspartate aminotransferase presents a classical example of one-site ping
pong mechanism that catalyses the reversible transfer of a-amino group of L-aspartate
to a-ketoglutarate to form L-glutamate and oxaloacetate. Pyridoxal 5’-phosphate, the
enzyme bound covalent cofactor, accepts amino group from the aspartate forming
oxaloacetate, the leaving substrate, and the pyridoxamine 5’-phosphate. The amino
group from the latter is finally transferred to o-ketoglutarate (Velick and Vavra,

1962). (b) The two-site or non-classical ping-pong mechanism, wherein the
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substrates bind to two physically separate sites on an enzyme. Transcarboxylase
(Northrop, 1969) provides the first example of two-site ping pong mechanism in
enzymes. Theorell-Chance or hit and run mechanism is a special case of ordered bi bi
mechanism in which the concentration of the central ternary complex remains very
low. This was first reported in alcohol dehydrogenase by Theorell and Chance

(Theorell and Chance, 1951 ) and latter reported in many systems.

2.2.2.2. Initial velocity kinetics with added inhibitors

Initial velocity patterns under steady-state conditions are sometimes
insufficient to unambiguously assign a kinetic mechanism to an enzymatic reaction.
Hence, alternate approaches have been evoked to dissect the kinetic mechanism of an
enzymatic reaction. One such commonly used approach is the use of inhibitors as a
probe for the validation of kinetic patterns obtained under initial velocity conditions.
In these studies, generally one of the substrates is varied while maintaining the
inhibitor at different fixed concentrations. The other substrates (if present) are
maintained at a fixed saturating concentration (Cook and Cleland, 2007; Kaplan,
1979; Kyte, 1995; Leskovac, 2003; Segel, 1993). Three types of inhibition patterns
are generally observed when a reversibly binding inhibitor is used under initial

velocity conditions.

(A) Competitive inhibition

A competitive inhibitor is one that competes with the varied substrate for
enzyme and hence, the inhibitor and the varied substrate combine with the same form
of enzyme. For the enzyme to attain the maximum velocity higher concentration of
the varied substrate is required to overcome the effect of inhibitor. This type of
inhibition hence, results in decreased affinity of the enzyme for substrate (high Kp)
while the maximal velocity (Vimax) remains unaffected. The plot of 1/v against 1/s for

such type of inhibition is a set of lines that converge at a single point on y-axis.

(B) Uncompetitive inhibition

In this type of inhibition, the inhibitor binds only to the enzyme-substrate
complex and hence, inhibition is observed even when the varied substrate is at
saturating concentration, as the presence of higher substrate concentration induces the

formation of more of the enzyme substrate- complex. The graphical display of this
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type of inhibition is a set of parallel lines when 1/v is plotted against 1/s which
suggests that both V. and Ky, are altered.

(C) Non-competitive inhibition

A non-competitive inhibitor can bind both to the free enzyme and the
enzyme-substrate complex. Hence, an increase in varied substrate concentration to
infinity does not relieve enzyme of the inhibition completely. The graphical
representation of 1/v against 1/s in such type of inhibition is a set of lines that
intersect on abscissa to the left of y-axis suggesting that only the Ky, is affected. A
mixed type of inhibition is a form of non-competitive inhibition in which the lines in
1/v versus 1/s plot intersect either above or below the abscissa.

Based on the above inhibition patterns, kinetic mechanisms with emphasis
on order of substrate binding have been elucidated. Rate equations are derived taking
into consideration the presence of inhibitor bound intermediate which finally
determine the line patterns during an initial velocity kinetic study. Generally, the
inhibitors being used are either the products of the reaction or their analogs or varied

substrate analogues.

2.2.3. Metal ion dependence of enzyme activity

There are two classes of enzyme that require bivalent metal ions for their
catalytic activity; (1) metalloenzymes, which contain tightly bound metal ions that do
not dissociate during their isolation, and (2) the metal-activated enzymes, that remain
inactive in the absence of added metal ion. Both univalent and divalent metal ions
have been shown to be involved in different kinds of enzyme reactions. Most of the
enzymes that use ATP during the reaction essentially require magnesium for their
activity (Cleland, 1995). In all amidotransferases that use ATP during the
intermediate formation, magnesium has been shown to be indispensable for the
activity. In these enzymes, though magnesium is needed for the formation of MgATP,
presence of extra metal ion binding sites on the enzyme have also been elucidated.
PfGMPS provides an example of this kind and the aspect is discussed in this chapter.
Many kinetic methods have been devised to evaluate the role of metal ions in enzyme

reactions in a detailed way (Morrison, 1979).
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2.2.4. Kinetic and biochemical aspects of GMP synthetases

Though, biochemical information on many of the GMP synthetases is
available, kinetic characterization has remained a topic of pursuance. The Kinetic
mechanism of E. coli GMP synthetase using initial velocity Kinetic patterns and
positional isotope effects was reported by von der Saal (von der Saal et al., 1985).
This study was consistent with the ordered binding of MgATP followed by XMP and
then NH3 This study also confirmed the formation of adenyl-XMP intermediate
during the reaction in absence of any ammonia sources. In human GMP synthetase,
Nakamura et al (Nakamura and Lou, 1995) have shown that decoyinine, an inhibitor
of GMP synthetases, is an uncompetitive inhibitor of XMP and glutamine and
noncompetitive with respect to ATP. This led to the conclusion that ATP may not be
the first substrate to bind to human GMP synthetase, though a detailed kinetic account
is still awaited. It is interesting to know that human GMP synthetase exists in two
forms both following sigmoidal kinetics (with respect to XMP) with similar kinetic
parameters. Utilization of both ammonium and glutamine as nitrogen source is a
common feature of all GMP synthetases reported till date. This chapter presents a

detailed view on kinetic mechanism of P. falciparum GMP synthetase.

2.2.5. GMP synthetase inhibitors

Besides the general amidotransferase modulators like acivicin and DON, few
specific inhibitors have been reported for GMP synthetases. Figure 2.1 provides a list
of reported GMP synthetase inhibitors. Among these, decoyinine (9-(6-Deoxy-D-p-
erythro-hex-5-en-2-ulofuranosyl)-adenine) and psicofuranine (6-amino- 9-D-
psicofuranosylpurine), the two known antibacterial compounds, were first shown to
inhibit the biosynthesis of guanosine-5-phosphate in E. coli and Salmonella aureus
(Hanka, 1960) cell cultures and subsequently, it was reported that psicofuranine is a
GMP synthetase-specific inhibitor (Slechta, 1960). Two separate biochemical studies
on E. coli (Kuramitsu and Moyed, 1966) and human GMP synthetases (Nakamura and
Lou, 1995) have established the mechanism of inhibition of psicofuranine and
decoyinine. Spector and coworkers have demonstrated the inhibitory effect of a large
number of nucleosides and their modified analogues on GMP synthetase activity
using purified enzyme fractions from E. coli and Elrich ascite cells (Spector and

Beacham, 1975; Spector et al.,, 1976). Recently, effect of psicofuranine on intra-
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erythrocytic growth of Plasmodium falciparum has also been examined (McConkey,
2000). Bredenin monophosphate (also known as mizoribine
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Figure 2.1. Structural mimics of adenosine and guanosine monophosphate that
specifically inhibit GMP synthetase reaction. 1. Adenosine, 2. Psicofuranine, 3.
Decoyinine, 4. Guanosine monophosphate, 5. 2-Fluoro-IMP, 6. N*-hydroxy guanosine 5-
monophosphate, 7. a, a,-dimethyl-4-[1,1,2,2-tetrafluoro-2-(4-methylphenyl)ethyl] —
benzenemethanamine hydrochloride

monophosphate), a phosphorylated form of an imidazole nucleoside, bredenin
(mizoribine), an isolate from Eupenicillium brefeldianum, has been shown to inhibit
GMP synthetase by competing for the XMP binding site (Kusumi et al., 1989). A

more recent study on E. coli GMPS has evinced 2-fluoroinosine 5'-monophosphate
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(F-IMP, 5), and N2-hydroxyguanosine 5'-monophosphate as inhibitors of the enzyme,
with the former being an electronic mimic of reaction intermediate (IC50 > 2 mM)
and the latter a competitive analogue of XMP (K; = 92 nM) (Deras et al., 1999). The
latest addition to the list of specific GMP synthetase inhibitors is o, a-dimethyl-4-
[1,1,2,2-tetrafluoro-2-(4-methylphenyl)ethyl]-benzenemethanamine hydrochloride), a
synthetic molecule that has been shown to bind to the ATPPase domain of the C.
albicans and A. fumigatus enzymes (Rodriguez-Suarez et al., 2007) with high affinity
(Ki = 10 pM). Though a fair understanding of mechanism of the GMPS inhibitors has
been gained, a lot more is still needed to utilize these molecules as drugs to treat
different diseases. A section of this chapter provides a list of inhibitors and their effect
on PfGMPS.

2.3. Materials and methods

2.3.1. Materials

Restriction enzymes, Pfx DNA polymerase and T, DNA ligase were from
Invitrogen, USA and Bangalore Genei Pvt. Ltd., India, and were used according to the
manufacturer's instructions. E. coli strain AT2465 was obtained from the E. coli
Genetic Stock Center (Yale University, New Haven, CT). Primers were custom
synthesized at Microsynth, Switzerland. All chemical reagents were of high quality
from Sigma Chemical Co., Missouri, USA, Alexis Biochemicals, USA or Merck India

Ltd., India. Media components were from Himedia, Mumbai, India.

2.3.2. Cloning, complementation, expression and purification

Primers were designed using the annotated gene sequence of Plasmodium
falciparum GMP synthetase (PF10_0123) available in the P. falciparum Genome
database, PlasmoDB (www.plasmodb.org) (Bahl et al., 2003) The primers
5'GCAGGATCCATGGCAGAAGGAGAGGAATATGACAAGATTTTG 3 and
5'GTCCTCGAGCTGCAGTCATTCGATTCAATCGTTGCTGGTG 3' that contain
the restriction sites BamH1 and Pstl (underlined) were used for amplification of the
gene by PCR, with parasite genomic DNA as template. The amplified fragment was
cloned into the E. coli expression vector pQE30 and DNA sequencing of the clone
pQE30-PfGMPS with N-terminal His-tag confirmed complete identity with the

PlasmoDB entry. Complementation studies were carried out using E. coli strain
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AT2465 (4, eld, guaA2l, relAl, spoTl and thi'1l) transformed with the expression
construct pQE30-PfGMPS. Single colonies were inoculated into 5 ml minimal media
without guanine or guanosine, prepared according to a reported method (Hirst et al.,
1994), with 100 pg/ml amplicillin and grown overnight. The culture (100 ul) was
spread on minimal medium plates and examined for the appearance of colonies.
Appropriate controls with pQE30 vectors were also grown at the same time. The
E. coli strain AT2465 was also used for hyper-expression of PfGMPS. The hyper-
expressed protein was purified using Ni-NTA beads followed by Sephacryl 200 (37.5
x 1.6 cm) size exclusion chromatography. The purified protein was stored in 20 mM
Tris HCI, pH 7.4, 2 mM DTT, 10 % glycerol and 1mM EDTA at —80 OC. Protein
concentration was estimated by using the method of Bradford (Bradford, 1976). The
molecular weight was confirmed by MALDI-TOF (Matrix Assisted Laser Desorption
lonization-Time of Flight) mass spectrometry (Ultraflex Il, Bruker, Germany). The
protein sample was dialysed against water, 1 ul of protein (3 ug) was mixed with
sinapinic acid (0.1 g sinapinic acid in 0.5 ml of 50 % acetonitrile and 0.1 %
trifluoroacetic acid) in 1:1 ratio, spotted onto MALDI-TOF target plate and mass

spectra recorded in the positive ion linear mode.

2.3.3. Analytical gel filtration

Analytical gel filtration was performed on Superdex-200 column (1cm x 30
cm) attached to an AKTA Basic HPLC system. The column was equilibrated with
Tris HCI, pH 7.4 and calibrated with g-amylase (200 kDa), alcohol dehydrogenase
(150 kDa), bovine serum albumin (66 kDa), carbonic anhydrase (29 kDa) and
cytochrome ¢ (12.4 kDa) as molecular weight markers. 30 uM (100 ul) of PFGMPS
was injected into the column and eluted at a flow rate of 0.5 ml min™* using Tris HCI,
pH 7.4 as the eluant with detection at 280 nm. To monitor the stability of the
oligomer, protein samples were pre-incubated with 150 mM to 1.5 M NaCl on ice for

30 min. The elution buffer contained the appropriate concentration of NaCl.

2.3.4. Assay for PFGMPS glutaminase activity
The activity of the glutaminase domain was monitored spectrophotometrically
at 340 nm as the formation of NADH, in which glutamate production was coupled to

the reduction of NAD to NADH with the release of 2-oxoglutarate, using glutamate
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dehydrogenase as the coupling enzyme (Wojcik et al., 2006). The assay volume of 0.1
ml containing 90 mM Tris HCI, pH 8.5, 5 mM glutamine, 0.1 mM EDTA, 0.1 mM
DTT and 6 pg of PFGMPS was incubated at 37 °C for 20 minutes with different
combinations of 150 uM XMP, 2 mM ATP, 2 mM AMP-PNP and 20 mM MgCl,.
The reaction was terminated by heating the sample in a boiling water bath for 3
minutes, chilled on ice and centrifuged for 10 minutes at 12000 rpm. Levels of
glutamate in the supernatants were determined using glutamate dehydrogenase
(Sigma Chemical Co., Missouri, USA). A total reaction volume of 0.3 ml containing
50 mM Tris HCI, pH 8.5, 50 mM KCI, 1 mM EDTA, 0.5 mM NAD and 2 units of
glutamate dehydrogenase was incubated for 90 minutes at 37 °C and clarified by
centrifugation at 12000 rpm for 5 minutes. Conversion of NAD to NADH was
monitored as the absorbance at 340 nm and the amount of product formed was
estimated using the extinction coefficient of 6,220 M™cm'. All assays were performed

in duplicate and the experiment was repeated twice.

2.3.5. Assay for GMP synthetase activity

PfGMPS activity was monitored spectrophotometrically using Hitachi U-2010
or U-2810 spectrophotometer. Reaction rates were monitored as decrease in
absorbance at 290 nm due to conversion of XMP (¢ = 4800 M *cm™) to GMP (g =
3300 M *cm™). A Ae value of 1500 M™ *cm™ was used to calculate the amount of
product formed (Moyed and Magasanik, 1957). The standard assay consisted of 90
mM Tris HCI, pH 8.5, 150 uM XMP, 2 mM ATP, 5 mM glutamine, 20 mM MgCl,,
0.1 mM EDTA and 0.1 mM DTT in a total reaction volume of 0.25 ml. Reactions
were initiated with 6 ug of PFGMPS and continuously monitored at 25 °C. The assay
conditions were same in all the studies unless otherwise mentioned. The effect of
phosphate ions on PfGMPS activity was studied in a concentration range of 0.1 mM
to 10 mM. Monovalent (Na*, K* and Li*) and divalent (Ca®*, Mn*", Co?" and Zn?*")
metal ions were examined for their effect on PFGMPS activity in the concentration
range of 0 mM to 500 mM and 0 mM to 100 mM, respectively as chloride salts. To
monitor the effect of different natural and modified analogs of nucleosides,
nucleotides and purine bases on PfGMPS activity, the concentrations of XMP, ATP
and glutamine were fixed at 45 uM, 750 uM and 1.5 mM, respectively. Specific

activity was calculated from initial velocity and data were fitted to different equations
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using GraphPad Prism, version 4.0 (GraphPad Prism 4 Software, Inc., San Diego,
CA). The kinetic constants for XMP, ATP, glutamine and NH;" (as (NH4)2SO4) were
determined by varying the concentration of one substrate, while keeping the other two
at saturating concentrations. The substrate concentrations when fixed were, 0.15 mM
XMP, 2 mM ATP, and 5 mM glutamine. The initial velocity data were fit to
Michaelis-Menten equation (Eq. 2.1) and analyzed by nonlinear regression using the
software GraphPad Prism 4.
V=Vmax[S]/Kn+[S] (2.1)

2.3.6. Initial velocity kinetics

All initial velocity measurements were made under standard assay
conditions at varying concentrations of substrates. For this study the method of Carl
Frieden (Frieden, 1959) was used in which concentrations of two substrates were
varied while maintaining the third substrate at a fixed saturating concentration. Of
the two varied substrates, concentration of one was varied regularly while the second
was maintained at different fixed concentrations. Each experiment was repeated 3 - 4
times to confirm reproducibility. Nonlinear analysis was done by fitting the data to
rate equations, 2.2 for sequential, and 2.3 for ping-pong bireactant mechanism. For
the best fit, values for standard error and 95% confidence intervals were taken as
indicators. The nomenclature used in the equations is that of W.W. Cleland,
(Cleland, 1963).

V=Vmax[ Al[B]/(KiaKe) +(Ka[B]) +(Ks[A]) +([A][B]) (2.2)

V=Vimax[ Al [BI/Ka[B]+Ks[A]+[A][B] (2.3)

where, v = initial velocity, Vimax = maximal velocity, [A] and [B] are concentrations of
the substrates A and B, and Ka and Kg are their respective Michaelis-Menten
constants. Ki, is the dissociation constant of the substrate A. In equation 2.2, A and B
refer to substrates ATP and XMP, respectively, when glutamine was the fixed
substrate. When glutamine was replaced with ammonia, A represents either substrates
ATP or XMP and B is (NH;)SO,. In equation 2.3, A refers either to the substrates
ATP or XMP and B to glutamine.
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2.3.7. Kinetics of inhibition by products and substrate analogs

Inhibition of PfGMPS activity by products (GMP, PPi, AMP and
glutamate), non-hydrolysable ATP analog AMP-PNP (f, j-imidoadenosine, 5'-
triphoshate) and the glutamine analog, glutamic acid-»- methyl ester were examined
by varying one substrate at different fixed concentrations of the inhibitor. The other
two substrates were kept at fixed concentrations. All experiments were repeated at
least twice. The data were fit to equations 2.4, 2.5 and 2.6 for competitive,

uncompetitive and non-competitive inhibition, respectively.

V=V imax[S1(Ken(L+[11/K0)+[S]) (2.4)
V=V max [ 1 (K (L+[1]/K)+[ST1+[1]/KS) (2.5)
V=V max [S1(K+ [ST(L+[11/KS) (2.6)

where, [S], Kmand Kjare the substrate concentration, Michaelis-Menten constant and
inhibition constant, respectively. The other terms are same as in equations 2.2 and
2.3.

2.3.8. Dependence of PFGMPS activity on Mg?* ions

The effect of varying MgCl, concentration on PfGMPS activity was
monitored at fixed ATP concentration of 2 mM with XMP and glutamine at 0.15 mM
and 5 mM, respectively. To estimate the number of Mg®* binding sites on PfGMPS,
MgCl, was fixed at 2 mM while ATP concentration was varied. Standard assay
conditions were used for activity measurements. Equations 2.8 and 2.9 were solved
simultaneously for the calculation of MgATP concentration (Morrison, 1979;
Robertson and Villafranca, 1993).

[M]=[M]+(IMATP][1+(K4/K2) ([HI/KW)]) (2.8)
[MATP]=[ATP](1+K4/[M])+(Ko/[M]([H)/Kn)+(Ki/Ko([HVKWD)  (2.9)

[M];, [ATP];, [MATP], [M] and [H] represent the total Mg®*, total ATP, total
MgATP?, free Mg®* and free hydrogen ion concentrations, respectively. K, K, and
Ky represent the dissociation constants for MgATP?, MgHATP and HATP®,
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respectively and values used were according to Nakamura et al., (Nakamura and Lou,
1995).

2.4. Results

2.4.1. Functional complementation and preliminary characterization of
recombinant PFGMP synthetase

The Plasmodium genome database PlasmoDB, carries a single annotation for
GMPS that lacks introns. PfGMPS has been earlier cloned from genomic DNA and
the sequence deposited in Genbank (McConkey, 2000). IPTG induced BL21DE3 cells
transformed with pQE30-PfGMPS (pQE30 expression vector carrying PFGMPS gene)
did not show expression of the recombinant protein on SDS-PAGE. Use of BL21DE3
cells harbouring the plasmids RIG or RIL, known to overcome codon bias (Baca and
Hol, 2000) or use of M15 cells with pREP plasmid (Gottesman et al., 1981), also did
not lead to expression of PFGMPS. However, pQE30-PfGMPS complemented the gua
A (GMP synthetase) deficiency in the E. coli cells AT2465 (L, el4, guaA21, relAl,
spoT1 and thi'l), that were grown on minimal medium without supplementation with
guanine or guanosine (Fig. 2.2A). This suggested that the clone produced functional
GMPS and on SDS-PAGE the over-production of protein of the required molecular
weight of 65 kDa was observed (Fig. 2.2B). Hence, the use of mutant AT2465 E. coli
cells that lack the gua A gene not only confirmed the functionality of the clone, but
also proved to be a good expression system for PFGMPS. Purification of recombinant
PfGMPS from the induced cell lysate using Ni-NTA affinity matrix followed by size-
exclusion chromatography yielded 20 mg pure protein from 1 litre of culture. The
purified His-tagged protein showed a molecular mass of 65253.9 Da by MALDI-TOF
mass measurement while the calculated molecular weight of the protein without the
initiator methionine is 65254 Da (Fig. 2.2C).

Examination of the subunit association of PfGMPS by size-exclusion
chromatography revealed a single protein peak at 12.4 ml corresponding to a
molecular weight of 160 kDa (Fig. 2.3A.). The expected molecular weight of the
dimer of PFGMPS is 131 kDa. On addition of NaCl over the concentration range 150
mM to 1.5 M, the peak shifted slightly towards higher retention volume of 12.7 ml,
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Figure 2.2. Characterization of recombinant Plasmodium falciparum GMP
synthetase. A. Functional complementation of guaA deficiency in the E. coli strain AT2465
(4, el4d, guaA21, relAl, spoTl, thil) by PfGMPS. Cells transformed with pQE30-PfGMPS

and pQE30 vector control are streaked on left (1) and right halves (I1) of minimal medium
agar plate, respectively. B. Purification of PFGMPS. Lane 1, crude lysate, lane 2, eluate from
Ni-NTA agarose affinity chromatography, lane 3, eluate from size-exclusion chromatography
and lane 4, protein molecular weight markers. C. MALDI-TOF mass spectrum of PfGMPS.

The molecular mass in daltons is indicated against the peak.

corresponding to molecular weight of 144.5 kDa. However, there was no complete
shift of the peak towards a monomer (14.7 ml). Hence, in the presence or absence of
NaCl, the estimated molecular mass was slightly higher than that of a dimer. This
possibly arises from an elongated dimeric form of PFGMPS. Tris HCI was found to be
the most suitable buffer for activity measurements while the activity in 20 mM
potassium phosphate, pH 7.4, was four fold lower. Addition of phosphate to the assay
mixture in Tris HCI, pH 8.5 led to inhibition of enzyme activity with I1Cso of 2.7 mM.
Magnesium was essential for catalysis and could not be replaced effectively by other
divalent metal ions. Replacement of Mg?* with Mn®** and Ca®* lead to 70 % and 85 %
drop in activity, respectively. Zn** and Co®" did not support activity. Monovalent
metal ions Na*, K" and Li" inhibited PfGMPS activity with Na* having the highest
effect (Fig. 2.3B.). At 24 mM Na®, 25 % drop in activity was seen that increased to 90
% in 200 mM NaCl solution. K™ and Li* also affected the activity, but to a lesser
extent. This possibly indicates the presence of high affinity binding sites for Na* on ,

which upon occupancy inhibit the catalytic activity.
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Figure 2.3. Effect of salt on PFGMPS subunit association and activity

A. Elution profile of PFGMPS upon chromatography without (...) and with (—) 1.5 M NaCl
on Superdex-200 analytical gel filtration column. The elution buffer composition is as
described in methods. The retention volume at the peak is indicated against each curve.
Expected retention volumes for monomeric to tetrameric forms of PFGMPS are indicated on
top of the plot. Inset represents column calibration plot of retention volume versus log
molecular weight. ADH, alcohol dehydrogenase, BSA, bovine serum albumin, Cyt c,
cytochrome c. B. Inhibition of PfGMPS activity by the monovalent metal ions Na*, K" and

Li", used as their chloride salts. Activity is represented as percentage of the activity in the
absence of the salt.

The Ky, values from saturation kinetics for XMP, ATP, glutamine and
ammonium sulphate are shown in Table 2.1. The Vmax value was found to be 450
nmoles min?mg™. PFGMPS has the highest affinity towards XMP and its K, value is
lower than that for human and E. coli GMP synthetases. The K, value for ATP and
glutamine are comparable to that for the human protein but lower than that for E. coli
GMPS (Nakamura and Lou, 1995; Sakamoto et al., 1972). PfGMPS was also found to
directly utilize ammonia for the amination of XMP, though with a significantly higher
Km. The Ky, (10.8 £ 1.6) value for ammonium was 10 fold higher than that for E. coli
GMPS (Sakamoto et al., 1972).
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Table 2.1. Kinetic parameters of P. falciparum, H. sapiens and E. coli GMP

synthetases
XMP ATP Glutamine (NH,), SO4
P. falciparum?
Km (uM) 16.8 +2 260 +38 472 + 69 10.8 +1.6°
Ko (sC™) 0.43° - -
KeKn(uM "sec”) 25x 107 016x107  009x107
H. sapiens®
Km (uM) 35.6+1.8 132+ 7 406 + 49 -
454 +5.3 180+ 12 358 + 34 -
Keat (Sechl) 54 - -
_____________ 58 .
E.coli¢
Km (uM) 29 530 1000 1.0°

*This study. "The k., Values with respect to the three substrates were similar. The value in
this table is an average of the three k., values. “Two values correspond to the two

isoforms of human GMPS (Nakamura and Lou, 1995). ‘From Sakamoto et al. (Sakamoto

etal., 1972). °K,, of (NH,),SO,is in mM.

2.4.2. Kinetic mechanism of PFGMPS

PfGMPS binds three substrates ATP, XMP and glutamine, catalyzes the
amination of XMP to GMP and releases the four products AMP (adenosine 5'-
monophosphate), GMP, PPi and glutamate. The reaction is completed in a concerted
manner in two separate domains. The steady state kinetic mechanism of PFGMPS was
elucidated from patterns obtained from initial velocity and product inhibition plots
that are diagnostic of a specific kinetic mechanism.
ATPPase domain. This domain binds the substrates ATP and XMP in the presence of
Mg®* to form the activated AMP-XMP intermediate. To determine the order of

substrate binding to the ATPPase domain, glutamine was held at saturating
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concentration while XMP or ATP was varied at different fixed concentrations of the
other. Plots of both 1/v versus 1/[ATP] and 1/v versus 1/[XMP] (Fig. 2.4 A, B)
yielded intersecting line patterns with lines converging to the left of the y-axis. The
point of intersection was on x-axis in the former plot and above the x-axis in the latter
plot. According to the rules of Cleland (Cleland, 1963), this pattern rules out ping-
pong mechanism and is indicative of either ordered or random sequential mechanism
for the binding of ATP and XMP to this domain. The data did not fit to rapid-
equilibrium ordered mechanism but best fitted to equation 2.2 that represents both
steady state ordered and rapid equilibrium random bisubstrate models. The kinetic
constants obtained from this fit (Table 2.2) were in the same range as those obtained
from saturation Kinetic studies and hence, validate the equation used. To differentiate
between the two mechanistic possibilities (steady state ordered versus rapid
equilibrium random), product inhibition studies using AMP, GMP and PPi, were
carried out. AMP-PNP was also used to validate the results obtained with PPi. The
results are summarized in Table 2.3 and Figure 2.5. AMP was found to be a weak
inhibitor of PFGMPS activity while PPi, GMP and AMP-PNP were potent inhibitors.
PPi showed competitive and non-competitive inhibition with respect to ATP and
XMP, respectively (Fig. 25 A, B), while GMP showed competitive and
uncompetitive inhibition with respect to XMP and ATP, respectively (Fig. 2.5 E, D).
AMP-PNP yielded patterns similar to those obtained with PPi, being competitive and
non-competitive inhibitor with respect to ATP and XMP, respectively (2.5, G, H).
The slope and intercept re-plots from the primary non-competitive inhibition plots of
PPi and AMP-PNP vyielded Kj and Kjs values that were similar. These results indicate
that ATP can bind to the free enzyme while XMP binding is conditional to the
binding of ATP. Taken together, the initial velocity and product inhibition plots
support steady-state ordered binding of the substrates ATP and XMP to the ATPPase
domain, with ATP being the first substrate to bind followed by XMP.
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Figure 2.4. Initial velocity (v) patterns for PFGMP synthetase reaction.

Double reciprocal plots represent the initial velocity patterns with respect to XMP, ATP,
glutamine and NH,". In each experiment, one substrate was varied at regular intervals
keeping the other at different fixed concentrations, while the third substrate was kept at a
constant saturating concentration. Assay conditions were as described in methods. In plots A,
C and E, ATP is the fixed variable substrate with XMP, glutamine and (NH,4) * as the varied
substrates, respectively. The concentrations of ATP are indicated against each line. In plots
B, D and F, XMP is the fixed variable substrate with ATP, glutamine and ammonia as the
varied substrates, respectively. The concentration of XMP is indicated against each line. The
concentration of ATP, XMP and Q when maintained at saturating concentrations were, 2
mM, 0.15 mM and 5 mM, respectively. The units for 1/v are umoles'lmin mg. All the
experiments were done thrice and the reproducibility was within 15 %. The results of one

representative experiment are presented here.
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Table 2.2. Kinetic parameters and line patterns obtained from initial velocity
studies on PFIGMPS

Varied® fixed” apparent Michaelis constants (uM)
ubstrates substrate

MgATP XMP Gln NH,™  pattern
ATP vs XMP Gln 212+31 10.0+1.9 1’
XMP vs ATP GIn 167 + 42 16.9+3.1 |
GIn vs XMP ATP 268+24 570+ 77 pe
GIn vs ATP XMP 196 + 31 589 £+ 83 P
NH,"vs XMP ATP 72114 16.0+2.3 |
NH,"vs ATP XMP 142 + 35 16.3+3.0 |
®In all pairs of varied substrates, the first one was varied continuously and the second at
different fixed concentrations.”All the fixed substrates were kept at saturating concentrations
as mentioned in “materials and methods”. “(NH,4),SO,was used and the apparent Michaelis
constants are in mM . “Intersectng. ®Parallel.

Glutaminase domain. This domain hydrolyzes glutamine to glutamate and NH3, with
the latter product channeled to the ATPPase domain. The effect of varying glutamine
at different fixed concentrations of ATP with XMP at saturating concentration (Fig.
2.4 C) or at different fixed concentrations of XMP with ATP saturating (Fig. 2.4 D),
resulted in parallel patterns in double reciprocal plots. Similar patterns were obtained
when either XMP or ATP were the variable substrates at different fixed
concentrations of glutamine, with the invariant substrate at saturating concentration.
Parallel plots suggest the occurrence of an irreversible step between the binding of
XMP or ATP and glutamine and hence, a ping-pong mechanism. In the case of E. coli
GMPS the parallel initial velocity pattern in 1/v versus 1/Gln plots at different fixed
concentrations of ATP has been proposed to indicate that XMP binds between ATP
and glutamine (von der Saal et al., 1985). This possibility is ruled out in the case of
PfGMPS, as 1/v versus 1/GIn plots
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Figure 2.5. Product inhibition patterns for PFGMPS reaction.

Double reciprocal plots show the effects of PPi , GMP and AMP-PNP as inhibitors with
respect to the three substrates. In each plot concentration of one substrate was varied at
different fixed concentrations of the inhibitor (indicated against each line) keeping the
remaining two substrates at saturating concentration. Assays were done under standard
conditions described in methods. When saturating, the concentration of ATP, XMP and
glutamine were fixed at 2 mM, 0.15 mM and 5 mM respectively. In plots A, B and C, PPi is
the inhibitor with ATP, XMP and glutamine as the variable substrates, respectively. In plots
D, E and F, GMP is the inhibitor with ATP, XMP and glutamine as the variable substrate,
respectively. G and H represent the plots where ATP and XMP respectively, were the variable
substrates with AMP-PNP as the inhibitor. In all plots, the units for 1/v were pmoles™ min
mg. Each experiment was done at least twice and reproducibility was within 10%. Shown are

results from one experiment.
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Table 2.3. Apparent inhibition constants for inhibition of PFGMP synthetaseby

products and substrate analogs.®

Variable substrate Inhibitor Ki (uM) Pattern
XMP GMP 38.0+6.7 Competitive
PPi 443 + 46 Noncompetitive
AMP-PNP® 611 + 69 Noncompetitive
ATP GMP 179+ 16 Uncompetitive
PPi 36.4+7 Competitive
AMP-PNP" 210 + 42 Competitive
Glutamine GMP 39079 Noncompetitive
PPi 933 +£136 Noncompetitive

*The invariant substrates were held at saturating concentration, *AMP-PNP is an analog of
ATP

at different fixed concentrations of ATP remained parallel even at subsaturating
concentration of XMP. The pattern in this plot should have been intersecting if XMP
bound to the enzyme in between the binding of ATP and glutamine. We also find that
both PPi and GMP are non-competitive inhibitors with respect to glutamine (Fig. 2.5
C, F) suggesting that ATP and XMP bind independent of glutamine. Recently Abbott
et al., (Abbott et al., 2006) have also shown that in E. coli GMPS, removal of GAT
(glutamine amidotransferase) domain does not affect the binding of XMP and ATP to
ATPPase domain. Initial velocity measurements where glutamine was replaced with
ammonia in the reaction also indicated that in PFGMPS, binding of XMP is not
between the binding of ATP and ammonia, as 1/v versus 1/NH," plots with ATP or
XMP as fixed variable, were intersecting (Fig. 2.4 E, F). It is interesting to note that in
the case of E. coli GMPS plots of 1/v versus 1/NH," PfGMPS at different fixed
concentrations of ATP resulted in parallel lines while 1/v versus 1/ NH," plots at
different fixed concentrations of XMP were intersecting. The above results suggested

that the parallel pattern in all the glutamine plots (1/v versus 1/GIn) could be due to
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the presence of an irreversible step involving the release of products AMP, PPi or
glutamate, prior to the attack of adenyl-XMP intermediate by ammonia leading to the
formation of GMP. The parallel pattern arising from the release of AMP is ruled out,
as adenyl-XMP intermediate would have to remain bound to the enzyme until attack
by ammonia at the C2 of XMP. The data is also not indicative of release of PPi
because a competitive inhibition pattern was seen when PPi was varied with respect to
ATP and, plots of 1/v versus 1/NH,4" at different fixed ATP or XMP concentrations
were intersecting, supporting the absence of PPi release before the binding of NH3
(Fig. 2.4 E, F). This leaves only the possibility of glutamate release prior to the
reaction of ammonia with adenyl-XMP intermediate. Glutamate and its analog, -
glutamyl methyl ester did not inhibit PFGMPS activity (upto 5 mM), further
suggesting that the enzyme cannot retain glutamate once it is formed. Coupled
enzyme assays using glutamate dehydrogenase indicated glutamate release even in the
absence of other substrates (Table 2.4) suggesting that glutamate release could occur
prior to GMP formation, thereby giving rise to parallel pattern in double reciprocal
plots. However, these studies do not indicate whether glutamate release is conditional
for the movement of ammonia to the ATPPase domain. The results are summarized in

scheme 2.2.

ALEIME AMF GMP Ppi

_l JE.ATP.KMP-I—I-E.AMP-XMP.PPi-I—I-E.AMP-XMP.PPi.NHi—IvE.AMP.GMP.PPiI I [

=]

Gln

E E

E.NH,

Scheme 2.2. Model depicting the kinetic mechanism of PFGMP synthetase
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Table 2.4. Effect of ligand binding (ATP, XMP and AMP-PNP) to ATPPase

domain on activity of the glutaminase domain.

Substrates activity in the glutaminase domain®.
ATP, XMP, GIn., Mg*"" 100
ATP, GIn.,, Mg™ 58
XMP, GIn., Mg** 57
Gln., Mg** 56
Gin. 59
AMP-PNP, XMP, GIn., Mg** 77

*The experiment was done twice with each assay in duplicate. The values
from the two experiments agreed to within 10 %. Shown are values that are an
average of the duplicates from one experiment. ®The amount of glutamate
formed was estimated using glutamate dehydrogenase and the protocol
followed was as described in methods. The amount of glutamate produced

from glutamine in presence of ATP, XMP and Mg2+ was taken as 100 %.

2.4.3. Mg* requirement for PfGMPS activity

Shown in Fig. 2.6 A is the dependence of PfGMPS activity on Mg?* ions.
The data best fitted to the equation for positive cooperativity, with Hill coefficient of
4.4 and half maximal activity at 2.09 + 0.03 mM of Mg®*. This suggested the presence
of multiple binding sites for Mg?* on PfGMPS. Maximum activity was reached at 5.5
mM of Mg®*, which is 2.7 fold the concentration of ATP present in the reaction,
suggesting that apart from Mg** being complexed with ATP, an additional binding
site necessary for activity, is present on each subunit of PFGMPS. To further confirm
this observation, ATP was varied with Mg?* at a fixed concentration of 2 mM and the
resultant plot is shown in Figure 2.6 B. It is evident from the figure that maximum
activity was not achieved at 2 mM of MgATP, but at a lower concentration of 1.2
mM.
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Figure 2.6. Dependence of PFGMP synthetase activity on Mg2+ concentration

All the assays were done using standard conditions described in methods with EDTA omitted
from all reactions. A. Activity of PfGMPS with respect to Mg“, at fixed concentration of ATP
(2 mM). The data fitted best to positive cooperativity equation (v = Vmax[S]h/[S]h+Kh0‘5,
where h is the Hill coefficient and K s is the substrate concentration at which half of the sites
are occupied). B. Effect of varying ATP concentration on PfGMPS activity at fixed
concentration Mg2+ (2 mM), () represents the activity as the formation of GMP in nmole min’
' (m) represents [MgAT. PZ'],(O) represents free [ATP] and (A ) represents free [Mg2+]. C. Plot
of 1/v versus 1/[Mg?**] at different fixed concentrations of MgATP. All experiments were
repeated thrice to confirm reproducibility. Shown are results from one representative

experiment.

When free ATP concentration exceeded 2 mM, activity decreased as a consequence of
drop in the concentration of free Mg?*. This suggests that either free ATP competes
for MgATP binding site or that the enzyme has additional requirement for free
magnesium. To confirm whether ATP is a competitive inhibitor of MgATP, Mg**

concentration was varied at different fixed concentrations of MgATP, keeping XMP
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at saturating concentration. The plot of 1/v versus 1/ [Mg®*] showed intersecting
pattern (Fig. 2.6 C), which rules out the possibility of ATP being a competitive
inhibitor of MgATP, as the expected plot in that case would be parallel (Nakamura
and Lou, 1995). The drop in activity on increase of ATP concentration above that of
Mg®" is thus a consequence of the fact that PfGMPS binds free Mg®" apart from
MgATP (Fig. 2.6 B).

2.4.4. Inhibition by nucleosides, nucleotides and purine bases

PfGMPS is inhibited by GMP (the product of the reaction) with a low K;
value of 38.0£6.7 uM, while IMP and AMP were weak inhibitors (Table 2.5). Our
studies show that guanine derivatives, (8-azaguanine, 6-thioguanine, guanosine, GDP
and GTP) all inhibit PfGMPS moderately. Adenosine was also found to inhibit
PfGMPS while xanthosine failed to show any effect. Psicofuranine (9-B-D-
psicofuranosyl-adenine), an analog of adenosine, exhibited a weak inhibitory effect
while chloroadenosine and decoyinine (9-B-D- (5, 6-psicofuranoseenyl)-adenine) had
no effect on PFGMPS activity. Decoyinine and psicofuranine are specific inhibitors of
GMPS from other sources, indicating that P. falciparum enzyme has binding
attributes different from other enzymes. Mizoribine monophosphate, a nucleotide
analogue and o, a,-dimethyl-4-[1,1,2,2-tetrafluoro-2-(4-methylphenyl)ethyl]—
benzenemethanamine hydrochloride have been to be the potent inhibitors of GMP
synthetases from human and fungal sources respectively, however, the inhibitors did

not exhibit any effect on the parasite enzyme.

2.5. Discussion

PfGMPS exhibits 42 % identity with E. coli GMPS and only 20 % with its
human counterpart. Human GMPS has a large insertion in the ATPPase domain
common to many higher eukaryotic GMP synthetases, but absent in prokaryotic
counterparts. This insertion at the C-terminus is also absent in PFGMPS, however, this
enzyme has a unique insertion of 20 amino acid residues in the GAT domain which is
absent even in GMP synthetases from other species of Plasmodium. The role of this

insertion has not yet been deduced.
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Table 2.5. Inhibition of PfGMPS by nucleosides, nucleotides and their

derivatives?

Inhibitor (0.5 mM) % inhibition®
Guanosine 50

GDP 42

8-azaguanine 40

GTP 40

Adenosine 37

6-thioguanine 27

Psicofuranine 25

AMP 22

IMP 10
®hypoxanthine, chloroadenosine, xanthosine, inosine and
decoyinine did not inhibit PFGMPS at a concentration of 0.5
mM. each value is an average of two measurements that agreed
within 5 %.

We were successful in cloning and expressing the protein to high level
permitting detailed structural and functional analysis. The overexpression of the
same protein attempted earlier by the consortium ‘Structural Genomics of Pathogenic
Protozoa (SGPP)’ was reported to be low (Mehlin et al., 2006).

The subunit molecular weight of PfGMPS (65 kDa) is comparable to the
bacterial (58 kDa) and yeast proteins (59 kDa), but smaller than the human
counterpart (77 kDa), that contains a long insertion in the ATPPase domain. Our
studies show that PFGMPS is a dimer, with strong interface interactions and is stable
even at 1.5 M NaCl concentration. The E. coli GMPS is a dimer (Sakamoto et al.,
1972; Tesmer et al., 1994), while enzymes from higher eukaryotes including human
have been shown to be monomers (Lagerkvist, 1958; Lou et al., 1995; Nakamura and
Lou, 1995; Spector, 1975). The presence of large insertions near the dimerization

domain in GMP synthetases of higher eukaryotes seems to preclude them from
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forming dimmers (Tesmer et al., 1996). This reflects the diversity in oligomeric status
of this class of enzymes and hence, they probably may exhibit different modes of
regulation and varied functions.

Comparison of kinetic constants of PfGMPS with that of E. coli and human
enzyme shows that this enzyme is more related to bacterial homolog. PFGMPS does
not show any cooperativity with respect to ATP, XMP and glutamine or NH,", as all
the v versus [S] plots exhibited Michaelis-Menten behaviour and Edie-Hofstee plots
were not parabolic. Unlike the E. coli and P. falciparum enzymes, human GMPS
shows cooperativity with respect to XMP. Although ammonia efficiently replaces
glutamine as nitrogen source in E. coli GMPS, eukaryotic GMP synthetases including
PfGMPS seem to prefer glutamine as the physiological substrate as evidenced by the
high Kn, for ammonium. Similar observations have been reported from other
eukaryotic GMP synthetases (Nakamura and Lou, 1995; Page et al., 1984; Spector,
1975; Spector and Beacham, 1975). The ke of PFGMPS is 10 fold lower than that of
the human enzyme. This may be a step towards the regulation of the synthesis of
adenine and guanine nucleotides, as the P. falciparum genome has very high
proportion of AT compared to GC nucleotides. A possible support for this comes
from the recent studies on P. falciparum CTP synthetase, which has been shown to
have a very low specific activity of 76 nmole minmg™ (Yuan et al., 2005),
suggesting lower activity with respect to CTP synthesis.

The results in this study also show that Mg* binding to PfGMPS is
cooperative, a feature similar to human GMP synthetase (Nakamura and Lou, 1995).
Mg”* concentration in excess of ATP concentration was needed for full enzyme
activity, suggesting the presence of multiple Mg®* binding sites on PfGMPS. Such
requirement has been shown in GMPS from E. coli (von der Saal et al., 1985) and
human (Nakamura and Lou, 1995) and also in PEP carboxykinase, glutamine
synthetase, pyruvate kinase and carbamoyl phosphate synthetase (Foster et al., 1967 ;
Gupta et al., 1976; Hunt et al., 1975; Raushel et al., 1978). Though kinetic evidence
for multiple Mg®* binding sites is available, the specific role of the different Mg 2*
ions has not been elucidated.

Initial velocity measurements show the occurrence of sequential and not ping-
pong mechanism in the ATPPase domain of PFGMPS. However, the data also indicate
the presence of an irreversible step in the process of catalysis with parallel pattern in

plots where glutamine was varied with respect to ATP or XMP. This pattern is akin to
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the two site ping-pong mechanism (Barden and Scrutton, 1972; Fresquet et al., 2004;
McClure et al., 1971; Northrop, 1969) where the coupling of two reactions leads to
parallel pattern in double reciprocal plots (when a substrate from one site is varied
with respect to a substrate from the other site) due to the release of a product from one
site. Our results show that the parallel initial velocity plots with PFGMPS are due to
the release of glutamate before the attack of adenyl-XMP intermediate by ammonia.
Product inhibition studies showed that glutamate is not an inhibitor of PfGMPS
suggesting its low affinity towards the enzyme and thus the first product to get
released. Nakamura et al., (Nakamura and Lou, 1995) have also shown that glutamate
does not inhibit human GMP synthetase. The kinetic scheme for PfGMPS (Scheme
2.2) deduced from the results involves ordered binding of ATP and XMP, with ATP
binding first followed by XMP. While glutamine binding is independent of the
binding of ATP and XMP, the glutaminase assays suggest a level of co-ordination of
activity between the two domains. Our kinetic scheme also shows the order of release
of products, where glutamate is the first product to get released, followed by AMP
which is a very weak inhibitor of PFGMPS. The scheme also suggests that the release
of GMP s prior to PPi, both of which are competitive inhibitors of their respective
substrates, as the value of K/K; for XMP/GMP (0.56) is lower than that for ATP/PPi
(4.9) suggesting the enzyme’s higher affinity for PPi. This supports the suggestion by
von der Saal (von der Saal et al., 1985) that PPi is the last product to be released. PPi
and GMP have also been shown to be competitive inhibitors of ATP and XMP,
respectively for GMPS from other sources (Nakamura and Lou, 1995; Spector and
Beacham, 1975; Spector et al., 1976). Overall, this data suggests the occurrence of
two-site ping-pong mechanism in which the two individual reactions are coupled to
carry out the synthesis of GMP in a concerted manner.

Inhibition studies on PfGMPS using various analogs of nucleosides and
nucleotides permitted differentiation of the ligand binding specificities of the human
and parasite enzymes. The two adenosine antibiotics, decoyinine and psicofuranine,
have been shown to specifically inhibit E. coli (Fukuyama and Moyed, 1964;
Kuramitsu and Moyed, 1966; Slechta, 1960; Spector and Beacham, 1975; Spector et
al., 1976) and human GMP synthetases (Lou et al., 1995; Nakamura and Lou, 1995).
Udaka and Moyed (Udaka, 1963 ) have shown that psicofuranine is an irreversible

inhibitor of E. coli GMP synthetase, however in case of human GMPS, it was shown

59



Chapter 2. Biochemical and kinetic characterization of PFGMP synthetase

to be reversible. McConkey (McConkey, 2000) has shown the inhibition of growth of
intraerythrocytic parasites in culture by psicofuranine, albeit at high concentration of
inhibitor (ICsp 300 uM). Our results show that psicofuranine is a weak inhibitor of
PfGMPS compared to human enzyme (ICso 46.5 uM) supporting the McConkey's
findings. Decoyinine is a weaker inhibitor of PFGMPS and did not inhibit upto 500
uM when compared to the human enzyme (ICso 17.3 uM). Adenosine,
chloroadenosine and xanthosine have been shown to inhibit GMPS from Ehrlich
ascite cells (Spector et al., 1984), but no inhibition was seen in case of PfGMPS with
respect to chloroadenosine and xanthosine. Overall, the studies show that guanosine
and its analogs are better inhibitors of PFGMPS compared to others used in the study.
The differences in inhibition between the P. falciparum and human enzymes highlight
the utility of the parasite enzyme as a potential drug target.

In summary, this study has given a detailed insight into the kinetic mechanism
operating in PfGMPS, which would help in further understanding this class of
enzymes. The study also suggests that PFGMPS is more related to prokaryotic (E.
coli) GMP synthetases than to eukaryotic (human) counterparts. This could prove to

be helpful in the design of specific drugs for malaria acting through this enzyme.
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Chapter 3. Ammonia channeling in P. falciparum GMP synthetase

( Ammoniachannelingin P. falciparum

GMP synthetase: biochemical and

NMR spectroscopicinvestigation

Chapter 3 J

3.1. Summary

Ammonia channeling, a characteristic process in glutamine amidotransferases
(GATS), ensures the transfer of ammonia from glutaminase domain to the acceptor
domain through a structure called as ammonia tunnel. Presence of this catalytically
necessary mechanism in these enzymes guarantees the obliteration of ammonia
generated by glutamine hydrolysis from equilibrating with the outside medium.
Biochemical, structural and theoretical evidences for the mechanism have been
evoked in many of the GATSs. This chapter provides detailed information on ammonia
channeling that has been reported for different GATS, with a thrust on aspects of the
process in P. falciparum GMP synthetase. A combination of biochemical assays and
NMR spectroscopic measurements, site-directed mutagenesis and chemical labeling

was involved to gain insight into the process in the parasite enzyme.

3.2. Introduction

3.2.1. Biochemical and structural aspects of ammonia channeling in glutamine
dependent amidotransferases

Substrate channeling is a process in which a metabolite or a reactive
intermediate is transferred from one active site to another without its equilibration
with the bulk solvent, and may involve two or more sequential enzymes in the process
(Ovadi et al., 1978). This phenomenon has many physiological implications that
encompass (1) control of metabolic flux, (2) protection of reactive and/or toxic

intermediates, (3) enhanced catalytic efficiency and, (4) decreased diffusion of
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reaction intermediates from catalytic sites (Anderson, 1999; Keleti and Ovadi, 1988;
Vertessy and Ovadi, 1987; Wakil SJ, . 1983). Tryptophan synthase (TS), a tetrameric
enzyme consisting of ayf, subunits and catalyzing the final two steps of tryptophan
biosynthetic pathway, presents one of the classical examples for intra-molecular
substrate channeling. Crystal structure of TS from S. tymphimuriam provides physical
basis for the presence of 25 A hydrophobic conduit which runs between the active
sites of o and g subunits, and transports indole across the two active sites (Hyde et al.,
1988; Hyde and Miles, 1990). Thymidylate synthase—dihydrofolate reductase (TS-
DHFR), a bifunctional enzyme from Leishmania major presents a well understood
example of inter-molecular electrostatic channeling. In this enzyme complex, TS
catalyses the conversion of deoxy uridine monophosphate (dUMP) and 5,10-
methylene tetrahydrofolate to deoxy thymidylate monophosphate (dTMP) and
dihydrofolate, and then DHFR regenerates tetrahydrofolate by reduction of
dihydrofolate using NADPH. The 40 A long electrostatic highway present on surface
of the enzyme is mostly lined by positively charged residues (Knighton et al., 1994;
Stroud, 1994).

Ammonia channeling is a type of substrate channeling in which ammonia
generated in the glutaminase domain of amidotransferases is transferred to the
acceptor domain through a passage present within the protein, and involves the
concerted contribution of both structural and biochemical features of the protein in
driving the process. The basic hypothesis in amidotransferases for amination of the
acceptor molecules envisages the nucleophillic attack of ammonia (holding a lone pair
of electrons) on the electron deficient site in the acceptor molecule (Massiere and
Badet-Denisot, 1998). This mechanism necessitates that ammonia must retain the lone
pair of electrons to react with the acceptor molecule and hence, protection from the
bulk solvent prevents its protonation. It is proposed that evolution of ammonia tunnels
in amidotransferases has been a step towards the same process. Biochemical evidence
for ammonia channeling in amidotransferases has been provided well before its
validation by crystal structures. In E. coli CTP and GMP synthetases, studies
involving pH dependence of glutamine and ammonia dependent activities revealed
that ammonia produced from glutamine does not mix with the bulk solvent and hence,
it was concluded that ammonia from glutamine is being channeled within the protein
(Levitzki and Koshland, 1971; Zalkin and Truitt, 1977).
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The first structural evidence for the occurrence of ammonia tunneling in
amidotransferases was derived from the af dimer of E. coli CPS, where a tunnel-like
structure was found to exist in absence of any of its substrates (Thoden et al., 1997).
This enzyme forms carbamoyl phosphate from bicarbonate, ATP and glutamine
through a process involving the channeling of two intermediates, carbamate and
ammonia, within the protein from one active site in the a-subunit to another in the -
domain. The distance that ammonia travels from glutamine hydrolyzing site to
amination site is 45A and the overall length of the tunnel connecting glutaminase
domain, carbamate producing site and the carbamoyl phosphate synthesis site is ~100
A. The wall of the preformed ammonia tunnel between the active sites is mainly
contributed by backbone atoms and non-polar side chains (except for the presence of
Glu*" and Cys®®") that protect ammonia from protonation. The average diameter of
the tunnel is 3.5 A and this is probably needed for the accommodation of the bigger
carbamate molecule. In order to show that ammonia produced from glutamine
hydrolysis is indeed channeled within the protein and the ammonia from bulk does
not access the tunnel, N NMR spectroscopy was employed where N labeled
citrulline was measured as the reaction product. This study showed that >N NH,CI
present in the bulk solvent is unable to access the channel in presence of glutamine
(Mullins and Raushel, 1999). Further validation of the physical nature of the tunnel
was elicited by mutating the potential tunnel-lining residues that either led to the
blockage of the channel (Huang and Raushel, 2000a; Huang and Raushel, 2000b) or
perforation of the tunnel wall (Thoden et al., 2002). In either case, the intermediate
passage was affected resulting in the leakage of ammonia into the outside medium.

E. coli glutamine phosphoribosylpyrophosphate amidotransferase (GPAT) is a
classic example of ammonia channeling in class 1l amidotransferases (Krahn et al.,
1997). GPAT catalyses the transfer of ammonia from glutamine to
phosphoribosylpyrophosphate that produces phosphoribosyl amine, PPi and
glutamate. The crystal structure solved in presence of DON and cyclic phosphoribosyl
pyrophosphate (cPRPP), representing active conformation of the protein, highlighted
a 20 A conduit lined with hydrophobic amino acids connecting the two active sites.
Unlike the structure of CPS, no preformed ammonia tunnel exists in the unliganded
structure of GPAT (Muchmore et al., 1998). Biochemical and mutational analysis of

E. coli GPAT has validated the occurrence of ammonia channeling in this enzyme.
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E. coli asparagine synthetase catalyses incorporation of ammonia into aspartate,
either by using glutamine or external ammonium, to form asparagine. Crystal
structure of this enzyme, having the catalytic cysteine in the glutaminase domain
mutated to alanine, has been obtained with glutamine and adenosine monophosphate
bound to the protein (Larsen et al., 1999). Analysis of the structure shows a conduit,
mostly lined with a set of conserved non-polar residues, connecting the glutaminase
and the acceptor domains. Recent biochemical studies on this enzyme using isotope—
edited *H NMR spectroscopy showed that *NH,CI supplied in the external medium
can access the tunnel in presence of high glutamine concentration, suggesting that
ammonia channel may not be closed fully (Li et al., 2007).

Glutamate synthase, an Ntn-type amidotransferase, portrays an example of an
ammonia tunnel that is patched by both polar and non-polar residues. The enzyme has
a two-way mechanism for the formation of glutamate; (1) directly via glutamine
hydrolysis and, (2) reductive transfer of ammonia onto 2-oxoglutarate to produce
iminoglutarate and its subsequent conversion to glutamate. During this reaction Fe-S
clusters are used for transfer of electrons and FMN and NADPH provide the reducing
equivalents. Crystal structure from Azospirillum brasullense solved in presence of L-
methionine sulfonate (L-MetS), a glutamine analog, FMN and 2-oxoglutarate (Binda
et al., 2000) revealed a discontinuous and constricted 31A passage between the
glutaminase domain and the 2-oxoglutarate binding site. The channel in the
glutaminase and the acceptor domains is lined with polar and hydrophobic residues,
respectively.

Fair amount of information on mechanism and operation of ammonia
channeling has come from the biochemical and structural studies carried out on yeast
imidazole glycerol phosphate synthase (IGP synthase), the enzyme that converts N*-
[(5'-phosphoribulosyl)-formimino]-5-aminoimidazole-4-carboxamide ribonucleotide
(PRFAR) into 5'-(5-aminoimidazole-4-carboxamide) ribonucleotide (AICAR) using
glutamine as nitrogen source. Structure of unliganded IGP synthase did not elicit any
tunnel, however, the structure solved in presence of acivicin and PRFAR seems to
order the two domains and a free path for ammonia was evident (Chaudhuri et al.,
2001). The tunnel extending from the glutaminase domain to the cyclase domain is
surrounded by charged residues. A gate-like organization of polar conserved residues,

referred to as “charged gate” regulates the entry of ammonia into the cyclase domain.
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Part of the tunnel within the cyclase domain is mainly surrounded by hydrophobic
residues (Myers et al., 2003).

L-Glutamine:D-fructose-6-phosphate amidotransferase, (GICN6P synthase),
generates glucoseamine 6-phosphate from fructose 6-phosphate using glutamine as a
ammonia source. Liganded crystal structures of the enzyme from E. coli containing
DON and either glucose 6-phosphate or fructose 6-phosphate (Mouilleron et al.,
2006) highlighted a 18 A long tunnel between the two active sites. The unliganded
structure was devoid of a similar passage (Teplyakov et al., 2001).

A recently solved crystal structure of M. tuberculosis NAD synthetase
(LaRonde-LeBlanc et al., 2009) has provided new understanding of mechanism and
architecture of ammonia tunnels. This enzyme catalyses the conversion of nicotinic
acid adenine dinucleotide (NaAD") to nicotineamide adenine dinucleotide (NAD)
using a molecule each of ATP and glutamine. The structure was solved in presence of
DON (in the GAT domain) and NaAD in the acceptor domain. The inter-molecular
tunnel predicted in this protein is structurally the first of its type (intermolecular) that
connects glutaminase and acceptor domains of two different subunits, G1 and G5,
respectively and hence, contrasts the intramolecular amidotransferase tunnels. The
length and width of the tunnel (40 and 2 A respectively) seems to be optimum for
shuttling of one molecule of ammonia at a time and patches of hydrophilic and
hydrophobic residues make up wall of the tunnel.

Pyridoxal phosphate synthase (PLP synthase) catalyses the formation of
pyridoxal phosphate by availing ammonia from glutamine. The liganded structure
showed a 26 A tunnel running from Cys78 in the glutaminase domain (Yaa E) to the
ribulose 5-phosphate binding site in the acceptor domain (Yaa D). Most part of the
tunnel that runs through the Yaa D is hydrophobic in nature (Zein et al., 2006). In E.
coli CTP synthetase, a 25 A channel is proposed to extend from base of the
glutaminase domain to the uridine triphosphate binding site (UTP). This tunnel unlike
other amidotransferase tunnels is mostly lined with polar residues and is occupied by
some solvent molecules. The structure has been solved in presence of UTP and ATP
with unoccupied glutaminase domain (Endrizzi et al., 2004). In formylglycinamidine
ribonucleotide amidotransferse, a putative 30 A channel has been proposed to operate
between glutaminase (PurS) and the acceptor domains surrounded mostly by

hydrophobic residues (Anand et al., 2004). In E. coli GMP synthetase structure,
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though the synthetase domain is liganded with AMP and PPi, no inter-domain channel
is visible (Tesmer et al., 1996). Probably, complete liganding of protein changes its
conformation and consequently, creates a route for ammonia transfer. In Aquifex
aeolicus GATCAB glutamine tRNA synthetase, an amidotransferase, it has been
shown that a water filled ammonia channel is open throughout the length between the
glutaminase and the synthetase active sites (Wu et al., 2009).

The above survey of different amidtransferases collectively highlights that the
enzymes have evolved a well defined mechanism to prevent ammonia from
equilibrating with the outside medium. The channels are either fully hydrophobic or
patched with hydrophilic residues, but the part contributed by the acceptor domain is
generally hydrophobic and ensures the nucleophillity of ammonia. Most of the
amidotransferases whose structures have been solved in absence of ligands are devoid
of any visible conduits highlighting that probably, the active conformation is a pre-
requisite for the creation of such structures. The overall architectural dimensions for

the tunnels are different across the enzymes, suggesting their independent evolution.

3.2.2. Mechanistic basis of ammonia channeling revealed by computational
approaches

Computational enzymology is a rapidly growing area, with modeling
essentially being recognized as a tool for understanding the mechanistic basis of the
outstanding efficiency of biological catalysts (Garcia-Viloca et al., 2004). Though
computational enzymology has touched diverse aspects from understanding of
enzyme catalytic mechanisms through identification of substrates for new enzymes
(Hermann et al., 2007) to re-designing of enzymes (Jiang et al., 2008), its venture into
mechanism of ammonia channeling in amidotransferases, has been recent. One of the
earliest computational studies involving molecular dynamic simulations was
conducted on IGP synthase (Amaro et al., 2005). This study demonstrated that a set of
conserved residues present at the interface between two sub-domains and within the
o/p barrel, are involved both in proper conduction of ammonia across the two
subunits, and restriction of external water from accessing the channel. A separate
study on the same enzyme (Amaro et al., 2007) using steered molecular dynamic
(SMD) approach highlighted that a combined motion of different regions is essential

for the allosteric regulation occurring across the two 25 A distant catalytic sites. SMD
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simulation had also been carried out in glucoseamine 6-phospate synthase (Floquet et
al., 2007) that suggested Trp74 acting as a gate for ammonia conduction and its
replacement with alanine by site-directed mutagenesis led to leakage of ammonia to
the outside medium. Furthermore, this study validated the role of Ala 602 and Val 605
in the transfer of ammonia across the protein. MD simulations on CPS suggested that
differences in the solvation energies of ammonia and ammonium dictates the selected
conduction of ammonia within the protein (Fan et al., 2008). In a separate study using
a similar approach, the authors have shown that once ammonia crosses the
hydrophilic part of tunnel in the glutaminase domain, further conduction of ammonia
occurs in a hydrophobic environment (Fan et al., 2009). Together, these studies
showed that the tunnel between glutaminase and synthetase sites is partly hydrophilic
and hydrophobic in nature and underscored the role of different amino acids lining the
sides of the tunnel. The overall observations from the computational studies
corresponded well with the crystallographic data. A recent MD simulation done on
glutamine 5'-phosphoribosylpyrophosphate amidotransferase (Wang et al., 2009)
highlighted the occurrence of a set of hydrophobic residues (Phe-254,Tyr-258, Phe-
259, Phe-334, Ile-335, Gly-406, and lle-407) that restrict ammonium from accessing
the tunnel. Overall, the tunnel has been described as a tube like structure which runs
within the protein that is involved in the transport of ammonia between the two
domains.

In summary, computational studies combined with experimental evidences
have provided deeper understanding of the mechanistic basis of ammonia channeling.
Exclusion of ammonium by these enzymes, using different devised mechanisms, to

permit the entry of ammonia serves to satisfy their catalytic necessity.

3.2.3. Ammonia dependant activity in amidotransferases

Most of the amidotransferases can by-pass glutamine hydrolysis by directly
utilizing ammonia when supplied as ammonium salts. This evokes the possible
evolution of these enzymes from the primitive ammonia dependent enzymes
(Grieshaber, 1972; Jensen, 1976; Kane et al., 1972; Zalkin and Murphy, 1975), that
led to the expansion of their substrate specificity for nitrogen incorporation through
the recruitment of the glutaminase domain. In vivo utilization of ammonia by Gln-

ATs has been demonstrated for anthranilate synthase (Paluh et al., 1985; Zalkin and
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Murphy, 1975), glutamine phosphoribosyl pyrophosphate amidotransferase (Mantsala
and Zalkin, 1975) and CPS (Massiere and Badet-Denisot, 1998; Rubino et al., 1986;
Zalkin, 1985).

Specific utilization of either ammonia or glutamine is an interesting feature
displayed by some GIn-ATs. In E. coli asparagine synthetase, the isoenzyme asnA is
specific for ammonia alone, while asnB solely utilizes glutamine (Scofield et al.,
1990). CPS across different species presents an interesting example regarding the
utilization of external ammonia or glutamine that also reflects on physiology of the
organism. CPS from rat and human exclusively utilizes ammonia, though a
glutaminase domain with the catalytic cysteine replaced by serine, is present
(Haraguchi et al., 1991; Nyunoya et al., 1985), while, E. coli CPS and the
mammalian CPS Il have been reported to be specific for glutamine only (Chaparian
and Evans, 1991; Lusty, 1992; Rubino et al., 1986). In spite of the presence of all
three triad residues (Cys-His-Glu) in the glutaminase domain of Rana catesbeiana
CPS, the enzyme is unexpectedly unable to hydrolyze glutamine. Engineering of a
non-triad mutation in the glutaminase domain has made the enzyme capable of
hydrolyzing glutamine (Saeed-Kothe and Powers-Lee, 2002; Saeed-Kothe and
Powers-Lee, 2003).

Guanosine monophosphate synthetase (GMPS), a class | glutamine dependent
amidotransferase catalyzes the conversion of xanthosine 5" -monophosphate (XMP) to
guanosine 5°-monophosphate (GMP) in the purine biosynthetic pathway. In this
reaction a molecule of adenosine 5°-triphosphate (ATP) is consumed (Scheme 3.1).
GMP synthetases, that have been characterized biochemically from eukaryotic,
prokaryotic and archaeal sources, are able to utilize either ammonia or glutamine as
source of nitrogen (Bhat et al., 2008; Maruoka et al., 2010; Nakamura and Lou, 1995;
von der Saal et al., 1985).

Following sections of this chapter report the studies that were carried out to

understand aspects of ammonia channeling in P. falciparum GMP synthetase.
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Scheme 3.1. Conversion of XMP to GMP by GMP synthetase via the formation of

adenyl-XMP intermediate, using a molecule of ATP and glutamine or ammonia.
3.3. Materials and methods

3.3.1. Materials
Restriction enzymes, DNA polymerases and T, DNA ligase were either

purchased from New England Biolabs, USA or Bangalore Genei Pvt. Ltd., India and
were used according to the manufacturer s instructions. Primers for introducing point
mutations were custom synthesized at Sigma-Aldrich, USA. Media components were
obtained from Himedia, India. XMP, ATP, **NH,CI, **NH4Cl and other biochemicals
from Sigma-Aldrich, USA, were of the highest quality available. NMR (5 mm
internal diameter) tubes and matrices for MALDI-TOF mass spectrometry were
purchased from Sigma-Aldich, USA. All MALDI-TOF and LC-ESI MS spectra were
acquired on Ultraflex 1l and ESI-Q-TOF mass spectrometers (Bruker Daltonics,
Germany), respectively. All the PFGMPS activity assays were done either on Hitachi

U-2010 or U-2810 spectrophotometers (Tokyo, Japan). CD spectra were recorded
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using J-810 Spectropolarimeter (Jasco Corporation, Tokyo, Japan). Protein expression
and purification protocols for PFGMPS were same as reported (Chapter 2; Bhat et al.,
2008). Protein concentration was determined by Bradford assay (Bradford, 1976)
using bovine serum albumin as standard. Data fitting to different equations was done
using GraphPad Prism 5.

3.3.2. Assay for PFGMPS activity

Activity was monitored under standard assay conditions, reported earlier
(Chapter 2; Bhat et al., 2008). Briefly, reaction rates were monitored as decrease in
absorbance at 290 nm due to conversion of XMP (g = 4800 M *cm™) to GMP (g =
3300 M *cm™). A Ae value of 1500 M™ *cm™ was used to calculate the amount of
product formed. The standard assay consisted of 90 mM Tris HCI, pH 8.5, 150 uM
XMP, 2 mM ATP, 5 mM glutamine, 20 mM MgCl,, 0.1 mM EDTA and 0.1 mM DTT
in a total reaction volume of 0.25 ml. Reactions were initiated with 6 pg of PFGMPS
and monitored at 25 °C. Kinetic constants for ammonium were determined by
varying the concentration of ammonium chloride from 4 to 100 mM, while keeping

the other substrates at fixed saturating concentration.

3.3.3. pH titration of glutamine and ammonium dependent activities
Assays were performed under standard assay conditions as mentioned above,
except 0.15 M buffers of different pHs (range 6.5 to 10) were used with either NH4Cl
or glutamine used as ammonia source. The different buffers used were, MES (2-(N-
morpholino)ethanesulfonic acid) for pH 6.5, Tris HCI for the pH range 7.0 to 8.5 and
glycine for 9 to 10. In all the assays which were done at different pHs, either
glutamine or ammonium chloride concentration was varied, while keeping XMP, ATP
and Mg®" at fixed concentrations. Data obtained at each pH were fitted to Michaelis—
Menten equation for the determination of Kinetic parameters ke and Ky, (equation
3.1). The values for the parameter V/K obtained at different pHs were fitted to
equation 3.2.
V=Vinax[S]/Km+[S] (3.1)
Y=c/(1+(H/Ky)+(K2/H) (3.2
where v represents the initial velocity, Vmax the apparent maximal velocity,

[S] the concentration of varying substrate, K, the apparent Michaelis constant, Y
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represents V/K, c is pH independent value of V/K, H the hydronium ion concentration
and K; and K, the dissociation constants of an acid and/ or a base.

Substrates were buffered to avoid pH change and the pH was checked before
and after the reactions. All measured values are reported as average of three parallel
experiments. Control experiments were performed to check the stability of PFGMPS
and the ionization of ATP and XMP, the two other substrates, under extreme pH

conditions (6.5 and 10) used in this study.

3.3.4. Stoichiometry of glutamate and GMP formation

To measure the stoichiometry across glutaminase and ATPPase domains, end
point measurements for the respective activities were performed. The reaction mixture
contained 90 mM Tris HCI, pH 8.5, 150 uM XMP, 2 mM ATP, 5 mM glutamine, 20
mM MgCl,, 0.1 mM EDTA, 0.1 mM DTT and 24 pg of PFGMPS in a total volume of
1 ml. At different time points, the reaction was quenched by boiling for 3 min and
after centrifugation for 15 min, the cleared solution was divided equally into two
tubes. Glutamate formation was measured using the assay conditions described earlier
(Chapter 2; Bhat et al., 2008). GMP formation was measured according to the method
of Sokomato (Sakamoto, 1978). In this assay perchloric acid to a final concentration
of 3.2 % was mixed with the reaction mixture and absorbance was measured at 290
nm and a value of 6 x 10°> M™ cm™ was used for molar extinction coefficient of GMP.
The validity of this measurement was further verified separately by estimating GMP
concentration in the reaction mixture by reverse phase HPLC (on a Cig column) using
known concentrations of GMP as standard. In a separate assay, an aliquot from the
quenched reaction was used for monitoring the concentration of ammonia released if
any to the medium, using a-ketoglutarate and NADPH as substrates for glutamate
dehydrogenase that served as the coupling enzyme. The reaction assay contained 50
mM Tris HCI, pH 7.4, 3 mM a-ketoglutarate, 0.25 mM NADPH, 0.1 mM EDTA and
2 units of glutamate dehydrogenase in a total reaction volume of 0.3 ml, done at 25 °C
for 5 min. Absorbance at 340 nm was measured after completion of the reaction and

molar extinction coefficient of 6220 M cm™ was used for the estimation of ammonia.
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3.3.5. Steady state competition assays in presence of both glutamine and external
ammonia

The assays contained 85 pg of PIGMPS, 20 mM ATP, 10 mM XMP, 100 mM
MgCl; and 100 mM Tris HCI, pH 8.5 in a total reaction volume of 0.6 ml. NH,CI
and/ or glutamine were used at varied concentrations. In the assays where glutamine
concentration was fixed (15 mM), NH4ClI concentration was varied from 0 to 100 mM
and similarly, when NH,Cl was maintained at 100 mM, glutamine was varied from 0
to 15 mM. The reactions were allowed to proceed at 37 °C for 10 min, stopped by
boiling for 3 min followed by incubation on ice for 5 min. Estimation of total GMP
formed in the reaction was done by UV- spectrophotometry (Sakamoto, 1978).

3.3.6. Enzymatic synthesis of °N GMP

To synthesize large quantities of >N labeled GMP, 100 pg of PfGMPS were
incubated with 10 mM XMP, 20 mM ATP, 100 mM MgCl, and 100 mM of >NH,CI
in 100 mM Tris HCI, pH 8.5, in a total reaction volume of 1ml. The reaction was
incubated at 37 °C for 30 minutes and stopped by boiling for 3 min, followed by
immediate chilling on ice for 5 min and centrifugation for 15 min. The supernatant
was transferred to a fresh tube and stored at -20° C till further use. To purify the *°N
labeled GMP, 100 pl aliquots of the supernatant were loaded on to a Q-sepharose
column (Tricon column, 10 mm x 20 mm) pre-equilibrated with 10 mM potassium
phosphate, pH 3.0. Elution was done with a linear gradient of 0 to 30 % of buffer B
(500 mM potassium phosphate pH 3 and 0.8 M KCI) in 10 column volumes. For
desalting, 500 pl aliquots of the separated N GMP were loaded on to Q-sepharose
(Tricon column, 10 mm x 20 mm) column, using 5 mM ammonium bicarbonate pH
3.0 as both equilibration as well as elution buffer. For the removal of ammonium
bicarbonate the sample was lyophillised twice, reconstituted in water and passed (100
ul aliquots) through methanol (2%) equilliberated Cig reverse phase column (GE
Healthcare. UK). The elution was done by using a linear gradient of 0 t0100 %
methanol. The fraction containing *>°N GMP was lyophilized and stored at -20 °C. Al
the column chromatography procedures were carried out on AKTA Basic HPLC
system (GE Healthcare. UK).
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3.3.7. NMR measurements

Competition assays between *NH4Cl and glutamine were performed as
described in section 3.3.5, except that the reactions were started with 54 pg of
PfGMPS. Products of the competition assays were quantitated by >N — edited NMR
spectroscopy.  Standard spectra of GMP were obtained on samples that were
enzymatically synthesized to contain *°N at the 2-amino group. The enzymatically
synthesized samples of N — GMP were HPLC purified and characterized prior to
NMR analysis (Section 3.3.6). For accurate measurement of N GMP in the
competition assays, a standard curve was generated by plotting NMR peak intensities
against different known concentrations of N GMP quantified by UV-
spectrophotometry (Sakamoto, 1978). The concentrations of >N GMP used for
generation of the standard curve were 0.12, 0.20, 0.40, 0.75, 1.2, 1.5 and 2.2 mM. All
NMR spectra were acquired on a Bruker Avance (AV500) NMR spectrometer using a
triple resonance probe equipped with a single (Z-axis) pulse field gradient accessory.
NMR data were acquired on samples prepared in the assay buffer that was adjusted to
contain 5% D,0 and a final pH of 4.7 prior to data acquisition. All NMR spectra
were acquired at 303 K. Nitrogen — 15 labeled uracil (CIL, Andover Massachusetts,
USA) dissolved in DMSO-d6 to a final concentration of 43 mM was placed in a co-
axial inner tube (2 mm internal diameter, Wilmad LabGlass, New Jersey, USA) as an
internal standard. Nitrogen — 15 edited NMR spectra were acquired using the one —
dimensional version of the FastHSQC experiment (Mori et al., 1995). Peak heights
were measured using the NMR data processing and analysis software NMRPipe
(Delaglio et al., 1995). Peak heights of N — GMP were normalized to the uracil

internal standard and then quantitated from the standard curve.

3.3.8. Chemical modification of glutaminase domain

PfGMPS (10 pM) was incubated either with 0.2 mM acivicin (L- [aS, 5S]- o-
amino-3-chloro-4, 5-dihydro-5 isoxazoleacetic acid) or 0.25 mM DON (6-diazo-5-
oxo-L-norlucine) at 25 °C for 30 min in 50 mM Tris HCI, pH 8.5, in two separate
reactions. The ammonia and glutamine dependent activities of the modified enzyme
were measured under standard assay conditions (Chapter 2; Bhat et al., 2008) using
either 5 mM glutamine or 100 mM NH4CI as ammonia source. For analysis of the

modified enzyme by MALDI-TOF mass spectrometry, excess of acivicin or DON and
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the buffer components were removed by dialyzing the sample against 5 mM Tris HCI,
pH 8.0. Trypsin digestion was performed at 37 °C for 30 min using trypsin to
PfGMPS ratio of 1:50. The digested sample was mixed with «-Cyano-4-
hydroxycinnamic acid in 1:1 ratio, spotted onto a MALDI-TOF plate and spectra
acquired in the positive ion reflectron mode. For obtaining the sequence of the
modified peak the digested sample was passed through a nano LC column attached to
an ESI-Q-TOF mass spectrometer run in positive ion mode followed by MS/MS
analysis of all the eluted peptides. A linear gradient of 0-100% methanol was used for

peptide elution.

3.3.9. Construction and biochemical characterization of C102A PfGMPS
Site-directed mutagenesis of cysteine 102 to alanine (C102A) was achieved by
the quick change PCR method with a single mutagenic primer (Shenoy and
Visweswariah, 2003). The procedure involved two steps: first an Eco RV restriction
site was introduced using wild type pQE 30-PfGMPS clone as a template and
CCAATTTTTGGTATATGATATCGTATGCAAGAG as the primer and in second
step the restriction site was removed to introduce the desired mutation using
CCAATTTTTGGTATAGCATATCGTATGCAAGAG as the primer. The mutant
DNA generated was subcloned into pET 22b vector in which an N-terminal 6X-His
sequence was introduced using GTC GCT AGC CAT CAC CAT CAC CAT CAC
GGA and GCA GAG CTC TCA TTC GAA TTC AAT CGT TGC TGG as forward
and reverse primers, respectively. Introduction of the desired mutation was confirmed
by DNA sequencing and the clone was expressed in Rosetta pLysS strain of BI21DE3
E. coli cells. Expression and purification conditions for the mutant protein were same
as that reported for the wild type PfGMPS (Chapter 2; Bhat et al., 2008), except that
the culture was grown at 37 °C for 6 hr post IPTG induction. The kinetic parameters
for the C102A mutant for ammonium, XMP and ATP were determined by varying
one substrate at a time, while maintaining the other two at saturating concentration
and the data were fitted to equation 3.1. For analyzing the glutamine inhibition Kinetic

data, equations 3.3 and 3.4 were used.
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V = Vimax[S1/(Km + [S](1 + VaKi)/(l + 1/Kj)] (3.3)

Yintercept= (1/ Vimax) (1 + aki)/(1 + 1/Kj) (3.4)

where, definitions for Vma, [S] and K, are same as in equation 3.1. [I]
represents inhibitor (glutamine) concentration. oK; and K; represent the inhibition
constants of glutamine for enzyme-substrate (ES) and free enzyme (E) forms,

respectively. a is the factor by which affinity of glutamine for ES is changed.

3.4. Results

3.4.1. Biochemical evidence for ammonia channeling

Channeling of ammonia under conditions of complete liganding was
addressed by two biochemical assays, pH dependence of glutamine and ammonia
dependent activities and, the stoichiometry of glutamate and GMP formation. Though
PfGMPS can use both glutamine and external ammonia (Scheme 3.1), the kinetic
parameters kex and Ky, for the two substrates are different and also exhibit a pH
dependent change. The optimum pH for glutamine and ammonia dependent activities
was 7.4 and 9.2, respectively (Fig. 3.1a). Using the experimentally derived kinetic
parameters, a theoretical ke, value for a reaction, where there is leakage of ammonia,
generated by glutamine hydrolysis, was computed and compared with actual Kca
value, to provide support for the presence or absence of channeling in PFfGMPS. This
was done by 1) employing the experimentally derived ammonium k¢ and Ky, values
of 56 min™ and 132 mM, respectively at pH 7.4, and 2) applying initial velocity
conditions where 10 % conversion of 5 mM glutamine (saturating concentration)

produces a total of 0.5 mM ammonium.
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Figure 3.1. pH dependence of kinetic parameters of glutamine and ammonia
dependent activities of PFGMP synthetase.

(a) Plot of ke of NH4CI and glutamine dependent activities versus pH, without a fit to any
equation. (b) Plot of V/K versus pH where glutamine was used as ammonia source. (c) plot of
VIK versus pH where ammonium chloride was used as ammonia source. Plots in (b) and (c)
represent the data fitted to equation 3.2. Both glutamine and ammonium chloride dependent
activities were measured in presence of saturating concentrations of the ligands, 2 mM ATP,
0.15 mM XMP and 20 mM MgCl,. Buffer concentration at all pHs was maintained at 0.15 M.
At different pHs, activity values measured over a range of glutamine and ammonium chloride
concentrations were used to estimate the values of Ky, and V. by fitting the data to equation
3.1. Stock solutions of both glutamine and ammonium chloride were buffered to avoid any pH
change upon their addition to the reaction mixture, and the pH of the assay mixture was

monitored before and after the reaction.

The theoretical kc,: value computed for glutamine dependent reaction at pH 7.4
should have been 0.21 min™ (56 x 0.5/132 = 0.21), if ammonia generated from
glutamine first mixes with the bulk solvent and is then re-utilized. However, the
observed ke (40 min™) is far higher than the theoretical value of 0.21 min™, ruling
out the possibility that ammonia produced from glutamine equilibrates with the

external medium.
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When glutamine was used as ammonia source, the plot of V/K versus pH (Fig.
3.1b) highlighted the presence of two different ionization constants (pK,; = 6.9 £ 0.08
and pK,, =8.5 £ 0.08). However, when ammonium chloride replaced glutamine, two
similar pK, values (9.4 £ 0.07 and 9.2 + 0.05) were obtained (Fig. 3.1c), that were
closer to the pK, value of 9.2 for ammonium ionization (NH;" to NHjz). This
suggested that the observed pK, values could be due to ammonium ionization and, a
plot of V/K versus pH, with the K, corrected for the actual concentration of ammonia
at different pHs, yielded a horizontal line without any slope, confirming that ammonia
and not ammonium is the actual substrate for PFGMPS. This is further substantiated
by the drop seen in ammonium K, as the pH was increased from 7.0 to 9.5.

Stoichiometry of the glutaminase and the acceptor domain reactions in
amidotransferases has been used as an indicator for ammonia channeling. Channeling
efficiency is defined as the ratio of GMP to glutamate formed in the ATPPase and the
glutaminase domains, respectively when glutamine is used as the source of ammonia.

Data in Fig. 3.2 indicate that coupling between the two half reactions, glutamine

- 54-
E3_45-
"5 364
= -= Glutamate
- Sal - GMP
—
& 18-
0 5 10 15

Time (min)

Figure 3.2. Measurement of concentration of products, glutamate and GMP in PfGMP
synthetase reaction.

(m) glutamate concentration measured as formation of NAD" using glutamate dehydrogenase
as a coupling enzyme. (A) GMP concentration measured at 290 nm using extinction
coefficient value of 6000 cm™M™. The details of assay are given in “materials and methods”
(section 3.3.4)
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hydrolysis and GMP formation in the PfGMPS reaction was 100 % (1:1
stoichiometry). Also, the glutamate dehydrogenase coupled enzyme assays,
performed for estimation of ammonia formed in the PFGMPS reaction, failed to detect
any free ammonia. Overall, these results corroborated the conclusions drawn from pH
dependent studies of glutamine and ammonium dependent PFGMPS activities.

3.4.2. Steady state competition assays between glutamine and ammonium

Though, ammonium and glutamine are individually used as source of ammonia
by PfGMPS, albeit with different Kinetic constants, the kinetics of utilization of
external ammonia in presence of glutamine has not been examined. Hence, a
competition assay was performed wherein both glutamine and ammonium were
present together. When NH,Cl was varied from 0 to 100 mM with glutamine
maintained at 15 mM (30 K,), gradual increase in GMP formation was seen.
However, when NH,ClI was fixed at 100 mM (~5 K,) and glutamine titrated from O to
15 mM, no increase in activity was observed (Table 3.1).

Table 3.1. Steady state competition assay for the formation of GMP, catalyzed by

P. falciparum GMP synthetase in the simultaneous presence of glutamine and

ammonium®

NH,CI?  GMP Fold increase® GIn® GMP* Fold
(mM) (LM) (mM) (LM) increase’
0 616 + 20 1.00 0.0 864 + 20 1.00
10 701 + 32 1.13 0.5 883 + 22 1.00
15 733 +32 1.20 1.0 866 + 23 1.00
20 796 + 31 1.30 3.0 933+6 1.07
40 866 + 8 1.40 6.0 913+9 1.06
60 876 + 45 1.42 10.0 901 £ 43 1.04
80 900 + 28 1.46 15.0 896 + 21 1.04
100 960 + 30 1.56

YUssays were done as mentioned in “materials and methods” (section 3.3.5). All other
substrates, ATP, XMP and MgCl, were maintained at 20, 10 and 100 mM, respectively.
Reactions were stared with 80 pg of PIGMPS in a total volume of 600 pl. “Glutamine was
maintained at 15 mM when NH,CI was titrated.  NH,Cl was maintained at 100 mM when
glutamine was titrated.* Fold increase is with respect to the value where only glutamine or

NH,CI was present.
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These results suggested that PFGMPS is able to utilize external ammonium even in the
presence of saturating concentration of glutamine.

To quantify the incorporation of external ammonia into the final product
GMP, in the presence of glutamine, NH4CI was replaced with >NH,CI in the
competition assays, and product formation was monitored by NMR spectroscopy.
Shown in Fig. 3.3 is the purification and characterization of enzymatically
synthesized 2-amino labeled N GMP that served as a standard. In GMP, amino
proton exchange with the bulk solvent is known to be pH dependent (Buchner et al.,
1978), necessitating the optimization of a suitable pH at which the protons could be
detected. Hence,””N edited ‘H NMR spectra of the synthesized "N GMP were
acquired over a range of pH (1.5 to 5.5), and the presence of a sharp doublet for the 2-
amino protons (6.15 ppm) between pH 4.5 to 5.5 permitted us to select pH 4.7 for all
further experiments. The selected pH of 4.7 was also suitable because the *H peaks of
> NH,* / *°NH; present in the reaction mixture were completely broadened and hence,
not detected. Earlier reports on —NH; proton exchange rates in GMP have also shown
the rate to be slowest in the pH range of 4.5 to 6.5 (Buchner et al., 1978; McConnell
et al., 1983). The N edited 'H spectrum of the purified molecule is shown in Fig.
3.3d and was similar to that recorded for the reaction mixture. Figure 3.4a and b
represent stacked plot of *°N -edited NMR spectra obtained at different concentrations

of N GMP and the generated standard curve, respectively.
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Figure 3.3. Characterization of purified >N GMP

a) Separation of the different nucleotides present in PFGMPS reaction mixture by anion
exchange chromatography. AMP, GMP, XMP and ATP eluted at 0%, 2.8%, 7.4% and 24.3 %
of eluent B. The conditions for chromatographic procedure are given in “materials and
methods” (section 3.3.6). b) UV wavelength absorption spectrum of purified *°N GMP and its
comparison with commercial unlabelled GMP and other nucleotides present in the reaction
mixture. All the nucleotide spectra were acquired in 3.2% perchloric acid. ¢) Comparison of
the MALDI-TOF mass spectrum of >N GMP with that of the commercial unlabelled GMP.
Spectra were acquired in positive ion reflectron mode using CHCA (a-cyano-4-
hydroxycinnamic acid) as matrix. d) °N edited *H NMR spectrum of purified >N GMP (S
6.15 ppm)
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Figure 3.4. One — dimensional N — edited proton NMR spectra representing
different concentrations of >N GMP and a standard curve relating the NMR
peak intensity to the N GMP concentrations.

a) Stackplot of spectra at increasing concentrations of *°N GMP. Concentration of >N GMP
as determined by spectrophotometry is indicated against each spectrum. The doublet at 6.15
ppm corresponds to *NH, of GMP. Conditions employed for acquisition of *N edited *H
spectra were similar to those used for competition assays. b) Standard curve relating NMR
peak intensities obtained from panel (a) to the known concentrations of **N GMP. See text

for details.

With the conditions set for accurately estimating *°N GMP, *H fHSQC NMR
spectroscopy was used to quantify >N GMP in the steady state competition assays
where either glutamine or *NH4CI concentration was varied, while keeping the other
at a fixed saturating concentration. Figure 3.5 represents a typical spectrum obtained
by fHSQC NMR spectroscopy where both glutamine and **NH,CI were together
present in the reaction and shows a doublet at 6.15 ppm (Jyn = 88 Hz) that
corresponds to the 2-amino group of N GMP. As shown in Table 3.2, in assays
where glutamine concentration was constant (15 mM) and **N NH,CI varied from 20
mM to 100 mM, presence of glutamine could not prevent the incorporation of >N
label into GMP. Similarly, when *NH,CI concentration was fixed (100 mM) and
glutamine varied from 3 mM to 15 mM, an initial drop in *°N incorporation into GMP

was seen, that subsequently plateaued.
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Figure 3.5. One — dimensional >N — edited proton NMR spectrum of a reaction
catalyzed by PFGMP synthetase.

(a) Complete spectrum acquired after the reaction was quenched, deproteinized and pH
adjusted to 4.7. The peak at 6 = 11. ppm corresponds to N uracil used as an internal
standard. (b) Expanded region of the spectrum in chemical shift range 6.0 — 7.6 ppm.
Observable in this region are the signals arising from >N GMP (doublet, oy = 6.15 ppm),
N L-glutamine He (doublet, ony = 6.7 ppm) and N L-glutamine H, (doublet, oyy = 7.4

ppm). All the chemical shifts are reported with reference to TSP.
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Table 3.2. Steady state competition assays for the measurement of °N
incorporation into GMP catalyzed by P. falciparum GMP synthetase®

BNH,Cl  GIn BNGMP?  “NGMP Total GMP® N GMP/*°N GMP
(mM) (mM) (mM) (mM) (mM) ratio
0 15 ] 0.37 +0.04 0.37 £ 0.04 -

20 15 0.13+0.01  0.34+0.01 0.47 £0.01 2.56 + 0.34
40 15 0.17+0.01  0.36 +0.02 0.53+0.08 2.05+0.06
60 15 0.21+0.01  0.36 +0.07 0.57 +0.08 1.68+0.31
80 15 0.23+0.03  0.37+0.04 0.61+0.06 1.60 +0.01
100 15 0.25+0.02  0.41+0.07 0.66 + 0.06 1.67 +0.39
100 0 0.52 +0.07 - 0.68 + 0.01 -

100 3 0.39+0.02  0.34+0.06 0.74 + 0.04 0.88+0.18
100 6 0.27+0.01  0.38+0.03 0.66 + 0.04 1.41 +0.05
100 9 0.25+0.04  0.42+0.00 0.67 + 0.04 1.67 +0.26
100 12 0.27+0.04  0.42+0.03 0.69 +0.01 1.56 + 0.30
100 15 0.25+0.02  0.45+0.02 0.70 + 0.00 1.78 +0.17

tan assays were done under similar conditions, as mentioned in “materials and methods”. All other
substrates, ATP, XMP and MgCl, were maintained at 20, 10 and 100 mM, respectively. “Estimated by
>N edited proton NMR spectroscopy using known quantities of enzymatically produced **N GMP as
standard and all the values are corrected for the natural abundance of *°N glutamine. Values are
reported as mean + S.D of two independent experiments done with two separate preparations of
PfGMPS.? Quantified by spectrophotometry (Sakamoto, 1978). Errors reported as mean + S.D of two

independent measurements with each having three replicates.

Apart from the presence of N GMP peaks, two doublets at 6.70 and 7.40
ppm consistently appeared in the *°N edited proton NMR spectra (Fig. 3.5a, b), except
under the condition where glutamine was absent. Hence, a >N edited proton NMR
spectrum of 15 mM glutamine was recorded that highlighted two low intensity
doublets with same chemical shifts as seen in the spectra of assay mixtures, arising
from the natural abundance of **N in L-glutamine. The NMR chemical shifts and
coupling constants of the peaks correspond with those reported for the two non-
equivalent amide protons of L-glutamine (Kanamori et al., 1995). These results
indicated that the peaks at 6.70 and 7.40 ppm arise due the formation of **N L-

glutamine in the competition assays. To check whether complete liganding of
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PfATPPase domain is needed for N L-glutamine formation, two separate
competition assays were performed that contained both glutamine and *NH,CI, but
with either ATP, XMP or both excluded, The NMR spectra recorded of these assay
mixtures indicated that >N L-glutamine was not formed, as the peak intensity did not
exceed that obtained for the natural abundance of °N in 15 mM L-glutamine.

3.4.3. Effect of chemical modification and mutagenesis of cysteine 102 on

glutamine and ammonium dependent activities

To examine the possible connection that the glutaminase domain may have
with the entry of external ammonia, we chemically modified the glutaminase catalytic
pocket with acivicin and DON, the two structural analogues of glutamine, known to
specifically inhibit the glutamine dependent activity, by irreversible binding (Bhat et
al., 2008; Nakamura et al., 1995; Zalkin and Truitt, 1977). To ascertain the covalent
binding of acivicn to PfGMPS, a tryptic digest of acivicin treated protein was
subjected to MALDI-TOF and LC-ESI-QTOF MS analysis, followed by sequence
identification of the selected peptides by employing MS/MS methods (Fig. 3.6). This
study allowedus to identify a peptide K%-K!8
(KIPIFGICYGMQEIAVQMNGEVKK) of m/z 2695.39 Da that contained a single
cysteine (C102) modified with acivicin (m/z 143 Da). Having confirmed that cysteine
102 is modified by acivicin, we monitored both glutamine and ammonium dependent
activities in the acivicin and DON treated PfGMPS. As shown in Table 3.3a, the
glutamine dependent activity, as expected was almost completely abolished in both
acivicin and DON treated samples. However, 90 % of the activity was retained in both
the samples when glutamine was replaced with ammonium in the assay. These results
suggested that the modification of the glutaminase domain with acivicin and DON

bound to the glutaminase domain do not impede the ammonium dependent activity.
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Figure 3.6. Elucidation of PFGMP synthetase covalent modification by acivicin
through mass spectrometry.

() Complete MALDI-TOF mass spectrum of trypsin digested PfGMPS after acivicin
modification and its comparison with that of unmodified PfGMPS. (b) Expansion of the
MALDI-TOF mass spectrum between m/z 2837-2851 Da showing the presence of the
modified tryptic fragment in acivicin treated PfGMPS and its absence in untreated PFGMPS.
Spectra were taken in positive ion reflectron mode using DHB (2, 5-Dihydroxybenzoic acid)
as matrix. (c) MS spectrum (between m/z 380-1240 Da) highlighting the triply charged peak
of m/z 947.12 Da corresponding to acivicin modified peptide that eluted at 37.6" min. The
inset shows expansion of m/z 947.12 Da highlighting quality of the spectrum (d) Spectrum
showing the MS/MS of m/z 947.12 Da and assignment of the different ions to the sequence
(shown on top of the spectrum). The conditions for acivicin modification and digestion of

PfGMPS are mentioned in “materials and methods”.
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Table 3.3a. Effect of acivicin and DON on the glutamine and ammonium dependent
activities of P. falciparum GMP synthetase’

Activity (nmoles min* mg™)

Inhibitor Ammonium dependent Glutamine dependent
None 714 + 10 607 £ 7
Acivicin 678 £ 15 48+ 1
DON 631+ 14 57

'PfGMPS was incubated either with acivicin (0.2 mM) or DON (0.25 mM) for 30 min at 25
°C.Aliquots were assayed for both glutamine and ammonium dependent activities, under
standard assay conditions (detailed in “materials and methods”), with either glutamine (5
mM) or ammonium chloride (100 mM) used as source of ammonia. The values are reported

as mean + S.D, estimated from three independent measurements.

A mutant of PfGMPS having Cys 102 replaced with alanine was generated
with the aim of having an enzyme that can bind glutamine but not catalyse its
hydrolysis. The C102A mutant after purification was assayed for both glutamine and
ammonium dependent activities. The Kinetic constants for NH4Cl, ATP and XMP
obtained for the ammonia dependent activity of C102A mutant of PfGMPS (Table
3.3b) were similar to that of the wild-type enzyme. As expected, the mutant C102A
was totally devoid of glutamine dependent activity, agreeing with the results from
chemical modification and confirming C102 as the catalytic residue in the
glutaminase domain. The CD spectra of the C1L02A mutant and the wild-type enzymes
being similar (Figure 3.7a) ruled out the possibility of structural changes in the mutant
contributing to the loss of glutamine dependent activity.

To evaluate the effect of glutamine on the ammonia dependent activity of
C102A, assays were performed that contained glutamine at a fixed concentration of
15 mM and NH4CI concentration varied from 0 to 100 mM and vice versa, (NH4Cl
fixed at 100 mM and glutamine varied from 0 to 15 mM). Interestingly, presence of
15 mM glutamine in the reaction assays inhibited the ammonium dependent GMP
formation to ~50 %, compared to the reaction where glutamine was excluded (Fig. 3.7
b and c).
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Table 3.3b. Steady state kinetic parameters of PfGMPS C102A mutant!

Substrate K (MM) Keat (Min-1) Keat! Km (mint mM™)
¥

XMP 0.019 + 0.002 65+25 3.400 x 10

ATP 0.235+0.020 64 +15 0.272x10°3

NH,* 27.000 + 3.000 77+2.8 0.029 x 103

'All the steady state assays were performed under standard assay conditions (detailed in
materials and methods) with NH,Cl used as a source of ammonia. The saturating
concentrations of other substrates used during single substrate titrations, were 0.2 mM ATP,
0.15 mM XMP, 100 mM NH,Cland 20 mM MgCl,;

b a) = b ~ 1100
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s s Wildtype » C102A £ 2 800 ) £ 2 ssof )
L= R L — £’
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Figure 3.7. Characterization of C102A mutant of PFGMPS.

(a) Comparison of far-UV CD spectra of mutant C102A and the wild-type PFGMPS. Cuvettes
of 0.1 cm path length were used and each spectrum was average of three scans. The protein
concentration of each C102A mutant and the wild-type was 5uM. (b) Inhibition of ammonium
dependent activity of C102A at different concentrations of glutamine, with ammonium fixed at
100 mM. (c) Inhibition of ammonium dependent activity of C102A at fixed concentrations of
glutamine. All the assays were performed under standard assay conditions as detailed in

“materials and methods” .

This suggested that a partial inhibition of the ammonium dependent activity in C102A
mutant of PFGMPS arose from the binding of glutamine, and prompted us to carry out
complete kinetics of glutamine inhibition of the ammonium dependent activity. In the
Kinetic assays, concentration of one of the substrates (ATP, XMP or ammonium) was
varied at different fixed concentrations of glutamine while keeping the other

substrates at fixed saturating concentration. The double reciprocal plots (1/ v versus 1/
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[S]) for the three substrates (ATP, XMP or ammonium) exhibited parallel line
patterns, with the re-plots of intercept versus [glutamine] being hyperbolic (Figure
3.8). Hyperbolic re-plots obtained from the parallel linear primary plots are indicative
of mixed hyperbolic or partial uncompetitive inhibition, where infinite concentration
of an inhibitor (glutamine) leads to a finite inhibition and hence, the velocity of the
reaction unlike the normal uncompetitive inhibition, can never be driven to zero. The
parallel nature of the Lineweaver-Burk plots arises from the inhibitor (glutamine)
modulating the affinity (K,,) of the substrate for the enzyme and Vmax to an identical
degree. A global fit of the initial velocity data to equation 3.3 yielded kinetic
inhibition parameters for glutamine with respect to ATP, XMP and ammonium (Table
3.3c) and the values agreed well with those obtained from the fit of y-intercept values
(from Lineweaver-Burk plots) versus [glutamine] to the equation 3.4, for the

respective substrates.
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Figure 3.8. Double reciprocal plots of initial velocities (1/v) versus different substrate
(@ammonium, ATP and XMP) concentrations at various fixed concentrations of
glutamine.

(@) 1/v versus 1/[NH, ] at 0,1, 2.5, 5, 8 and 10 mM of glutamine. ATP and XMP were at fixed
concentrations. (b) 1/v versus 1/[XMP] at 0, 2.5, 8 and 10 mM of glutamine with ATP and
NH," maintained at fixed concentrations. (c) 1/v versus 1/[ATP] at 0, 1, 2.5 and 5 mM
glutamine with XMP and NH," at fixed concentrations. Assay conditions were same as those
used for standard assays mentioned in “materials and methods”. The fixed concentrations of

substrates used were, 0.2 mM ATP, 0.15 mM XMP and 100 mM NH,CI.
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Table 3.3c. Inhibition constants of glutamine for the ammonium dependent
activity of C102A PfGMPS against different substrates

Substrate o Ki (mM) Km (MM)
XMP 0.30 +0.03 9.5+25 0.02 +0.001
ATP 0.41 +0.03 2.7+0.7 0.18 +0.010
NH," 0.35 + 0.03 42+1.0 23.00 + 2.000

All the values were obtained by global non-linear fit of the inhibition data to

equation 3.3. 'a is the factor by which affinity of glutamine for ES is changed.

3.5. Discussion

The present investigation was aimed at understanding aspects of ammonia
transfer from glutaminase to ATPPase domain in PfGMPS, the only two-domain
GMP synthetase reported till now to possess significant leaky glutaminase activity
(Chapter 2: Bhat, et al., 2008) when the ATPPase domain is not completely liganded.
However, during the complete catalytic cycle, the enzyme appears to have evolved a
mechanism for preventing such an unwanted process, as 1:1 stoichiometry is seen in
the formation of products from the glutaminase and the ATPPase domains, by which
leakage of ammonia from the enzyme into the outside medium is prevented (Fig. 3.2).
A 1:1 stoichiometry across domains has also been reported for glutamine
phosphoribosylpyrophosphate amidotransferase and IGP synthase (Bera et al., 2000;
Myers et al., 2003). Whether the leaky glutaminase activity seen, when the ATPPase
domain is unliganded in PfGMPS, is necessary under physiological conditions
remains to be investigated. A recently report on P. horikoshii GMP synthetase, a two-
subunit two-domain GMP synthease, has shown that the glutaminase domain
possesses some glutamine hydrolysing property without involvement of the
synthetase domain (Maruoka et al., 2010).

The pH-activity relationship studies with glutamine and ammonium as
substrates (Fig. 3.1) agreed with the occurrence of 1:1 stoichiometry and suggested
that ammonia generated by glutamine hydrolysis is channeled within PFGMPS from
the glutaminase to the ATPPase domain. Similar conclusions have been made from
the pH Kinetics done on CTP synthetase (Levitzki and Koshland, 1971) and E. coli
GMP synthetase (Zalkin and Truitt, 1977). The two different ionization constants (6.9
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+ 0.08 and 8.5 + 0.08) obtained from the plot in Fig. 3.1b could reflect the side chain
ionization constants for histidine and cysteine respectively, that has been proposed to
form a part of the catalytic triad involved in glutamine hydrolysis in the glutaminase
domain. Similar ionization constant values of 6.0 and 8.6 have been proposed for His
and Cys, the catalytic triad residues in glutamate synthase (Vanoni et al., 1994).

The N edited 'H fHSQC method employed in our experiments was sensitive
enough to detect the different levels of *°N labelled GMP produced in the competition
assays permitting us to accurately quantify the molecule. As evident from Table 3.2
even in the presence of saturating concentration of glutamine (15 mM) and at a low
concentration of “NH,Cl (20 mM), NH; could still access the adenyl-XMP
intermediate in the ATPPase domain. However, the **N/*N ratio in total GMP will be
dictated by ke./Kn, for the two ammonia sources, after a correction is made for their
initial concentrations (Mullins and Raushel, 1999). Such a calculation done for a
condition where 20 mM **NH,CI and 15 mM glutamine were present together,
suggested that the theoretical **N/**N value of 13.5 was higher than the observed
value of 2.56 + 0.34. This difference in the values of the theoretical and observed
YN/™N ratios persisted also in other titrations including the one where both *>NH,CI
and glutamine were present at saturating concentrations. The large difference seen
between the theoretical and observed values of **N/™N ratios highlighted that the *°N
GMP fraction in the total pool of GMP is greater than what would be expected on the
basis of ke /K. In the competition assays where glutamine concentration was fixed
at 15 mM, the value for **N/*°N ratio after an initial decrease remained constant when
® NH,CI concentration was increased, and similarly, when **NH,CI| was present at
100 mM, increasing concentration of glutamine led to an initial increase in **N/**N
ratio and subsequently saturated. The above ratios also indicated that absolute
quantity of >N GMP in the assays never exceeded 55 % of the total GMP, suggesting
that the ammonia generated from glutamine does not equilibrate with the outside
medium, as in that case the N incorporation should have been greater than 85 %
(calculation based on ke./Ky, ratios of the two substrates). The channeling behaviour
in PfGMPS resembles that of Asn B (Li et al., 2007) where glutamine could not
impede the incorporation of external ammonia into asparagine, the final product of the
reaction. However, asparagine competitively inhibits the glutamine dependent Asn B

reaction, with no effect on the utilisation of external ammonium, and this differential
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inhibition has been proposed to be contributing to the unusual channeling behaviour
seen in the enzyme. In contrast, a similar role for GMP in PfGMPS cannot be
entertained, as GMP inhibits the reaction competitively with respect to XMP and
manifests similar inhibitory effects (similar K;) on both glutamine and ammonium
dependent activities. In this context, it is interesting to highlight that the glutaminase
domain of PFGMPS contains a unique 20 residue insertion and, whether the insertion
has any role in the observed channeling behaviour remains to be investigated. In
contrast to PFGMPS and Asn B, glutamine in CPS has been shown to fully impede the
entry of external ammonium into the enzyme (Mullins and Raushel, 1999).
Pertinently, though a biochemical evidence for ammonia channeling in E. coli GMP
synthetase was provided earlier, no preformed channel was seen in the crystal
structure (Tesmer et al., 1996).

The formation of N glutamine from N glutamine and *NH4CI in
competition assays stems from the exchange process between N glutamine and
>NH,CI involving the thioester intermediate formed in the glutaminase domain, onto
which ®NHs gains access leading to exchange with the side chain —NH, of L-
glutamine. Similar exchange process during thioester intermediate formation has been
reported earlier in asparagine synthetase (Li et al., 2007). Our inability to detect °N
glutamine in assays containing both glutamine and *>NH,4CI but lacking either ATP or
XMP or both, suggested the absence of exchange process in the glutaminase domain
when the ATPPase domain is unliganded. This could be due to (1) inaccessibility of
glutaminase active site to external ammonia or, (2) external ammonia preventing the
thioester formation and thereby, glutamine hydrolysis in the glutaminase domain
when the ATPPase domain is unliganded. The latter mechanism has been reported
earlier in CPS (Chaparian and Evans, 1991). where high concentration of ammonium
in presence of glutamine abolished the formation of thioester when ATP and
bicarbonate, the two other substrates, were excluded from the assay. Detection of the
PfGMPS proteolytic fragment with C102 covalently attached to acivicin using mass
spectrometry supports the formation of thioester intermediate in the glutaminase
domain. Similar acivicn labeled peptide has also been detected in human GMP
synthetase tryptic digest (Nakamura et al., 1995).To our knowledge the studies on
PfGMPS involving fHSQC experiments form the first report that provide a direct

evidence for the formation of thioester intermediate in the GMP synthetase catalysis.
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Partial uncompetitive nature of glutamine inhibition with respect to ATP,
XMP, and NH," in C102A mutant of PFGMPS indicates that glutamine can bind to
either E or ES form of the enzyme with different dissociation constants (K; and aK;,
respectively), with the ternary complex ESI being catalytically productive, albeit with
less efficiency than the ES form. The differences observed in the dissociation constant
(Kji) values for glutamine for PFGMPS with respect to the different substrates (Table
3.3c) reflects on the modulation of inhibitor binding affinity for the enzyme by the
substrates. These results corroborated our previously proposed kinetic mechanism
(two-site ping-pong) for PIGMPS where glutamate release is the irreversible step
between the binding of either ATP or XMP and glutamine. Therefore, glutamine, a
mimic of glutamate when bound to the mutant C102A, switches the enzyme to a
catalytically less active state. Though the irreversible binding of acivicin and DON to
wild type PfGMPS could resemble the binding of glutamine to the C102A mutant of
PfGMPS, inhibition of ammonium dependent activity was not seen in the chemically
modified enzyme. These observations suggest that the glutamine bound C102A
mutant of PFGMPS and the inhibitor (acivicn or DON) modified PFGMPS may exist
in different conformational states or the inhibitor (DON and acivicin) packing in the
catalytic pocket is different from that of glutamine and hence, the differences in
ammonia dependent activities. It is pertinent to note that glutamine has also been
shown to inhibit the ammonia dependent activity of CLA mutants of human (Sheng et
al., 1993) and E. Coli (Boehlein et al., 1994) asparagine synthetases. However, in both
the enzymes, the primary reciprocal plots. 1/v versus either 1/ammonia, 1/aspartate or
1/ATP were intersecting, except for the parallel nature of 1/v versus 1/ATP plot seen
for the E. coli enzyme. Such a pattern has been attributed to the formation of an
abortive complex during the ammonia dependent catalysis in the presence of
glutamine that leads to its inhibition.

In conclusion, this report provides the first detailed analysis of ammonia
channeling in PfGMP synthetase that can serve as a model for comparative
investigation of this phenomenon in other GMP synthetases. This study highlights the
notion that the optimization of channeling efficiency during evolution in different
GATSs varies across this class of enzymes. Detailed catalytic and kinetic analysis of
individual steps of PFGMPS reaction needs to be carried out to find answers to many

unresolved questions highlighted by this study.
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Furthermore, studies on other GMP synthetases would throw light on whether
the specific aspects of channeling seen in PFGMPS is conserved, or a unique feature
of the parasite enzyme.
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( Substrate-induced conformational changes in
P. falciparum GMP synthetase: biochemical

and mass spectrometric investigation

Chapter 4

4.1. Summary

Dynamics, structural transformations and coordinated domain motions in
proteins/enzymes play a pivotal role in their function/catalysis. Biochemical,
biophysical and computational advancements have increased our understanding of the
dynamics-related processes taking place in proteins and their link to function.
Glutamine-dependent amidotransferases (GIn-ATs), modular in nature, are known to
undergo substrate-induced changes in domain structure and organization. The main
focus of this chapter is on the studies carried out on P. falciparum GMP synthetase
towards understanding the conformational changes and domain cross-talk in the
enzyme. A combination of biochemical assays, optical spectroscopic tools and mass
spectrometry was employed to address the question. Brief account of the use of mass
spectrometry for understanding the structural changes in proteins and summary of the
literature available for conformational changes in GIn-ATs, is also provided in the
introductory section of this chapter. Sections (4.3.3 and 4.4.1) describing the
irreversible inhibition studies on PFGMPS has already been reported (Bhat et al.,
2008).

4.2. Introduction

4.2.1. Conformational changes in proteins and use of high-resolution mass
spectrometry.

Role of ligand-driven conformational changes in proteins is a concept widely
entertained in enzyme catalysis. Protein dynamics and conformational flexibility are
the broadly used terms reflecting the non-rigidity in proteins, and has been implicated
to be essential in all important protein functions like, catalysis, ligand binding,

protein-protein interactions, signal transduction and cell to cell communication. Over
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time, large number of techniques and methodologies have been employed for
assessing the dynamic nature of proteins, viz., fluorescence spectroscopy (like steady-
state, pre-steady state and time-resolved fluorescence, FRET, FCS etc), circular
dichroism, Raman and infrared spectroscopy, *F NMR spectroscopy and X-ray
crystallography, to name a few. With advances in mass spectrometry for probing
protein structure, numerous groups have reported its use in deciphering dynamics in
proteins. It is interesting to note that recent strategic advances in mass spectrometry
have led to the analysis of non-covalent interactions in the native states of proteins, a
step towards studying the proteins in native form (Breukera and McLafferty, 2008 ;
Oh et al., 2002; Rand et al., 2009; Zhou et al., 2008). Chemical labeling, limited
proteolysis and hydrogen-deuterium exchange in proteins combined to mass
spectrometry are routinely used techniques for precise dissection of conformational

dynamics.

4.2.1.1. Limited proteolysis in conjunction with mass spectrometry (LP-MS)

The dynamic nature of proteins was realized long back when induced-fit
theory for substrate binding in enzymes was proposed by Koshland (Koshland, 1958).
That protein is not a single entity, but an ensemble of different conformational states
(where thermodynamic principles govern the occurrence of individual populations)
has been demonstrated by the use of high resolution techniques and supports the
notion that proteins are not rigid when present in solution (Barbar, 1999; Henzler-
Wildman and Kern, 2007). This property provides the rationale on the basis of which
limited proteolysis mass spectrometry (LP-MS) is employed in proteins to study
conformational transitions. Proteases, both specific and non-specific, can act on
proteins provided the sites of action are accessible. Substrate binding to
protein/enzyme often shifts its conformational equilibrium and hence, the sites
available for a protease in unbound form may be inaccessible in the bound form or
vice versa. This differential availability of protease sites under different states leads to
an altered digestion pattern. In LP-MS, proteins are generally treated with proteases of
different specificity to provide complementary evidences for a given observation. The
commonly used proteases known to cut at specific sites are trypsin, chymotrypsin,
Lys-C, Asp-N, Arg-C and Glu-C (V8 protease) and, those without specificity such as
subtilisin, proteinase K, pepsin etc (Cheng et al., 2010; Fontana et al., 2004; Hager-
Braun and Tomer, 2005).
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The procedure followed in LP-MS is straightforward and the data analysis is
comparatively simple. In this technique, proteins with or without ligands are treated
with appropriate proteases under limiting conditions (non-optimum temperature, pH
and buffer, and the protease to protein/enzyme ratio) that prevent complete
fragmentation of the protein. When the protein has to be studied in its holo form, the
ligand(s) (substrate, product or analogues of both, a drug or another protein) is/are
first allowed to equilibrate at a saturating concentration with the protein and then
subjected to proteolysis. Though, SDS-PAGE analysis of the fragmented protein
provides a quick view of the digestion pattern, mass spectrometry has almost taken
over this step as it reliably provides the identification of different fragments in a short
time span. Both MALDI-TOF and ESI MS have been employed for this analysis.
Assignment of different peptides is relatively simple when a protease of known
specificity is used, as in that case a theoretical peptide map can be generated and
compared to the different experimental peptide masses. However, a combination of
MS/MS, Edman degradation and use of region—specific antibody is occasionally
involved for the unambiguous identification of a peptide. A general schematic
representation of the method is given in Fig 4.1.

Two recent examples of the use of LP-MS in resolving conformational
changes in proteins are briefly presented. Arrestin 2, a multifunctional adaptor protein
involved in desensitization, endocytosis and alternate signaling pathways of seven-
membrane spanning receptors, undergoes a conformational change on binding to the
activated phosphorylated receptor. Exclusive use of LP-MS demonstrated that binding
of a phosphopeptide (V2-pp), a derivative of the C-terminal vasopressin receptor, to

%% in the C-terminus and shielding of Arg®in the

arrestin 2 causes the exposure of Arg
N-terminus. These studies provided a direct evidence of conformational changes in
arrestin 2 associated with its change from basal inactive form to the biologically
active conformation (Xiao et al., 2004). Prolyl hydroxylase, an important enzyme for
oxygen sensing in humans, was subjected to treatment with different, but structurally
similar, inhibitor molecules and LP-MS analysis of the treated samples indicated
differential susceptibility of the protein liganded to the different molecules (Stubbs et
al., 2009). These studies corresponded well with the earlier biophysical and
biochemical evidences, underscoring the reliability of LP-MS technique for medicinal

biochemistry.
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Figure 4.1. Schematic representation of the steps followed in limited proteolysis

coupled to mass spectrometry.

4.2.1.2. Hydrogen-deuterium exchange coupled to mass spectrometry (H/DX MS)

In H/DX MS, proteins are labeled via hydrogen-deuterium exchange and the
labeled protein is analyzed by different mass spectrometric techniques. Proteins
generally contain three types of protons (Fig. 4.2), grouped on the basis of rate of
exchange. (1) Protons attached covalently to carbon (marked in red) do not exchange
without a catalyst. The hydrogens in polar side chains (hydrogens attached to hetero
atoms; N, O, C and S, marked in green) exchange at a very fast rate (10°-10° higher
than amide protons) at neutral pH and their rates are not readily determined (Bai et al.,
1993; Englander et al., 1985). Residues that contribute to the fast exchanging protons
are Ser, Thr, Lys, Arg, Asp, Glu, Gin, Asn, Cys, Trp, Tyr and His. The exchange rate
of these protons is highly dependent on pH (Fig. 4.3). (3) The protons attached
directly to backbone amide groups (marked in blue) exchange with water at rates
ranging from milliseconds to several years and are generally measured in H/D

exchange studies (Garcia et al., 2004; Morgan and Engen, 2009).
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Figure 4.2. Schematic representation of a peptide showing protons with different
exchange rates. Colour coded protons; red, green and blue refer to non-exchangeable, fast
and slow exchanging protons, respectively. Hetero atom containing residues that mainly

contribute the fast exchanging protons are also shown.

The rate of exchange in amide protons is influenced by local inductive effects
contributed by the neighboring amino acids, degree of solvent exposure, temperature,
and concentration of exchanging catalyst (HsO", OH). Amide protons in folded
proteins that are exposed to solvent or reside in unstructured regions exchange faster
than those in the core. Differences in exchange rate observed across amide protons
reflects on their degree of exposure to the solvent and the networking within
secondary structural elements. Protons lying in hydrophobic regions or involved in
hydrogen bond formation do not exchange until perturbed by a structural change
leading to their exposure to solvent and distortion of the hydrogen bonds. Hence,
H/DX propensity of amide protons provides a good estimate of the conformational
status, hydrogen bond nexus and solvent accessibility of a protein (Garcia et al.,
2004).

Kaj U. Linderstrom-Lang in 1950’s introduced the use of isotopic labeling for

studying proteins and peptides
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Figure 4.3. Plot of the log of exchange rate constant versus pH, indicating the
dependence of proton exchange rate on solvent pH. Figure adapted from Bai et
al., (Bai et al., 1993)

(Berger and Linderstrom-Lang, 1957; Hvidt and Linderstrom-Lang, 1954;
Linderstrom-Lang, 1955). Early amide proton exchange in proteins was done by
tritium labeling followed by separation using chromatography techniques; however,
lately the methods have been replaced by hydrogen-deuterium exchange coupled to
NMR spectroscopy (Wand and Englander, 1996), resonance Raman spectroscopy
(Hildebrandt et al., 1993) and mass spectrometry (Englander et al., 2003), all of which
can measure deuterium incorporation. Walter Englander performed experiments using
amide proton exchange for folding and unfolding of proteins, where the effect of
hydrogen bonding on the exchange of amide protons with solvent was monitored
(Englander et al., 1997).

Amide hydrogen exchange is mainly OH" catalyzed, down to pH 3 and below
that by HsO" in water based solutions. The exchange process of amide protons in

water can be represented as,

kex NH = Kkon [OH]+ Ky [H]+ + Ko
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kou, ku, and Ko are exchange rate constants for base, acid and direct water,
respectively catalyzed exchange reactions. Using poly-DL-alanine peptide as a
model, the above rate constants (kon = 1.12 x 10*%and ky = 41.7 M™*min™ and ko =
0.03 min™) have been derived at 20 °C. Exchange rates of side-chain and amide
protons highly correlate with pH and a plot of log (kex NH) versus pH elicits a
minimum at 2.5 to 3 (Fig. 4.3). It has been shown that pH change of one unit
enhances the exchange rate by 10 fold, reflecting the sensitivity of pH change on the
exchange rate (Bai et al., 1993; Molday et al., 1972). Hydrogen exchange rates are
also temperature dependent and the rate constants follow the Arrhenius equation.
Accordingly, it has been shown that every 10 K increase in temperature raises the
exchange rate by three fold. At pH 7 and 25 °C temperature, the solvent exposed
amide hydrogens exhibit half-life of 0.01-0.05 sec, whereas, at pH 2.7 and 0 °C, the
half-life increases to 1-2 hrs. These conditions (low pH and temperature) are routinely
maintained when a protein incorporated with deuterium is present in the quench
buffer, during H/D/X mass spectrometry studies. Local inductive effects and steric
hindrance also affect rate of the amide proton exchange. Generally, polar side chains
drag electrons away from the amide bond and hence, increasing its acidity. Therefore,
an increase or decrease in exchange rates will be observed in base and acid catalyzed
reactions, respectively. Steric hindrance by the bulky side chains, like g and y
branched and aromatic side chains has been shown to affect the amide proton
exchange rate, by shielding or protection effect. Bai et al., (Bai et al., 1993) and
Moldey et al (Molday et al., 1972) and others (Englander and Kallenbach, 1983; Jeng
et al., 1990) have derived protection factors for all the 20 amino acids and these are
being used for making corrections in some cases. Besides the above factors, solvent
composition has also been shown to affect the rate of amide exchange (Englander et
al., 1985). The miscible solvents used in reverse phase HPLC generally reduce the
exchange rate due to decrease in equilibrium constant of water or hydroxide ion
activity (Maier and Deinzer, 2005).

Amide proton exchange in proteins generally progresses via two pathways; (1)
amide protons in fully folded proteins that are solvent exposed or local
breathing/transient motions makes them exposed, exchange via this pathway. These
amide protons are generally not involved in hydrogen bonding. A pictorial

representation of this pathway is given Fig. 4.4
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Figure 4.4. Pictorial representation of a fully folded protein showing the

exchange of solvent-exposed protons with deuterium.

(2) Amide protons that are buried inside the protein and are involved in complex
hydrogen bonding network follow a complex exchange pathway. This type of
exchange arises due to large- scale perturbation in the hydrogen bonding network as a
result of either global and sub-global transitions or local fluctuations in proteins
(model shown in Fig. 4.5).

D,0
H H | H \: D k., v D
Ky \ \ 1
= H &= D &=
H k. H k, D k; D

Closed-protein-H =2 Open-protein-H === Open-protein-D =2 Closed-protein-D
k., k;

Ky

Figure 4.5. Pictorial representation of a folded protein (where protons remain

involved in H-bonding network) undergoing H-D exchange.

In the above model, k; and k. represent the rate constants for opening and
closing of a folded protein respectively, and k; represents the intrinsic rate constant
for hydrogen —deuterium exchange in the open state of protein, that has a dependence
on pH, temperature and the primary amino acid sequence. Depending on the rate of
folding/ unfolding in stably folded proteins, two type of exchange mechanisms have
been proposed. EX1-type mechanism is a first order exchange kinetic mechanism
where the intrinsic rate of hydrogen-deuterium exchange is greater than rate of folding

(k2 >> k1) and hence, rate of exchange (kex) is directly related to the rate of unfolding
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(k1). Protein regions that undergo slow opening and closing events generally follow
the EXI1-type mechanism. In native stably folded proteins the rate of folding is greater
than the rate of intrinsic hydrogen-deuterium exchange (k.; >>k;) and the observed
second order rate constant is given by Kobs = Ko(ki/k.1). This exchange mechanism is
common in most of the proteins undergoing hydrogen-deuterium exchange under
native conditions without any denaturant (Maier and Deinzer, 2005).

Structural analysis of proteins by H-D exchange coupled to mass spectrometry
provides three basic advantages over NMR spectroscopy and X-ray crystallography;
(1) low protein concentration (maximum up to microgram compared to milligrams in
the two former techniques), (2) studies under physiologically-relevant contexts and
(3) fast and high throughput processing of data with theoretically no limitation by
molecular weight. At the same time HD/X MS is limited by following factors; (1)
dependence on the structure solved by other methods, like NMR and X-ray
crystallography or modeled computationally, and (2) lack of residue-specific
resolution (Morgan and Engen, 2009). Katta and Chait (Katta and Chait, 1991; Katta
and Chait, 1993) were first to introduce mass spectrometry for monitoring the H/D
exchange in proteins. In 1998, Mandell et al first time reported the use of MALDI-
TOF in H/DX studies (Mandell et al., 1998).

The general procedure followed during hydrogen-deuterium exchange and
analysis by mass spectrometry is pictorially represented in Fig.4.6. The steps followed
are (1) deuterium incorporation or in-exchange, (2) quenching and fragmentation (3)
mass spectrometry and, (4) peptide identification and assignment. The H/DX reaction
for deuterium incorporation can be done either by diluting the unlabelled protein in a
deuterated solvent (in-exchange) or diluting a fully deuterium-incorporated protein in
a protonating solvent (off-exchange). During this step, the protein can be exchanged
in presence or absence of ligands and depending on the desirability of the experiment,
time dependent exchange reactions can be performed. Quenching of the reaction is
achieved by simultaneous lowering of temperature (0 °C) and pH (2-3) that reduces
the rate of exchange to the lowest. In this step, fragmentation of the protein is done by
using the proteases that function at low pH, with pepsin being the first choice in most
of the studies. The fragmented protein with or without separation by HPLC is then
analyzed either by ESI or MALDI-TOF mass spectrometry, with the former (ESI)

being preferred mostly.
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Figure 4.6. Schematic representation of the general steps followed in hydrogen-

deuterium exchange coupled to mass spectrometry.

The identification of peptides is carried out by a combination of methods that include
MS/MS techniques and N-terminal sequencing. The deuterated peptides if analyzed
by MALDI-TOF, are directly spotted on chilled target plates after mixing with cold
matrix. The spectral recording is quickly achieved to minimize the back exchange. It
has been shown that residence time of the deuterated peptides on target plate affects
the outcome in terms of the loss of deuterons (Mandell et al., 1998). While using ESI
MS for the H/DX analysis prior to spectral acquisition, the peptides are generally
fractionated by reverse phase chromatography at low pH and temperature. Though
MALDI-TOF offers a straightforward analysis of the deuterium incorporated
peptides, peak-overlapping after deuteration is a general drawback. Back and in-
qguench exchanges are the two factors that affect the final deuterium content of a
peptide. Back exchange is defined as the percentage of undeuterated sites in the most
deuterated peptide fragment obtained after 24hrs of continuous deuteration. Primary
sequence of the peptide and the processing conditions are the two prominent factors
that contribute to back exchange of a peptide. Though, exchange is slowest under low

pH (pH 2.5) and temperature (0 °C), the process is never ceased and the exchange
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under those conditions is generally taken as in-quench exchange. The extent of in-
quench exchange is determined by the content of amino acid residues with hetero
atoms (N, O, S), N and C terminal protons and the concentration of deuterium under
quench conditions (Mandell et al., 2005).

Centroid masses of the deuterated peptides are used for calculating the
incorporated deuterium over the undeuterated peptides. This has been eased due to the
extensive use of computational approaches that are being applied to calculate the
deuterium content of different peptide fragments and also takes care of the back and
in-quench exchange contributions. Details of the H/DX methodology and its recent
advancements have been reviewed by many authors (Engen, 2003; Engen, 2009;
Engen and Smith, 2000; Engen and Smith, 2001; Floquet et al., 2009; Hochrein et al.,
2006; Hoofnagle et al., 2003; Hoofnagle et al., 2004; lacob et al., 2009; Mandell et
al., 2005; Mandell et al., 1998; Morgan and Engen, 2009; Wales and Engen, 2006;
Wales et al., 2008).

4.2.2. Domain cross-talk or inter-domain signaling or amidotransferase allostery

Mechanistic communication between the domains is common to all the
enzymes that use substrate channeling (Anderson, 1999; Huang et al., 2001; Miles et
al., 1999; Raushel et al., 1999). Most of the glutamine amidotransferases have
evolved a mechanism whereby, glutamine hydrolysis in the glutaminase domain is
conditional to substrate binding in the acceptor domain to prevent the process from
becoming wasteful. Biochemical, structural and theoretical studies on different
amidotransferases have provided an understanding of conformational changes in these
enzymes and their relevance to the catalysis.

In CPS, though the two partial reactions, glutamine hydrolysis in the
glutaminase domain and utilization of ATP and bicarbonate in the acceptor domain,
can occur independently (Anderson and Meister, 1966), a perfect active-site
synchronization operates during the full catalytic cycle. Inter-domain signaling and
the effect of different allosteric ligands on the process has been shown (Miles and
Raushel, 2000; Thoden et al., 2004). Use of different single tryptophan mutants of E.
coli carbamoyl phosphate synthetase (ECCPS) generated by site-directed mutagenesis
has permitted the observation of region-specific ligand-induced conformational
changes in the protein and their impact on catalysis (Johnson et al., 2007). In

glutamine phosphoribosylpyrophosphate amidotransferase, combination of steady
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state tryptophan fluorescence and pre-steady state kinetics has shown that enzyme
isomerization (conformational change) is the slowest step in catalysis (Chen et al.,
1999). Biochemical, mutational and structural analysis of the yeast IGP synthase has
highlighted some regulatory aspects through which the enzyme coordinates the
activities of its two domains. Meyers et al (Myers et al., 2003) have shown that
binding of N1-[(5-phosphoribulosyl)-formimino]-5-aminoimidazole-4-carboxamide
ribonucleotide (PRFAR) to the acceptor domain stimulates the glutamine hydrolysis
in the glutaminase domain by 4900 fold, though the two domains lie 30A apart. Site-
directed mutagenesis in this enzyme has shown that K258 in the acceptor domain
senses the binding of the acceptor substrate and a change due to its re-orientation is
transmitted to the glutaminase domain. In yeast NAD synthetase, a 50 fold increase in
glutaminase activity has been reported when the synthetase site was liganded with
NaAD and a term “homosteric stimulation” has been coined for such a process
(Wojcik et al., 2006). In formylglycinamide ribonucleotide amidotransferase, a three
subunit complex, ADP has been shown to be essential for subunit assembly that
catalyses the glutamine dependent amidotransferase reaction, indicating the role of the
metabolite-mediated structural transitions in the process (Morar et al., 2006) .
Similarly, in P. falciparum pyridoxal phosphate synthase, a two-subunit
amidotransferase, glutamine has been reported to tighten the interaction of the
glutaminase and the synthetase domains as a consequence of change in the
conformational dynamics (Flicker et al., 2007). Replacement of Glu-348, a conserved
residue of E. coli asparagine synthase B, with alanine by site-directed mutagenesis has
ascribed three roles to the reidue (1) mediates the formation of p-aspartyl-AMP
intermediate, (2) coordination of the glutaminase and the synthetase domain activities
and (3) establishment of structural integrity of intramolecular ammonia channel in the
enzyme (Meyer et al., 2010)

In summary, all these studies highlight the role played by substrate-mediated
conformational changes in amidotransferase function. The changes get relayed from
the acceptor to the glutaminase domain by combined motion of different regions of
the protein that finally leads to the coordinated hydrolysis of glutamine needed for the

generation of ammonia.
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GMP synthetase, catalyses the reaction in which xanthosine 5'-
monophosphate is converted to guanosine 5'-monophosphate through the formation of
adenyl-XMP intermediate as highlighted in scheme 4.1.

MgZ+ _ . (1)
ATP + XMP ———» adenyl — XMP + PPi

+GIn —9 L GMP+AMP +Glu (2
adenyl — XMP Vg2 @)

+ NH,* ———> GMP + AMP (3)

Scheme 4.1. Reaction catalyzed by GMP synthetase

Inter-domain signaling arising due to substrate-induced conformational changes in
GMP synthetases has been shown biochemically. Kuramitsu and Moyed (Kuramitsu
and Moyed, 1966) reported that, cysteine reactivity to Ellman reagent (5,5’-
dithiobis(2-nitrobenzoic acid) changes when the enzyme was bound to psicofuranine,
an adenosine analogue, though the identity of the exposed cysteins was not shown,
Similarly, Zyk et al has shown an increased stability in ATP + XMP bound form of E.
coli GMP synthetase compared to that of unbound form. Heat denaturation and
susceptibility to limited proteolysis of the enzyme were used as probes for stability
(Zyk et al., 1970). In ECGMPS, inactivation rate of the glutaminase domain by DON,
chloroketone and acivicin has been shown to be enhanced when the ATPPase domain
was completely liganded (Chittur et al., 2001; Zalkin and Truitt, 1977). Similarly, in
HsGMPS (Homo sapiens GMPS) an increased glutamine hydrolysis activity has been
reported when the enzyme was present with both MgATP and XMP. A new paradigm
in PhGMPS (P. horikoshii GMPS) subunit assembly has been reported recently,
where the presence of MgATP and XMP seems to be mandatory for the formation of
GAT-ATPPase complex (Maruoka et al., 2010), suggesting that a substrate—induced
change is needed for the interaction. Domain coordination and conformational
changes have been proposed to be a mechanism for closing the otherwise open
structure of E. coli GMP synthetase (Tesmer et al., 1996). However, a confirmatory
structural evidence for conformational dynamics and their link to catalysis in GMP
synthetases is still awaited. Following sections of this chapter report the studies on

substrate-induced transitions and domain cross-talk in P. falciparum GMP synthetase.
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4.3. Materials and methods

4.3.1. Materials

Media components were obtained from Himedia, India. All the biochemicals
including deuterium oxide, ATP, XMP, MgCl, and glutamine were obtained from
Sigma-Aldrich, USA. Matrices for MALDI-TOF mass spectrometry from Bruker
Daltonics, Germany or Sigma-Aldrich, USA were used. Sequence grade trypsin from
Promega (Promega Corporation, USA) or Sigma-Aldrich, USA was used for PFGMPS
digestion.

4.3.2. Enzyme preparation and activity assays

His-tagged PfGMPS expression and purification protocols were essentially
same as described in chapter 2 (sections 2.3.2 and 2.3.5). Protein purity was judged by
visualization on SDS-PAGE. Protein concentration was estimated by Bradford’s
method (Bradford, 1976) using bovine serum albumin as a standard.

All the activity measurements were carried out under standard assay
conditions, unless otherwise mentioned. Briefly, reaction rates were monitored as
decrease in absorbance at 290 nm due to conversion of XMP (¢ = 4800 M™ ‘cm™) to
GMP (¢ = 3300 M *cm™), using a Ae value of 1500 M™*cm™ to calculate the amount
of product formed. The standard assay consisted of 90 mM Tris HCI (pH 8.5), 150
uM XMP, 2 mM ATP, 5 mM glutamine, 20 mM MgCl;, 0.1 mM EDTA and 0.1 mM
DTT in a total reaction volume of 0.25 ml. Reactions were initiated with 6 pg of
PfGMPS and monitored at 25 °C (Section 2.2.5, Chapter 2)

4.3.3. Irreversible inhibition of PFGMPS

Inhibition by two irreversible glutamine analogs, acivicin and DON was
examined by preincubation of the enzyme with the inhibitors. Pre-incubation was
done both in presence and absence of the substrates XMP and ATP in 50 mM Tris
HCI, pH 8.5, with 20 mM MgCl, keeping the inhibitor concentration always in excess
of the enzyme concentration. Pre-incubation in the absence of substrates was carried
out both at 25 °C and 15 °C, and at 15 °C only in presence of substrates, as the

inactivation was very rapid at 25 °C. In both the cases aliquots containing 2.5 ug of
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the pre-incubated enzyme were taken at different time intervals and assayed under
standard assay conditions. Equation 4.1 describes the mechanism of inactivation in
which the first step occurs reversibly and the second step is irreversible (Kitz, 1962).

In(e)/E =kat/1+K,/(1) (4.1)
where, € = inactivated enzyme, Eo =total enzyme, K, = dissociation constant for the
initial reversible complex and ks = first order rate constant for the conversion of

reversible complex to the irreversibly inhibited enzyme.

4.3.4. Circular dichroism measurements

All the CD spectra were recorded on a J-810 Spectropolarimeter (Jasco
corporation, Tokyo, Japan) using a 1mm path length quartz cell. For both far-UV and
near-UV CD spectral measurements, PFGMPS was pre-incubated with the ligands
ATP, XMP, and MgCl; in different desired combinations to a final concentration of
520, 60 and 1000 pM, respectively for 10 min at 25 °C. Far-UV CD spectra were
recorded between 260 to 200 nm with a band width of 2 nm and a scan speed of 50
nm/min using 5 uM PfGMPS in 5 mM Tris HCI, pH 7.4. Each spectrum was an
average of three scans with spectral interval of 0.5 nm. PFfGMPS (30 uM) in 20 mM
Tris HCI, pH 7.4 was used for the near-UV CD spectral measurements and the
spectral acquisition was between 350 to 250 nm. All spectra were an average of 30
scans acquired at an interval of 0.5 nm and scan speed of 100 nm/ min. Subtraction of
buffer spectra containing all ligands at the specified concentrations, from the protein
spectra corrected the latter spectra for contributions from all buffer components. The

resulting data was converted from millidegree to molar ellipticity using equation 4.2.

[6]m = [6]ovs/ 10cl (4.2)
where [0]obs is the elipticity in milli degrees after correction for buffer components, ¢
is protein concentration (in g/ml) and | is the optical path length of the cell in cm.
Molecular weight of the protein used was 65401 Da per subunit. Experiments were

repeated with two different batches of purified enzyme to confirm reproducibility.
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4.3.5. ANS fluorescence measurements

All the ANS (8-anilino napthalene sulfonic acid) fluorescence recordings were
performed on F-2500 FL Spectrophotometer (Hitachi, Japan) at 25 °C using 1 cm path
length cell, with both the excitation and emission slit widths fixed at 5 nm. The
samples were excited at 370 nm and the emission spectrum was recorded from 373 to
600 nm. ANS stock concentration was measured by spectrophotometry at 350 nm
using molar extinction coefficient value of 5000 M™* cm™ (Stryer, 1965). The assays
contained PfGMPS, MgCl,, ATP and XMP to a final concentration of 5 uM, 3 mM,
1.5 mM and 150 pM, respectively in 50 mM Tris HCI, pH 7.4, with an insignificant
inner-filter effect at the excitation wavelength. The ANS titration was performed from
50 to 500 uM at a fixed concentration of PFGMPS (5 uM). Protein with or without
ligands was pre-incubated at 25 °C for 10 min before the addition of ANS and spectral
acquisition. Spectra recorded for the samples containing all the components except
PfGMPS (control spectra), were used for correcting the respective protein-ANS

emission spectra for Raman-scattering and contribution from solvent.

4.3.6. Limited tryptic proteolysis of PFGMPS

PfGMPS was pre-incubated with substrate/s, digested on ice with trypsin and
analyzed by SDS-PAGE, residual enzyme activity measurements and MALDI-TOF
mass spectrometry. Pre-incubation conditions involved mixing of 20 uM PfGMPS
with ATP, XMP and MgCl, (in different combinations) to a final concentration of 1.5,
0.15 and 3 mM, respectively, in 5 mM Tris HCI, pH 7.4. Wherever AMP-PNP
replaced ATP, a final concentration of 1.5 mM was used. Separate assays were
performed for different protein/substrate combinations and all the incubations were
allowed to proceed for 10 min at 25 °C. Tryptic digestion was done on ice, with
trypsin to PFGMPS ratio of either 1:100 or 1:200. For post-digestion analysis by SDS-
PAGE, 10 pg PfGMPS digest was mixed with SDS loading buffer, resolved on a 15
% gel and silver stained to visualize the band pattern. For residual activity
measurements after tryptic digestion, 6 pg equivalent aliquots of the digested
PfGMPS were sampled at different time intervals and assayed under standard assay
conditions for the conversion of XMP to GMP. Plots of log of PfGMPS residual
activity versus time period of its trypsin digestion for different protein-substrate
combinations were generated using GraphPad Prism 5. When MALDI-TOF mass
spectrometry was applied for analysis of the PfGMPS tryptic digest, aliquots (1ug
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equivalent) were collected at 3, 5, 10, 15, 20, 30, 45 and 50 min time intervals after
addition of trypsin, mixed with sinnapinic acid (in 1:1 ratio) and dried after spotting
onto a MALDI-TOF target plate. Six replicates of the samples pertaining to different
time intervals were spotted and the spectra were recorded in positive ion linear mode
on an UltraFlex Il MALDI-TOF mass spectrometer (Bruker Daltonics, Germany),
with each spectrum representing a sum of the data from 300 laser shots. The machine
was externally calibrated using ProteinCalibStandard (provided by Bruker Daltonics,
Germany) that contained a set of six proteins of m/z 5734.52 to 16952.31 Da.

4.3.7. Hydrogen-deuterium exchange (H/DX)

PfGMPS was subjected to extensive dialysis against 5 mM Tris HCI, pH 7.0
and 105 pg aliquots of the protein were lyophilized in separate 1.5 ml Eppendorf
tubes and used for H/DX studies. The protocols devised by Jeffrey J. Mandell et al
(Mandell et al., 2005) were largely followed, with minor modifications. For
hydrogen-deuterium exchange,105 pug of lyophilized PfGMPS were reconstituted in 5
ul of buffer that contained 3 mM MgCl,, 2 mM ATP or 2 mM AMP-PNP and 0.14
mM XMP in different combinations, resulting in a final protein concentration of 320
UM in 70 mM Tris HCI, pH 7.0. Protein-ligand equilibration was allowed for 10 min
at 27 °C and in-exchange was started by adding 45 pl of 100 % D0, buffered with 70
mM Tris HCI, pH 7.0, making the final D,O concentration to 90 % in the assays. The
ligand (MgCl,, ATP or AMP-PNP and XMP) concentrations and their various
combinations in the deuteration buffer were similar to those maintained under
equilibration conditions. For determining the time taken by PfGMPS to reach
saturation in deuterium incorporation, in-exchange reactions at different time intervals
(0.5, 1, 2, 2.5. 5, 10 and 15 min) were stopped by mixing the reaction with 300 ul of
quench buffer (0.1 % TFA, pH 2.5). Immobilized pepsin (6 %) slurry (Pierce
Chemicals, Rockford, IL) was pre-activated by washing the beads twice with the
quench buffer and 40 pl of which were added to the quenched reaction containing
deuterium-incorporated PfGMPS. The peptic digestion was allowed to proceed for 5
min with intermittent mixing. Pepsin beads were removed by centrifugation for 30 sec
at 4 °C and the cleared solution was transferred to fresh tubes to stop the digestion.
Samples were flash frozen in liquid nitrogen and stored at -80 °C till spectral
acquisition. For the identification of peptides generated by pepsin digestion, PFGMPS

without deuterium incorporation was processed similarly.
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The extent of in-exchange after acidification (in-quench exchange) was
measured by labeling the protein with D,0O after the addition of quench buffer. A total
of 290 ul of quench buffer containing 40 pul pepsin beads, were added to 5 pl of
protein solution on ice, followed by immediate addition of 45 pl of pre-chilled
labeling buffer. Digestion and subsequent procedures were same as described above
and, the experiment was independently repeated three times. Artefactual deuterium
incorporation during quench conditions was 4 to 5%, as expected at the given dilution
(Mandell et al., 2005; Mandell et al., 1998). For calculation of back-exchange, the
protein was incubated with the labeling buffer (90 % D,O in 70 mM Tris HCI, pH
7.0) for 24 hrs at 27 °C and further processed as described above. A peptide with non-
deuterated centroid m/z of 1849.044 Da gained 7.5 + 0.01(m/z 1856.590) deuterons
after 24 hrs, that represented the highest deuteron number in any of the peptides.
Calculations using this peptide suggested 58 % back exchange during the H/DX
measurements. All the peptides were corrected for both in-quench and back exchange,
to derive the actual amide hydrogen atoms undergoing exchange with deuterium.

4.3.8. MALDI-TOF mass spectrometric analysis of the deuterium- incorporated
samples

Samples were quickly half defrosted and mixed with chilled matrix (a-cyano
hydroxycinnamic acid, 5 mg/ml in 1:1:1 ratio of ethanol / acetonitrile / 0.1 % TFA,
pH 2.5) and a mixture of three peptides used as internal standards. Samples (1 pl)
were spotted onto a pre-chilled MALDI-TOF target plate, dried under mild vacuum
and flushed with a stream of dry nitrogen to remove any residual moisture. Spectra
were acquired within 5-6 min after sample defrosting including the time taken for
plate docking into the instrument. All the spectra were recorded on an UltraFlex Il
MALDI-TOF TOF using the application flexControl 2.4 and the off-line analysis was
carried out in flexAnalysis 3.0 software (Bruker Daltonics, Germany). Spectra were
acquired in the positive ion reflectron mode with each final spectrum being averaged
for 700 laser shots. External calibration of MALDI-TOF spectrometer was performed
by PeptideCalibStandard mono (Bruker Daltonics, Germany) that contained nine
peptides with m/z 757.39 to 3147.47 Da. Internal calibration was performed with
three peptides having monoisotopic masses MH™ of 959.611Da (custom synthesized),
1552.777 Da (fibrinopeptide, Sigma-Aldrich, USA) and 1673.036 Da (neurotensin,
Sigma-Aldrich, USA). Peptide identification of the peptic digest of undeuterated
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protein was done by a combination of post-source decay (PSD) using MALDI-TOF,
after separating the peptides through an off-line Cyg reverse phase column (Amersham
Biosciences, UK), collision-induced dissociation (CID) using LC-ESI-Q-TOF and
exact mass matches. A linear gradient of 5-100 % water/acetonitrile was used for
peptide elution. PFTGMPS theoretical pepsin map was generated by using Sequence
Editor (Bruker Daltonics, Germany). Centroid mass of the isotopic cluster of both
deuterated and undeuterated peptic fragments was calculated using MagTran software
(Zhang and Marshall, 1998). Equation (4.3) was used for the estimation of deuteron
incorporation into the peptides after correction for residual (5 %) and back (58 %)
exchanges.
D(t) = [m(t)-m(0)]/(B%)-Ds(t) (4.3)

where, D(t) is the corrected deuteron number, m(t) is the observed mass after 10
minutes, m(0) is the undeuterated mass, B% is the % back exchange and Ds(t) is the

residual side chain exchange .

4.3.9. PFGMPS modeling

PfGMPS model was generated using MODELLER 9v7 (Sali and Blundell,
1993) and E. coli GMPS structure complexed to AMP and PPi (PDB ID: 1GPM) as
template. Alignment of primary sequences of ECGMPS and PfGMPS was performed
by ClustalW (Higgins D., 1994). The model quality in terms Ramachandran
parameters for the torsion angles was validated by using Whatif (Vriend, 1990) and
Procheck (Laskowski and Thornton, 1993 ). The model was finally visualized in

PyMol viewer (DeLano Scientific).

4.4. Results

4.4.1. Inter-domain cross-talk

GMPS has two domains that catalyse two different reactions with ammonia
generated by the glutaminase domain being channeled to the ATPPase domain to
form GMP. Glutamine hydrolysis in the glutaminase domain independent of the
binding of XMP and ATP to the ATPPase domain would be a physiologically
wasteful process and hence, coupling of GAT activity to the activity of ATPPase
domain would be expected. The cross-talk occurring between the two domains in

PfGMPS was examined by two methods, one, by measuring the glutaminase activity
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of the glutaminase domain and second, by inactivation of the domain by glutamine
amidotransferase specific inhibitors. Table 2.4 (chapter 2) summarizes the effect of
substrate binding to the ATPPase domain on glutaminase activity. It is evident from
the data that in PfGMPS, there is a high basal level of glutaminase activity that is not
altered by the binding of XMP or ATP alone to the ATPPase domain. But once the
ATPPase domain is fully liganded, glutaminase activity reaches a maximum.
Replacement of ATP by AMP-PNP led to significant increase in glutaminase activity
that was lower when compared to the complete reaction having both ATP and XMP.
This shows that though the adenyl-XMP intermediate is not formed, complete
occupancy of the catalytic pocket in the ATPPase domain is sufficient to stimulate the
glutaminase activity. This also suggests that the formation of the reaction intermediate
in ATPPase domain signals the glutaminase domain for complete activity leading to
coupling of the two reactions in the two domains. The level of leaky glutaminase
activity is significantly higher than that for other glutamine amidotransferases. Under
similar assay conditions, human GMP synthetase (Nakamura et al., 1995), imidazole
glycerol phosphate synthase (Myers et al., 2003)and NAD synthetase (Wojcik et al.,
2006) exhibited tight regulation with very low background glutaminase activity in the
absence of complete liganding of the acceptor domain. However, asparagine
synthetase has been shown to have significant leaky glutaminase activity (Tesson et
al., 2003). It is interesting to note that while in the case of PFGMPS, liganding of
ATPPase domain with AMP-PNP, XMP and Mg?* led to activation of the glutaminase
domain, these ligands had no effect on the activity of the glutaminase domain in
human GMPS (Nakamura et al., 1995). The in vivo significance of the partial/weak
domain regulation in PfGMPS is unclear at the present stage. The presence of other
modulators under in vivo conditions that prevent the leaky glutaminase activity cannot
be ruled out.

DON and acivicin, the two antibiotics from Streptomyces are known irreversible
inhibitors of E. coli (Chittur et al., 2001; Zalkin and Truitt, 1977) and human GMPS
(Nakamura et al., 1995), and other amidotransferases (Miles et al., 2002). These
inhibitors covalently modify the catalytic cysteine in the GAT domain, thereby
inactivating the enzyme. Measurement of inactivation rates as a function of substrate
binding to the ATPPase domain permits evaluation of extent of cross-talk between the
domains. As shown in Fig. 4.7a and b, both DON and acivicin inactivate PFGMPS.
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Figure 4.7. Irreversible inhibition of PFGMPS by acivicin and DON as a
function of time

The inactivation is represented as % of activity remaining after incubation with the inhibitor
for different time intervals. Panels a and b represent the inactivation at 25 °C by acivicin and
DON, respectively. 10 and 30 xM of inhibitor (acivicin and DON) were used when PfGMPS
was pre-incubated with and without substrates, respectively. Panels ¢ and d represent the
inactivation at 15 °C by acivicin and DON, respectively with different combinations of
substrates. In plot ¢, 30 M and 32 uM of acivicin was used in presence and absence of
substrates, respectively. In plot d, 30 M of DON was used in all the reactions. The
combinations of substrates used are indicated against each line. In plots ¢ and d, lines
bracketed as “no inhibitor” represent the activity of the enzyme under different pre
incubation conditions without the inhibitor. The pre incubations without inhibitor were of the

enzyme alone or with different combinations of the substrates XMP and ATP.
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Figure 4.7 ¢ and d in fact show that at 15 °C, the inactivation rate by acivicin and
DON both in presence and absence of substrates is reduced significantly, when
compared to that at 25 °C.

The rate of inactivation is enhanced by the presence of substrates in the
ATPPase domain. In the absence of substrates, 30-50 % loss in activity was seen at 25
°C over 30 min, however, nearly complete inactivation was seen in 10 min when the
substrates were present. It should be noted that the concentration of inhibitor in the
absence of substrates was three fold higher compared to that when substrates were
present. In order to evaluate the effect of substrate binding on the efficiency of
inactivation, the pre-incubation temperature was lowered to 15 °C to slow down the
rate of inactivation.

Plots of In % activity versus time show a biphasic trend indicating the
existence of two steps in the inactivation kinetics by acivicin (Fig. 4.8 a, c) and DON
(Fig.4.8 b, d). These plots indicate the occurrence of an initial phase with rapid loss of
activity, followed by a second phase with slower inhibition rates. The secondary plot
of slope (kapp) OFf the lines in Figure 4.8 versus [1] was linear indicating that saturation
was not achieved at the concentrations of the inhibitors used. Hence, equation 4.1,
In(e)/E%=kst*1/1+K,; which describes the inactivation Kinetics, was simplified to
In (€)/E° = kst*1 /K, to obtain an estimate of the second order rate constant (ka/K;) from
the plots in Fig. 4.8. This value for acivicin in the absence of substrates (0.184 +
0.0138 min"mM ™) increased by 8 fold to 1.489 + 0.348 min‘mM™ in the presence of
substrates. In the case of DON, the difference is 5 fold with the values 0.188 + 0.009
min® mM "and 0.9498 + 0.081 min"mM™ obtained in the presence and absence of
substrates, respectively. Such biphasic behavior in the inactivation kinetics has been
observed in the case of E. coli GMPS (Chittur et al., 2001). Unlike PFGMPS, acivicin
was found to be a more potent inhibitor than DON in the case of E. coli GMP

synthetase.
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Figure 4.8. Inactivation kinetics of PFGMPS by acivicin and DON.

The inactivation is represented as In of residual activity as a function of time. Panels a and b
represent the plots in absence of substrates with acivicin and DON, respectively at 15 °C.
Plots ¢ and d represent inactivation with acivicin and DON in presence of substrates at 15 °C.
The concentration of inhibitors used in all these plots is represented as insets in each plot.

The concentration of substrates used in preincubation reaction was that of standard assay.

4.4.2. Circular dichroism and ANS fluorescence spectroscopy
Far-UV CD spectra of PfGMPS incubated with different combinations of
substrates did not reveal significant differences when compared to the spectrum of
unliganded protein. Figure 4.9 shows the near-UV CD spectra of ligand bound and
free forms of PFGMPS that report on the changes in tertiary structure of the protein.
The differences seen in the elipticity values in the presence of ligands are

mainly due to changes occurring in the environment of aromatic residues, arising
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from substrate binding. The spectrum of Mg?*+ATP+XMP bound form of PfGMPS
was different from the spectra of protein incubated either with Mg?*+ATP or Mg**
alone, suggesting that the fully liganded form of enzyme has undergone a gross
change in tertiary structure. Unexpectedly, the spectrum of Mg®*+ XMP bound
PfGMPS resembled that of Mg*+ATP+XMP bound form though initial velocity
kinetics supports an ordered binding scheme, with XMP binding only to the Mg**+
ATP-enzyme complex (Chapter 2, section 2.4.2). PfGMPS sequence has 31
phenylalanines, 32 tyrosines and 2 tryptophans distributed across the protein that
could contribute to the near—UV CD spectrum. Though the spectrum highlighted a
change in the magnitude of positive Cotton effect at different wavelengths, residue
specific assignment of the peaks was not possible and hence, disallowed correlation

with specific regions in the protein.
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Figure 4.9. Effect of substrate binding on PFGMPS, monitored by near-UV CD
spectroscopy.

Spectra were recorded after pre-incubation of the enzyme with Mg (1), Mg®*+ATP (2),
Mg®*+XMP (3) and Mg®"+ATP+XMP (4). PfGMPS concentration in all the experiments was
fixed at 30 uM Details of spectral acquisition and processing are given in “materials and

methods”.
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Fluorescence spectroscopy was used as a complementary tool to validate the results
obtained by CD spectroscopy. Though PfGMPS contains 2 tryptophans per molecule,
intrinsic fluorescence and acrylamide quench experiments failed to report any change
arising from substrate binding. Therefore, binding of ANS to PfGMPS was examined
and this served as a probe for monitoring conformational change(s) in the protein
emanating from ligand binding. ANS, a hydrophobic fluorescent dye, has earlier been
used for such studies in proteins (Nimmesgern et al., 1996; Pan and Dunn, 1996) and
is known to have increased fluorescence when bound to hydrophobic surfaces (Stryer,
1965). Figure 4.10a shows ANS emission spectra of the samples containing PFGMPS
with different ligand combinations. Increased fluorescence intensity and the
wavelength shift (510 nm to 490 nm) in emission maximum suggested binding of
ANS to hydrophobic surface on PfGMPS (Turner and Brand, 1968).
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Figure 4.10. Binding of ANS to free and substrate bound forms of PFGMPS as
monitored by fluorescence spectroscopy

(a) Fluorescence spectra of ANS bound to PfGMPS in the presence of different ligand
combinations. 1, 2, 3 and 4 represent samples of PfGMPS containing Mg?*, Mg?* + ATP,
Mg?®" + XMP. and Mg®*+ ATP +XMP, respectively. 5 and 6 are emission spectra for free ANS
and free PfGMPS, respectively. All samples were excited at 370 nm. (b) ANS titration curves
at fixed concentration of PfGMPS containing (1) Mg**, (2) Mg®* +ATP, (3) Mg®*+XMP and
(4) Mg** +ATP +XMP. All the fluorescence intensity values were corrected for contributions
from both free ANS and protein and were fitted to the single-site binding hyperbolic equation,
[Y=lnax* X/ (Kg+X)], where Y=ANS emission fluorescence intensity, ln.x = maximum ANS
emission fluorescence intensity, X=ANS concentration in pM and Ky = the ANS dissociation

constant. See “materials and methods” for details of the assay.
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Comparison of PfGMPS bound ANS fluorescence spectrum with those in the
presence of different ligand combinations (Fig 4.10a) revealed emission to be lowest
when the enzyme was bound to Mg®*+ATP + XMP compared to that when Mg®*
alone or Mg®*+ ATP were present. To substantiate this observation, ANS was titrated
at fixed concentration of PfGMPS pre-mixed with different combinations of
substrates. A fit to a single binding-site equation provided a qualitative estimate of the
Kg for ANS bound to the different liganded forms of PFGMPS (Fig. 4.10Db).

Though significant differences were not noticed in Ky values (198 £ 25 puM,
181 + 17 pM, 177 # 12 uM and 201 + 17 pM for PfGMPS +, Mg?* alone,
Mg®*+ATP, Mg?+XMP and Mg?*+ATP +XMP, respectively) across the conditions,
a significant change was seen in the values of maximum ANS emission intensity (45
+ 2,48 + 2 24 +1and 20 = 1 for Mg?* alone, Mg?+ATP, Mg**+XMP and
Mg®*+ATP+XMP, respectively). Together, these results indicate that binding of
Mg?*+ XMP or Mg + ATP + XMP to PfGMPS brings about a significant decrease in
ANS fluorescence intensity, compared to that of the unliganded or Mg?*+ ATP bound
forms of the protein. These results also suggested that the overall binding affinity of
ANS to PfGMPS is low under all conditions employed, as judged by the high Kq
values seen in these titrations. The reduced ANS fluorescence emission seen in fully
liganded PfGMPS sample can be attributed to (1) competition between the
fluorophore (ANS) and the substrates for the binding site, (2) a conformational
change leading to change in accessible hydrophobic surface area or (3) combination
of both.

4.4.3. Limited tryptic proteolysis of PFGMPS

Susceptibility of PfGMPS under different liganded conditions to trypsin
proteolysis was examined by two methods viz., band pattern on SDS-PAGE and time-
dependent reduction in activity. The results are summarized in Fig 4.11.

Trypsin, a serine protease, cleaves the peptide bond at the carboxyl side of
lysine and arginine residues. Primary sequence analysis of PFGMPS revealed a total
of 17 arginines and 51 lysines and depending on their accessibility in the tertiary
structure under different liganded conditions could serve as trypsin cleavage sites.
Figure 4.11a highlights the distinct SDS-PAGE profiles of PFGMPS in the presence
of different substrate combinations, after trypsin digestion. Comparison of the band

patterns across the lanes, showed a prominent difference in the Mg®*+ATP+XMP
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bound form of PfGMPS, with a reduced number of bands in the mass region of 14 to
18 kDa. Figure 4.11b shows a correlation of the effect of substrate binding on
PfGMPS to the rate of its proteolysis by trypsin. Differences in the slopes of the plots
of residual activity versus the time duration of proteolysis suggested differences in the
rate of cleavage when the ligand combination differed.
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4.8
= 66
wamE=Cl
=35 5
" F—- - E
= N = N w
=
=25
o O Mg* +ATP+ XMP
" - v  Mg* +XMP
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Figure 4.11. Comparison of the susceptibility of PFGMPS to limited tryptic proteolysis
in the presence and absence of substrates.

(a) Tryptic digestion pattern of PfGMPS as visualized by SDS-PAGE. Intact PfGMPS
(lanel). Trypsin digest of PfGMPS after pre-incubation with Mg®*, Mg?*+ATP, Mg**+XMP
and Mg?*+ATP+XMP are in lanes 2, 3, 4 and 5, respectively. Lane 6 represents molecular
weight marker with the molecular weights (in kDa) indicated to the right of the panel. The
trypsin to PfGMPS ratio was maintained at 1:100. Reactions were guenched by mixing the
sample with SDS-PAGE loading buffer. (b) Plot of the log of PFGMPS activity versus time
period of its incubation with trypsin. E and E, represent PfGMPS activity with and without
trypsin treatment, respectively. PfGMPS was pre-incubated with ligands in different
combinations (inset). The trypsin to PfGMPS ratio was maintained at 1:200. Digested
samples were collected at different time points and assayed for GMP synthetase activity
under standard assay conditions. Details of the assays are described in “materials and

methods”.
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After 24 min of trypsin digestion, Mg**+ATP + XMP bound PfGMPS could
retain 42% of its activity compared to Mg?* + XMP (22%) and Mg** + ATP or MgCl,
(both 10%) bound forms. Though the results obtained from near-UV CD spectroscopy
and ANS binding fluorescence measurements were complementary, region-specific
changes could not be envisaged.

To establish the regions on PfGMPS that specifically undergo a ligand-
induced structural change, trypsin digested samples were analyzed by MALDI-TOF
mass spectrometry. Limited proteolysis has been used for probing protein structures
(Fontana et al., 2004) and in combination with mass spectrometry has specifically
allowed the mapping of regions undergoing ligand-induced transitions (Suh et al.,
2007). MALDI-TOF mass spectra of PfGMPS in the presence of different ligand
combinations after trypsin digestion were recorded between m/z 10500 to 25000 Da.
The peak pattern in the spectra remained unchanged over a trypsin digestion time
period of 3 to 50 min and the spectra presented in Fig. 4.12 (a, b, c and d) are
representative of the 10 min time period. Comparison of the MALDI-TOF MS of
Mg®*+ATP + XMP bound PfGMPS with that where Mg?* alone was present (Fig. 4.
12a and b), revealed absence of the proteolytic fragment of m/z value 15471.3 £ 1.5
Da in the former spectrum. However, the same peak was retained when the protein
was bound to Mg®*+ATP, Mg*+XMP or Mg*+AMP-PNP, a non-hydrolysable
analogue of ATP (Fig. 4.12 b and d). To ascertain that the absence of m/z 15471.3 +
1.5 Da is not an ionization artifact arising due to the presence of Mg +ATP+XMP,
control experiments were performed where appropriate concentrations of the
nucleotides were added after trypsin digestion, i.e. prior incubation of the protein with
substrates was avoided and, the resulting mix on the MALDI-TOF plate was a real
mimic of the actual concentrations of protein and ligand. Appearance of the tryptic
fragment (m/z 15471.3 £ 1.5 Da) in all the spectra ruled out its artefactual presence
and suggested that disappearance of the peak is a consequence of binding of
Mg*+ATP +XMP to PfGMPS.

To assign the tryptic fragments including the one corresponding to m/z
15471.3 £ 1.5 Da, the recombinant protein sequence was subjected to theoretical
tryptic proteolysis, using Sequence Editor (Bruker Daltonics, Germany), and the
experimental masses corresponding to a single possible theoretical mass within the
standard deviation were listed (Table 4.1). The proteolytic fragment of m/z 15471.3 £

1.5 Da was assigned to a theoretical fragment of m/z 15469.6 Da that corresponded to
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R¥®- K'"® region of the glutaminase domain in PfGMPS (Fig. 4.12¢). Indeed, reduction
in number of bands around 15 kDa region was also evident from SDS—-PAGE analysis
of Mg?* +ATP + XMP bound form of PfGMPS (Fig.4.11a, lane 5). These results
suggested that a conformational change induced by the binding of ligands
(ATP+XMP+Mg®") in the ATPPase domain is being transmitted to the glutaminase
domain, probably leading to R* and K" becoming buried or reducing the overall
dynamics in the protein that makes the residues inaccessible to trypsin digestion.

Table 4.1. Assignment of MALDI-TOF MS of peptides from limited trypsin
digestion of PFGMPS

PfGMPS  Theoretical Experimental mass®

residues®  mass” 1 2 3 4 5 6
38-173 15469.6 15471.3+15 154719+10 15470.2+1.3 15471.6+1.7

212-318 12713.3 12717.1+£06 127134+41 127132+13 127115+25 12713.8+0.7 12713.3+15
247-349 11938.0 11943529 119421+52 119428+0.7 11936.3+1.3 11941.1+10 11936.4+23
264-432 19376.1 193722 +14 193704+16 19373.1+1.1 19369.0+3.7 19373.2+15 19369.6+15
264-468 23455.4 + (Na") 23479.4+0.6 234748+23 23481.6+15 234785+4.2 234776+36 23481.4+05
374-468 10903.9 10900.8 £1.7 10898.0+5.6 10900.0+1.6 108953+15 10900.0+15 10893.8%1.7

393568 20104.7 +(K") 201402+1.7 201445+16 201451+04 201442+15 20142.6+19 201442+15

Dash (-) represents absence of peak.*PfGMPS tryptic fragments assigned by MALDI-TOF
mass spectrometry. "Tryptic peptide map was generated in silico using Sequence editor 3.0
(Bruker Daltonics, Germany). The assigned m/z values lie within the standard deviation of
the experimental masses. “Fragment masses determined experimentally. Each value is an
average + S.D of 5-6 measurements acquired under similar conditions. Protein-substrate
combinations maintained during pre-incubation were Mg?** alone (1), Mg*+ATP (2),
Mg? +XMP (3), Mg®*+AMP-PNP (4), Mg®" +ATP+XMP (5) and Mg®*+AMP-PNP +XMP

(6). Details of the experiment are provided in “materials and methods”.
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Figure 4.12. MALDI-TOF mass spectrometric spectra of PFGMPS (between m/z
10,500 to 25,000 Da) after limited tryptic proteolysis.

(@) MALDI-TOF MS of the digested PFGMPS containing (1) Mg** (2) Mg®* +ATP +XMP
and (3) Mg®* + AMP-PNP + XMP.(b) MALDI-TOF MS of the proteolysed PfGMPS in
presence of (1) Mg*, (2) Mg* + ATP, (3) Mg®* +XMP and (4) Mg** +AMP-PNP. (c)
Expanded region of (a) between m/z 15000 to 16000 Da. (d) Expanded region of (b) between
m/z 15000 to 16000 Da. Assignment of the tryptic fragments in panels 2 and 3 of (a) and 2, 3,
4 and 5 of (b) is given in table 4.1. The molecular mass of each peak is labeled as mean +
S.D, calculated from 5-6 independent determinations. Spectral acquisition details are
mentioned in “materials and methods”. (¢) Modeled structure of PFGMPS indicating the
location of m/z 15471.3 + 1.5 fragment (R*-K'") in the protein. The structure was generated

and validated as described in “materials and methods” and visualized using PyMol.

4.4.4. Substrate-induced conformational changes in PfGMPS monitored by
hydrogen-deuterium exchange coupled to MALDI-TOF mass spectrometry

Figure 4.13 shows a typical MALDI-TOF mass spectrum of pepsin digested
PfGMPS recorded between m/z 950 to 2500 Da. This digestion pattern for PFGMPS
under the given experimental conditions was highly reproducible across the
experiments. After deuterium exchange, 17 peptic fragments remained well resolved
and covered 35 % of PFGMPS primary sequence encompassing both the glutaminase
and the ATPPase domains (Fig. 4.14) and were used for H/DX analysis across the
experiments.

Factors like protein to pepsin ratio, time period of peptic proteolysis and
matrix composition affect the sequence coverage of a given protein; however, our
repeated standardization efforts in this direction did not improve the coverage beyond
the mentioned value. A time-dependent (30 sec to 15 min) analysis of deuterium
incorporation suggested that a saturation phase was reached early at 10 min with a fast
initial phase of deuteration (Fig. 4.15). To compare the relative deuteration of
PfGMPS in the presence of varied combinations of ligands (Mg*"/ATP/XMP), all the
deuterium in-exchange reactions were performed for 10 min. Table 4.2a summarizes
the deuterium incorporation of PfGMPS examined in the presence of five different
ligand combinations. Comparison across the conditions shows varied levels of
deuterium incorporation in peptides pertaining to different regions of PFGMPS and

this reflects on differences in solvent accessibility of the amide protons across the
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regions of the protein. To estimate the significance in the differences across the
conditions, a two-way analysis of variance (ANOVA) was performed followed by
paired comparison analysis of each of the conditions with the one containing Mg
alone (Table 4.2b).
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Figure 4.13. MALDI-TOF mass spectrum (between m/z 950 to 2500) of the
undeuterated PFGMPS after pepsin digestion.

The marked peptides were used as internal standards for caliberation. The inset shows an
expanded region to highlight the quality of the spectrum. Protein digestion and conditions for

spectral acquisition are given in “materials and methods”
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Figure 4.14. Sequence of PFGMPS showing the 17 identified peptides that were
observed in a single MALDI-TOF mass spectrum.

The peptides cover 35% of the PFGMPS sequence including both the glutaminase and the

ATPPase domains.
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Figure 4.15. Time course of deuterium incorporation into the peptic fragment
m/z 1511.9 (284-295).

The plot represents a fit of the data, using GraphPad Prism 5, to a two-phase exponential
binding equation, Y=Y+ A[(1-exp(-kit)] + Az[(1-exp (-kit)], where Y and Y, represent
deuteron numbers at time t and t=0, respectively. A; and A; represent the fast and slow phases
of the exchange reaction that occur at rate constants ki and ks, respectively. Materials and

methods (sections4.3.7 and 4.3.8) describes the details of the experiment.
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The peptic fragments that underwent significant change in deuterium
incorporation compared to control belonged to both the glutaminase ([4-22] and [143-
155]) and the ATPPase ([300-314], [300-315] and [423-433]) domains (Fig. 4.16 and
4.17) and the change was evident only when the ATPPase domain was completely
liganded (bound to Mg + ATP+XMP).

Table 4.2a. Summary of H/D exchange data for PFGMPS under different ligand

bound conditions

PfGMPS Peptide No. of exchang- No. of deuterons exchanged in 10 min®
residues® mass® eable protons®

1 2 3 4 ) 6
4-22 2238.71 18.95 121+13 116+01 11007 121+0.3 9.4+0.6 9.6 +0.7
36- 55 2367.80 20.15 9.7 £14 9.2 +0.7 78 +0.8 93 1.2 96+1.1 7.7 £03
37-51 1870.07 15.15 11.0+1.0 9.6 +0.8 95 +0.3 10.0+0.8 9.1+0.6 9.6 +0.2
75-90 1834.44 13.17 56 +04 46 £0.7 54 +0.2 50 +1.0 4114 42 x04
128-142 1791.97 15.10 154+10 152+14 148%17 15410 151+0.38 147+0.1
143-155 1403.63 12.75 99 03 105+03 10.1+03 105+04 82+13 77 +14
259-272 1759.99 13.90 49 04 42 1.1 31+01 50 +1.7 39+04 41 £0.2
273-295 2501.45 23.00 181+13 176+15 15905 153+0.6 16.6 £0.5 16.2+0.7
284-295 1511.91 11.80 6.2 0.6 6.3 £0.6 56 +05 57 08 55%0.3 55 +0.1
286.295 1370.15 9.75 43 x04 42 0.6 40 0.2 45 %05 41+04 3.8 £0.2
300-314 1748.99 15.00 11.8+15 11.0+0.1 98 +04 105+04 8.6+0.3 9.0 £0.6
300-315 1850.06 16.05 129+14 118+03 113%0.2 11.7+0.3 9.3+0.6 99 +0.7
314-329 191931 14.80 6.2 £1.1 59 0.2 52 11 6.2 £0.3 6.0+0.4 52 £0.2
340-355 1811.20 15.05 79 £1.0 77 £03 6.9 £0.9 7.1 0.0 6.1+0.3 6.7 £0.2
423-433 1338.11 10.85 9.7 £0.7 94 0.8 8.3 0.6 10.3+1.0 75+0.7 79 £0.7
437- 452 1733.12 11.70 84 04 9.0 £0.6 79 £04 8.0 £0.5 73+1.0 6.6 £0.5
440-452 1377.79 9.60 40 £05 40 0.2 3.8 £04 4.2 +0.6 29+04 29 £0.0

2 Numbers represent peptide boundries. ® Centroid mass of the identified undeuterated peptic
peptides. ‘Total number of the amide protons that can undergo exchange plus the fraction
contributed by fast-exchanging side-chain protons at the used dilution.  Number of
deuterons gained by the peptides after the in-exchange was allowed for 10 min under the
conditions described in “materials and methods”. Numbers reprsent mean of atleast 4
independent measurements + S.D. All the numbers are corrected for back and in-quench
exchanges . 1, 2 3, 4, 5 and 6 indicate different PFGMPS —ligand combinations subjected to
deuteration as, Mg**, Mg? +ATP, Mg? +XMP, Mg*+AMP-PNP, Mg? +ATP +XMP and Mg*
+AMP-PNP+XMP, respectively.
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Reduced deuterium exchange in the peptic fragments [300-314], [300-315] and [423-
433]) reflect the short-range effects of ligand(s) binding to the ATPPase domain.
Though the fragment [4-22] contains the relatively flexible N-terminal 6X His-tag, the
fragment [143-155] forms part of the m/z 15470.6 Da peptide that was shown to
undergo a change in the limited tryptic proteolysis followed by MALDI-TOF MS
experiments. These observations confirmed the long-range structural changes brought
about by ligand binding in PFGMPS and again suggested that a change probably

originating in the ATPPase domain is relayed to the glutaminase domain.

Table 4.2b. Comparison® of H/D exchange data for PFGMPS under different
liganded conditions

PfGMPS  Peptide Paired comparisons

residue  mass 1/2 1/3 1/4 1/5 1/6
4-22 2238.71 °ns ns ns falehed *x
36- 55 2367.80 ns ns ns ns ns
37-51 1870.07 ns ns ns ns ns
75-90 1834.44 ns ns ns ns ns
128-142 1791.97 ns ns ns ns ns
143-155 1403.63 ns ns ns * **
259-272 1759.99 ns ns ns ns ns
273-295 2501.45 ns ns ns ns ns
284-295 1511.91 ns ns ns ns ns
286.295 1370.15 ns ns ns ns ns
300-314 1748.99 ns ns ns falekel falekel
300-315 1850.06 ns ns ns falekel falekel
314-329 1919.31 ns ns ns ns ns
340-355 1811.20 ns ns ns ns ns
423-433 1338.11 ns ns ns ** **
437- 452 1733.12 ns ns ns ns ns
440-452 1377.79 ns ns ns ns ns

2 Comparison was performed by two-way ANOVA using GraphPad Prism 5. °Results are
shown as the statistical significance level. ns: not significant. * p <0.5, ** p < 0.01 and
*** < 0.001. 1,2 3,4,5and 6 indicate the conditions wherein PFGMPS H/D exchange
was carried out in presnce of Mg** , Mg? +ATP, Mg® +XMP, Mg?+AMP-PNP, Mg? +ATP
+XMP and Mg? +AMP-PNP +XMP, respectively.
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Figure 4.16. Effect of substrate binding on structure of PFGMPS as monitored by
H/D exchange coupled to MALDI-TOF MS

Summary of results of H/DX mapped onto the modelled structure of PFGMPS. The
bar graphs represent % difference in deuterium content in each of the relevent
peptides (of liganded PfGMPS) relative to that measured for unliganded PfGMPS
(Mg** bound). Numbers 1, 2, 3, 4 and 5 represent substrate combinations of PfGMPS
with, Mg?*+ATP, Mg**+XMP, Mg?*+AMP-PNP, Mg?*+ATP+XMP and Mg?" +AMP-
PNP+XMP, respectively. Numbers in paraenthesis represent PFGMPS residues for the

respective peptides and arrows point to the location of peptide segments in the
modeled PfGMPS structure, visualised in PyMol, as described in “materials and

methods”. The colour coding of the peptide segments corresponds to those in the bar

graphs.
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Figure 4.17. Isotopic distribution in peptides corresponding to the regions 4-22 (a), 143-
155 (b), 300-315 (c) and 423-433 (d) of PFGMPS compared across different liganded
states. These four peptides, under fully liganded condition, showed reduced deuterium
incorporation. Numbers 1-7 in the panels correspond to Mg**, Mg* + ATP, Mg®*+ XMP,
Mg®* + AMP-PNP, Mg* + ATP + XMP and Mg®" + AMP-PNP + XMP, respectively the
different ligand combinations that PfGMPS was pre-incubated with. Dotted line indicates
centroid of the isotopic cluster of the deuterated peptides. Details of spectral acquisition and

processing are given in “materials and methods”
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4.5. Discussion

All amidotransferases have at least two spatially separate domains that are
either fused (single subunit two-domain) or interact as two separate subunits (two-
domain, two-subunit) whose coordinated activities lead to incorporation of nitrogen
into their respective substrates. Two distinct functional consequences arise out of
substrate-induced structural changes in GATSs. The first relates to repositioning of the
synthetase and the glutaminase domains that leads to the activation of the glutaminase
activity. Structural evidence for the re-organization have been evoked by comparing
the liganded and unliganded structures of glucoseamine-6-phosphate synthase
(Floquet et al, 2009;  Mouilleron et al, 2008), glutamine
phosphoribosylpyrophosphate amidotransferase (Krahn et al., 1997; Muchmore et al.,
1998) and imidazole glycerol phosphate synthase (Chaudhuri et al., 2003). The
second pertains to the structural changes that lead to channel formation. Unlike the
presence of a preformed channel in the unliganded form of CPS (Thoden et al., 1997),
the channels in most of the amidotransferases are generated by structural transitions
arising from complete liganding of the enzyme. (Floquet et al., 2009; Mouilleron et
al., 2008; van den Heuvel et al., 2004; van den Heuvel et al., 2003).

In the absence of any experimentally deduced structure, biochemical assays,
ANS fluorescence, CD spectroscopy and mass spectrometry served as probes to
compare the substrate bound and unbound forms of PfGMPS in terms of the
conformational transformations. Similarity in Mg?*+ XMP and Mg®*+ ATP + XMP
bound forms of PfGMPS as revealed by ANS fluorescence and CD spectroscopy,
suggest a similar structural alteration in the protein under the two liganded conditions.
However, limited proteolysis and H/D exchange coupled to MALDI-TOF mass
spectrometry suggested that the two liganded forms are structurally different, as
binding of Mg?+ XMP did not bring about a conformational change in the
glutaminase domain. These observations corroborate our findings that Mg®*+XMP
neither affects the glutaminase activity nor the rate of inactivation of the glutaminase
domain by acivicin and DON (Table 2.4 of chater 2 and Fig 4. 8). Our observations
also fall in-line with the studies on ECGMPS (von der Saal et al., 1985) that
implicated the XMP-induced changes in protein, reported earlier (Zyk et al., 1970), to
be catalytically non-productive. Also, the rate of glutaminase inactivation by covalent

modifying agents in human (Nakamura et al., 1995) and E. coli (Zalkin and Truitt,
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1977) GMP synthetases, did not alter significantly when XMP alone was bound to the
ATPPase domain.

Conformational changes and dynamics in proteins are routinely being
monitored by H/DX in conjunction with mass spectrometry (Busenlehner and
Armstrong, 2005). We have utilized this method in PfGMPS to substantiate the
structural changes revealed by other probes and also to narrow down the substrate-
induced changes in a region-specific manner. Though the low sequence coverage
precluded the monitoring of HD/X in all the regions of PfGMPS, sufficient
information was gained from the experiments to confirm that the protein undergoes a
ligand-induced conformational transition that traverses across the domains. The
decreased deuteration level of specific peptides in the ATPPase domain (Fig. 4.16,
4.17c, d and Table 4.2a and b) could be attributed to (1) direct shielding of the amide
protons by substrates from the solvent, (2) structural change that reduces the solvent
exposure of the amide protons, and (3) combination of the two. Formation of adenyl-
XMP intermediate from Mg®*+ATP + XMP in the absence of any nitrogen donor is
known in GMP synthetases (Fukuyama, 1966; Tesmer et al., 1996; von der Saal et al.,
1985). In order to examine whether preclusion of the intermediate formation would
still lead to conformational changes in PfGMPS, ATP in Mg?*+ ATP + XMP was
replaced by AMP-PNP. Interestingly, changes in deuterium incorporation observed in
peptides [300-314], [300-315], [423-433] (ATPPase domain), [4-22] and [143-155]
(glutaminase domain) were similar to that when PfGMPS was bound to
Mg>+ATP+XMP. These results suggested that the binding of Mg*+ATP+XMP is
sufficient to bring out a structural transition in PFGMPS. However, these results could
not delineate any further contribution that the adenyl-XMP intermediate may have in
altering conformation of the protein. These results agree with the biochemical assays
done on PfGMPS, where the binding of Mg?*+AMPNP +XMP to the protein was
shown to enhance the glutaminase activity above the basal level (Table 2.4, Chapter
2). Comparison of the liganded structures of E. coli and T. thermophilus GMP
synthetases with that of the unliganded P. horikoshii enzyme has led to the
identification of 26 putative ATP and XMP binding residues (Maruoka et al., 2010) in
the ATPPase domain with most being conserved across GMP synthetases.
Interestingly in PFGMPS, 11e*® and Lys*** belonging to the peptic fragments [300-
315] and [423-433], respectively that showed reduced deuterium uptake upon

complete liganding, correspond to Val*® and Lys'®, two of the putative ATP
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interacting residues in the P. horikoshii ATPPase domain (Fig 4.18). Moreover,
contact analysis of ECGMPs bound to AMP and PPi using CCP4 software (Potterton
et al., 2002; Potterton et al., 2004) showed Val*®® to be present within 4A distance of
the AMP molecule and this residue corresponds to the 11e%® in PFGMPS. These
observations further suggest that the reduced deuteration in the two ATPPase regions,
arise due to the local effects of ligand binding to the protein. Further, mutational

analysis of the residues should validate their role in GMP synthetase function.

[300-315]

P.falciparum T AL-«AYTHIIF!\ ERFF I[N LILEIKN EN YTPLKQTFPDHNITK{I | I s oo asmmnisise 337
B.coli VTAMLLHRAIG. KNLTC [NfLL LN LDOMFGDHFG.LNIVHV Becicennvenan 206

P.horikoshii TA,nVLnHl AIG.DRLHAV F] S FLEKG VKTFRDEFG. HNLHY\
T.thermus STLALLLAKAGV.DHL. Al VDHELLMLG REE EGALR.ALG. NLLV\
H.papiens T JCITALLNRALNQEQV IAL}Q N[ FMEKRESIOSYEEALK . KLG. I QVKV|L

P.falciparum PENLK. . Fm TIGEIN..... 460
B.coli PKEMK. . MGLYV LGEVK..... 417
P.horikoshii }Emu. 4 LK;LI IGEVT. . ... 202
T.thermus PEDLE. . FELL LGEVT..... 395
H.sapiens IRKLREEGKVI ICAEEPYICK 461

Figure 4.18. Sequence alignmnet of two segments of P. falciparum, E. coli, T. thermophillus,
H. sapiens and P. horikoshii GMP synthetases, generated using ClustalW (Higgins D., 1994)
and ESpript 2.2. (Gouet et al., 2003). The boxed regions represent the peptic peptides of
PfGMPS that showed reduced deuteration on complete liganding of the ATPPase domain in
P. falciparum GMPS and their comparison with those of other GMP synthetases. Arrows in

the two panels point the putative ATP binding residues.

Reduced deuterium incorporation in the different peptic peptides of PFfGMPS
after complete liganding of the ATPPase domain with Mg®*+ATP + XMP (Fig. 4.16,
4.17a, b and Table 4.2a and b) corroborated well with the change elicited by limited
proteolysis MALDI-TOF experiments. Propagation of the synthetase domain
originated conformational transitions to the glutaminase domain in many GATSs have
been implicated in catalysis. Whether the similar changes in PFGMPS, elicited as
reduced deuterium incorporation in [4-22] and [143-155] peptic fragments, serves the
same purpose, remains to be validated. Interestingly, the peptic fragment [143-155]
locates to the unique 20 residue insertion of PfGMPS, whose function is still to be

determined.
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In conclusion, this study highlights that binding of ATP and XMP to the
ATPPase domain of PFGMPS brings about a large conformational change in the
protein, probably leading to its change from open to the closed state. This change in
PfGMPS, like in other amidotransferases, could be affecting both positioning of the
glutaminase domain for optimum glutamine hydrolysis or ammonia channeling.
Elucidating the rate constants for the individual steps including that for the
conformational change, should highlight whether the conformational transformation

could be the rate limiting step in PfGMPS catalysis.
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