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Guanine nucleotides are indispensable for cell viability. Besides being precursors of
nucleic acids (DNA and RNA), GTP forms the energy source for translation and microtubule
polymerization. Guanine nucleotides are implied in signal transduction, angiogenesis and axon
guidance (Chong CR et al., 2006; Long H et al., 2006). In addition, they also function as
metabolic precursors for a diverse set of metabolites that include tetrahydrobiopterin, folates
(vitamin B9) and riboflavin (vitamin B2) (Gross SS and Levi R, 1992; Cossins EA and Chen
L,1997; Bacher A et al., 2000). It has also been shown that phosphoribosyl pyrophosphate
(PRPP) synthetase and ribonucleotide reductase, enzymes involved in nucleotide biosynthesis
get stimulated by guanine nucleotides and inhibited by adenine nucleotides (Allison AC et al.,
1993). Therefore, GMP biosynthesis either through de novo route or by salvage of nucleobases
stands essential for survival. The purine ring assembled sequentially from biosynthetic
precursors of carbohydrate and amino acid metabolism, and from ammonia and carbon dioxide
constitute de novo purine synthesis (Zalkin H and Dixon JE, 1992) while recycling of preformed
nucleobases, nucleosides, and nucleotides forms the salvage pathway (Murray AW, 1971).

Plasmodium falciparum is the most lethal among the five Plasmodium species (P.
vivax, P. malariae, P. ovale, and P. knowlesi) that cause human malaria (www.mmv.org).
Malaria has a massive impact on human health; it is the world's second biggest killer after
tuberculosis (WHO report, 2018). Despite the 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 productive. The
purine salvage pathway of P. falciparum is a novel target for antimalarials, as the parasite lacks
the de novo purine biosynthetic pathway (Gardner MJ et al., 2002) and completely depends on
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its host for purine requirements. Hypoxanthine is salvaged by hypoxanthine guanine (xanthine)
phosphoribosyltransferase (HG(X)PRT) to form inosine 5’-monophosphate (IMP) which then
branches out into either formation of guanosine 5’-monophosphate (GMP) or adenosine 5°-
monophosphate (AMP). IMP, on one hand, is converted to xanthine 5’-monophosphate (XMP)
and GMP by inosine 5’-monophosphate dehydrogenase (IMPDH) and guanosine 5’-
monophosphate synthetase (GMPS), respectively and on the other arm by the sequential action
of adenylosuccinate synthetase (ADSS) and adenylosuccinate lyase (ASL) to form AMP.

Genome analysis of Methanocaldococcus jannaschii a hyperthermophilic archaeon,
reveals that at the molecular level archaea more closely resemble eukaryotes (Bult CJ et al.,
1996). The archaeal genome is about 70 % AT-rich while that of the protozoan parasite P.
falciparum is about 80 % (Bult CJ et al., 1996; Gardner MJ et al., 2002). Purine biosynthesis in
M. jannaschii can occur through the de novo route (Bult CJ et al., 1996; Selkov E et al., 1997;
Ownby K et al., 2005; Brown AM et al., 2011) or by salvage of adenine and guanine (Armenta-
Medina D et al., 2014; Miller DV et al., 2016). However, similar to P. falciparum, M. jannaschii
also lacks adenosine kinase (AK) or adenine phosphoribosyltransferase (APRT) (Armenta-
Medina D et al., 2014). Therefore, the conversion of adenine to hypoxanthine by adenine
deaminase (ADE) followed by IMP synthesis by HGPRT constitutes the purine salvage pathway
(Miller DV et al., 2016).

The enzyme involved in IMP biosynthesis, HGPRT and the enzymes thereafter (ADSS,
ASL, and GMPS) in the purine biosynthesis pathway of P. falciparum and M. jannaschii have
been well characterized from our laboratory and elsewhere (Li CM et al., 1999; Ducati RG et al.,
2017; Bhat JY et al., 2008; Bhat JY et al., 2011; Raman J et al., 2004; Bulusu V et al., 2009;
Mehrotra S and Balaram H, 2007; Ali R et al., 2013; Roy S et al., 2015; Roy S et al., 2015;
Karnawat V et al., 2016). PF3D7_0920800 (PfIMPDH) and MJ1616 (MjIMPDH), from P.
falciparum and M. jannaschii, respectively annotated as IMPDH have not been examined thus
far. PFIMPDH is one of the essential enzymes present in the parasite as the inhibitor
mycophenolic acid (MPA) is lethal for parasite survival (Veletzky L et al., 2014). Evidence for
expression of PFIMPDH is provided from microarray, RNA sequencing, and proteomic studies
by various groups and the data are available in the Plasmodium database, PlasmoDB (Bahl A et

al., 2003). MjIMPDH is similar in polypeptide length (496 amino acids) and is 47 % similar and
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34 % identical to the P. falciparum protein (510 amino acids). A major focus of our laboratory
has been towards understanding nucleotide metabolism of plasmodial species through extensive
biochemical, kinetic and structural characterization with a parallel focus on the homologs from
the hyperthermophile M. jannaschii. The aim of the current study is to identify and characterize
the functionality of IMPDH from the mesophilic malarial parasite P. falciparum and the
thermophilic ortholog M. jannaschii.

IMPDH and GMP reductase (GMPR) constitute a family that controls the guanine
nucleotide pool and regulates proliferation and many other physiological processes. IMPDH
catalyzes the NAD* dependent conversion of IMP to XMP. GMPR catalyzes NADPH dependent
reductive deamination of GMP to form IMP and is the only route known for conversion of GMP
to AMP through IMP. Some organisms (such as Cryptosporidium parvum, Toxoplasma gondii,
Tritrichomonas foetus, Saccharomyces cerevisiae) lack GMPR alone while few others (Giardia
lamblia, Trichomonas vaginalis, Entamoeba histolytica) lack IMPDH, GMPS, and GMPR.
Buchnera aphidicola is one example with no IMPDH and GMPS but has GMPR as this serves as
the only source of IMP and thereby, AMP. However, some genomes encode both IMPDH and
GMPR (such as E. coli, human, kinetoplastids). IMPDH as a potential drug target for
immunosuppression, anti-cancer, antimicrobial, anti-parasitic, and antiviral chemotherapy has
been realized (Hedstrom L, 2009). Although no extensive literature is available on GMPRs,
hGMPR?2 is shown to promote the monocytic differentiation of HL-60 leukemia cells (Zhang J et
al., 2003). Further, h\GMPR1, a more abundant isoform in the brain and cerebral cortex, has been
identified as a potential therapeutic target for Alzheimer’s disease (Liu H et al., 2018).

IMPDH (encoded by guaB gene) and GMPR (encoded by guaC gene) share a high level
of sequence identity and similarity (Martinelli LKB et al., 2011; Smith S et al., 2016) which
could lead to misannotation of this family of genes. IMPDH and GMPR have their core catalytic
(B/a)s barrel domain arranged in a square planar geometry and are largely known to exist as
homotetramers, and homooctamers (Labesse G et al., 2015; Buey RM et al., 2015; Bessho T et
al., 2016). Further, polymerization of IMPDH into filaments called cytoophidium that is
modulated by the binding of purine nucleotides has also been reported (Keppeke GD et al.,
2018). Both the enzymes have a cystathionine-p-synthase (first discovered in cystathionine-f-

synthase by Bateman, CBS) domain as an insertion within the catalytic (/a)s domain sequence.
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CBS domain occurs across a wide variety of unrelated proteins that include Mg?*-transporters,
chloride channels, and protein kinase B. The CBS subdomain in IMPDH regulates adenine and
guanine nucleotide pools and is found to interact with various proteins involved in transcription
regulation, splicing, and rRNA processing (Lindstrom DL et al., 2003; Ho Y et al., 2002; Krogan
NJ et al., 2004; Stevens SW et al., 2002). CBS domain of IMPDH is shown to have no catalytic
role in the formation of IMP (Nimmesgern E et al., 1999) and modulates activity through
nucleotide binding (Labesse G et al., 2013; Buey RM et al., 2015). Removal of CBS from GMP
reductase of Leishmania donovani led to growth defects on minimal medium (Smith S et al.,
2016). Mutations in the CBS subdomain of hIMPDH1 account for 2-3 % of autosomal dominant
retinitis pigmentosa (adRP) and are also known to be associated with Leber congenital amaurosis
(LCA), a more severe form of hereditary blindness (Bowne SJ et al., 2006). The molecular and
mechanistic basis of these disorders has not been understood to date.

Both IMPDH and GMPR bind similar ligands with IMP/GMP binding site and
nicotinamide portion of the cofactor binding site reported to be similar and highly conserved in
both the enzymes while adenosine portions of the cofactors bind to different regions of the barrel
domain. However, GMPR and IMPDH possess high substrate specificity and carry out different
chemical transformations despite high sequence and structural similarity. Both the enzymes are
found to be activated by monovalent cations such as K* ions. The hydride transfer by both the
enzymes involves nicotinamide cofactor and proceeds through the same covalent intermediate E-
XMP*, However, this intermediate reacts with water in the reaction catalyzed by IMPDH which
is substituted by ammonia in GMPR. MPA recognized as a potent and IMPDH-specific inhibitor,
iIs now known to inhibit GMPRs from Leishmania major and Trypanosoma congolense (Digits
JA and Hedstrom L, 1999; Smith S et al., 2016; Sarwono AEY et al., 2017).

This thesis focussed on understanding the functionality of IMPDH from P. falciparum
and M. jannaschii is presented in five chapters. Chapter 1 provides elaborate literature,
reviewing IMP dehydrogenase and GMP reductase from various organisms. This includes
biochemical, kinetic and structural features, sub-unit association and modulation of enzyme
activity, physiological significance and relevance of the enzyme in the regulation of other
cellular processes. Literature in support of IMPDH and GMPR as a valid drug target for a

multitude of pathophysiological conditions is also discussed.
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Chapter 2 describes in vivo studies on PFIMPDH that include subcellular localization in
the intraerythrocytic stages of P. falciparum and genetic complementation assays using E. coli
and yeast for examining the functionality. This chapter details the procedure on antibody
generation in mouse, purification of antiserum on PVDF membrane adsorbed with the antigen
(PFIMPDH), and determination of antibody titre by DOT blot, Western detection, and indirect
immunofluorescence microscopy. A single band of PFIMPDH corresponding to the expected
molecular mass of 55 kDa was observed through antibody detection on Western blot. PFIMPDH
was found to be largely in the cytoplasm with partial nuclear localization in the intraerythrocytic
asexual stages of the parasite. Mass spectrometric analysis of P. falciparum proteins carried out
by two independent research groups (Oehring SC et al., 2012; Briquet S et al., 2018) identified
peptides corresponding to PFIMPDH in the nuclear fractions. These reports serve as additional
evidence confirming the partial nuclear localization of PfIMPDH observed through
immunofluorescence microscopy.

guaB and guaC genes encode for IMPDH and GMPR, respectively. guaB (AguaBX
(DE3)) and guaC (H11744942%) deletion strains of E. coli were generated following the method of
Datsenko and Wanner (Datsenko KA and Wanner BL, 2000). Strains were confirmed through
genotyping by diagnostic PCRs and phenotyping by monitoring growth on minimal medium. T.
foetus IMPDH, construct obtained from Prof. Hedstrom, USA, sub-cloned into the desired vector
and E. coli GMPR were included as positive controls in growth rescue experiments. TfIMPDH
and EcCGMPR could rescue the growth of guaB and guaC deletion strains on minimal medium,
respectively. However, the presence of expression plasmids for PFIMPDH or PfIMPDHACBS
(catalytic domain alone) in the deletion strains did not complement for loss of function of either
IMPDH or GMPR. Various optimizations including co-expression of helper plasmids (coding for
chaperones, tRNA synthetases for rare codons), different carbon sources (glucose, malate, and
glycerol) and varied temperature (25 °C, 30 °C, and 37 °C) were not successful. Lastly, codon
harmonized gene sequence for optimal expression in E. coli was custom synthesized however it
could not rescue either the growth of guaB or guaC deletion strain. In all tested conditions,
TfIMPDH and EcGMPR were obtained in soluble form while only very small fractions of
PfIMPDH and PfIMPDHACBS were soluble even upon co-expression with chaperones. High

levels of soluble and functional protein supported the growth of deletion strain expressing
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TfIMPDH or ECGMPR on M9 minimal medium. Non-availability of sufficient soluble and thus
functional protein reflects the growth defect of the deletion strains carrying PFIMPDH on
minimal medium.

guaB quadrapule deletion strain of yeast (DY891) was obtained from Prof. Daniel
Reines, Emory state university, USA. While TfIMPDH which was used as a positive control had
rescued the growth of the deletion strain, no growth of DY891 cells carrying PFIMPDH was
observed. Although the presence of full-length gene-specific transcripts was confirmed by RT-
PCR, expression of PFIMPDH was not evident on the Western blot and hence the growth of yeast
cells was not supported.

Chapter 3 describes the efforts channelized towards obtaining the recombinant
PfIMPDH protein. The most widely used heterologous expression system, E. coli was chosen to
serve the purpose of producing recombinant protein. A broad spectrum of strategies including the
use of different expression strains of E. coli, co-transformed with or without helper plasmids
(coding for tRNAs, mesophilic and psychrophilic chaperones), various commercially available
solubility enhancing tags and a multitude of expression conditions (varied induction time,
temperature, and inducer concentrations) was employed. Despite extensive efforts in increasing
the solubility of the expressed protein, PFIMPDH largely remained in inclusion bodies. Attempts
made to refold the protein were unsuccessful. Various efforts made at obtaining PFIMPDH
protein in soluble form that include approaches like random mutagenesis, site-directed
mutagenesis based on solubility prediction tools (PROSO II, Smialowski P et al., 2012) and
generation of various fusion constructs were unsuccessful. This stands as a huge impediment for
proceeding onto further characterization of the P. falciparum IMPDH, a highly promising drug
target. It was decided at this point to try in vitro translation system. The first in vitro translation
system used was wheat germ extract procured from Promega, USA. This system was provided
with bacterial transcription machinery coupled with eukaryotic wheat germ translation
components. The reaction was carried out using circular or linearized DNA construct of
PfIMPDH and the synthesized proteins were resolved on SDS-PAGE, electrotransferred onto
PVDF membrane, followed by detection using anti-(His)s antibodies. Examination of the
Western blot showed that PFIMPDH was not synthesized.
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Although expression in bacteria yielded large amounts of recombinant protein, there were
extremely low levels of soluble protein. It was decided that S30 extract from E. coli for in vitro
transcription coupled translation (NEB PURExpress) would be evaluated for production of
PfIMPDH protein. As protein expression in E. coli from the native P. falciparum IMPDH gene
was found to be maximal only upon expression of tRNAs for codons that are rare in E. coli it
was decided to synthesize a codon harmonized PfIMPDH gene. Eugene, an online gene
optimization tool was used to re-design PFIMPDH gene for maximal expression in E. coli
without changing the native amino acid sequence (Gaspar P et al., 2012). The modified gene
sequence obtained as output from Eugene was re-analyzed and curated using Genescript codon
analysis tool. Codon harmonized PfIMPDH gene sequence, custom synthesized (Biomatik
Corporation, Canada) was supplied as a clone in pUC57 vector with multiple restriction sites
upstream and downstream of the gene. Expression of harmonized PfIMPDH gene was
simultaneously tested in both in vivo and in vitro systems. In contrast to the native gene whose
optimal expression was conditional to co-expression of helper plasmid encoding tRNA genes for
rare codons, high level of protein expression was achieved without any tRNA co-expression.
Although all the expressed protein was again found to be insoluble in vivo, in vitro transcription
coupled translation with E. coli S30 extract yielded a distinct band of 55 kDa representing
PfIMPDH that was soluble. For the first time, we observed soluble protein synthesized in a cell-
free reaction on SDS-PAGE stained with Coomassie Brilliant Blue. All components of the
transcription and translational machinery provided in the kit were (His)e-tagged recombinant
proteins (Shimizu Y et al., 2001). Therefore, to enable purification of PFIMPDH, the codon
harmonized gene was sub-cloned (with no tag) into the plasmid provided with the kit. Scaling up
and purification of PFIMPDH (untagged) using NEB PURExpress system posed its own
challenges. Either strong association of PFIMPDH with ribosomes or presence of higher order
oligomers probably hindered the purification process. Alternate tagging strategy of PFIMPDH
with Strep-tag 11 was unsuccessful as the in vitro reaction yielded insoluble/precipitated protein.
In any of the systems mentioned above, crude lysates tested for IMP-specific NAD" dependent
dehydrogenase activity or NADPH-dependent reductive deamination of GMP by PfIMPDH or
PfIMPDHABS (CBS deletion) could not be established. Similar studies carried out on P. berghei

Xi
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IMPDH failed to yield soluble protein or complement deficiency in heterologous expression
systems.

It has been reported that a large fraction of obligate substrates for GroES-EL assisted
protein folding bear (B/a)s barrel structure (Georgescauld F et al., 2014). Though our
experiments with co-expression of chaperones have yielded some fraction of the protein in the
soluble fraction, separation of the soluble fraction from the chaperones could not be achieved.
Interestingly, the catalytic domain PFIMPDHA®S when co-expressed with chaperone KJE7
(DnaK, Dnal, and grpE) resulted in a moderately good amount of soluble protein (co-
transformation of tRNA plasmid was found dispensable) that could not be purified. This
probably indicates large hydrophobic patches on the protein surface available for strong
interaction with the chaperones and hence, difficult to dissociate. Therefore, an in-silico analysis
of PFIMPDH sequence was performed with the aim of understanding the protein aspects better
and evaluate future directions. Gross amino acid composition across different organisms and the
B-structure propensity of PFIMPDH were analyzed. An average amino acid percentage across
various Plasmodium species has been compared with that from other biochemically
characterized IMPDH and GMPR sequences. Six (L, W, T, C, M, and K) of the twenty amino
acids in the plasmodial group do not significantly differ from their respective averages in the
other group that constitutes soluble IMPDHs and GMPRs, while the percentage of occurrence for
the rest of the fourteen was found to vary significantly. The significance of such a bias in amino
acid composition and associated consequences are yet to be understood. Further, prediction of
aggregation-prone regions in unfolded polypeptide chains using TANGO algorithm (Fernandez-
Escamilla AM et al., 2004; Linding R et al., 2004; Rousseau F et al., 2006) identified two
potential nucleating segments within PFIMPDHA®®S and sequence swapping with MjIMPDH
(experimentally found to be highly soluble, discussed in Chapter 5) yielded significantly lowered
propensity for B-aggregation. This could form the basis for generating mutants with possibly
improved solubility.

Chapter 4 provides the biophysical and biochemical characterization of CBS domain of
PfIMPDH. Although PfIMPDH and PfIMPDHA®BS genes expressed in E. coli did not yield
protein in soluble form, we were fortunate in obtaining the regulatory domain (CBS) of

PfIMPDH in soluble form. Codon harmonized PfCBS domain was cloned carrying a C-terminal
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(His)e-tag and expressed in guaB deletion strain of E. coli. It was purified to homogeneity on a
Ni-NTA affinity matrix followed by size—exclusion chromatography. The yield of the purified
recombinant PfCBS was ~22 mg L™ of induced culture. It was found to exist as a monomer in
solution as determined from analytical size-exclusion chromatography. PfCBS, as inferred from
far-UV CD measurement, was found to be largely disordered similar to that of the CBS domain
from human IMPDH2. All adenine and guanine nucleotides, except GMP, were found to interact
with PfCBS domain as detected by a change in intrinsic tyrosine fluorescence. Dissociation
constants for PfCBS complexes with the ligands AMP, ADP, ATP, GDP, and GTP as
determined through non-linear regression of data fit to the one-site binding equation are in the
low micromolar range.

Chapter 5 is focused on understanding the biochemical and kinetic characteristics
underlying the functioning of MJ1616 annotated as IMP dehydrogenase from the
hyperthermophilic archaeon Methanocaldococcus jannaschii (MjIMPDH). The open reading
frame of MjIMPDH and the catalytic domain MjIMPDHA®S were individually cloned with a C-
terminal (His)s-tag and expressed in the guaB deletion strain of E. coli. DNA sequencing of the
insert confirmed the clone error-free and identical to the entry in the NCBI gene database.
Similar purification procedures were employed for both MjIMPDH and MjIMPDHABS proteins
that included thermal precipitation for removal of mesophilic E. coli proteins, polyethyleneimine
(PEI) treatment for elimination of nucleic acids, anion exchange chromatography and finally
size-exclusion chromatography. The purity of the proteins was judged by Coomassie Brilliant
Blue-stained SDS-PAGE and the identity of the recombinant proteins was assessed by Western
blot using anti-(His)s antibodies. The yield of full-length MjIMPDH and MjIMPDHA®BS proteins
was about ~35 mg Lt and ~50 mg L of culture, respectively. Interestingly, the recombinant M.
jannaschii proteins, in the absence or presence B-mercaptoethanol and without prior heating,
were found to migrate at molecular weights corresponding to higher order oligomers when
resolved on SDS-PAGE. However, they were found to migrate at their respective expected
monomer mass (54 kDa and 43 kDa, respectively) upon heat treatment. Far-UV CD spectra of
both the enzymes were found to be similar and indicated ordered secondary structure. MjIMPDH
exists as octamer and removal of CBS subdomain resulted in a tetramer as determined by

analytical size-exclusion chromatography. This subunit assembly of either MjIMPDH or
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MjIMPDHABS in solution remained unperturbed at varied enzyme concentrations, high salt (1M
KCI) or in the presence of ligands (NAD" and IMP). Further, higher order oligomers of
MjIMPDH were observed during purification on preparative size-exclusion column, the
percentage of which varied across different batches of purification. However, they did not further
equilibrate to either octamer or tetramer upon dilution.

IMP-specific, NAD® dependent dehydrogenase activities of MjIMPDH and
MjIMPDHACBS were monitored as an increase in absorbance at 340 nm due to the formation of
NADH. Catalytic properties of the full-length and the CBS deletion mutant were found to be
similar reiterating that CBS domain has no role in catalysis. The M. jannaschii enzyme exhibited
optimal dehydrogenase activity at 70 °C, pH 8.0 and no drop in activity was observed up to 95
°C. However, routine assays were performed at 70 °C for ease of handling. Enzyme assays using
the higher order oligomers of the enzyme from the preparative grade size-exclusion
chromatography exhibited either similar or only a minor drop (10-15 %) in specific activity and
therefore, not characterized further.

MjIMPDH, unlike other characterized IMPDHs, displayed very weak dependence on
monovalent cation for its activity. The absence of K* ions in the assay mixture resulted in only a
minor drop in activity with the Ky value for NAD* lowered by 2.3-fold while the Kn value for
IMP remained unchanged. All IMPDHSs characterized till date are found to be activated by about
100-fold by K* ions and in some cases by other monovalent cations (such as Li*, Na*, Rb*, and
Cs™) (Hedstrom L, 2009). Product inhibition studies identified XMP as a competitive inhibitor of
IMP and noncompetitive inhibitor of NAD" binding. NADH was found to be noncompetitive
with respect to both IMP and NAD". Studies on understanding modulation of enzyme activity by
the purine nucleotides identified guanine nucleotides to be more potent inhibitors of MjIMPDH
than adenine nucleotides and only ATP (up to 5 mM) had no effect on the enzyme activity.
Inhibition by the adenine and guanine nucleotides did not require Mg?* ions. Global fit of the
inhibition data identified AMP, ADP, GMP, GDP, and GTP as noncompetitive inhibitors of IMP
binding. Inhibition by nucleotides is found to be highly effective only in the presence of CBS
domain. No nucleotide was found to bind to the active site, while removal of CBS resulted in
AMP competing for the IMP binding site albeit with weaker affinity. However, upon of deletion
of CBS domain, GMP continued to be a noncompetitive inhibitor of IMP and NAD* binding but
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with affinity lowered by 100-140 fold. This study highlights the feedback inhibition of
MjIMPDH through the regulatory CBS domain by both the purine nucleotides (adenine and
guanine) indicating a key role for this domain in the control of metabolic flux balance.
MjIMPDH shares high sequence identity with prokaryotic IMPDHSs but displays features such as
inhibition by guanine nucleotides that is observed only in eukaryotic IMPDHs.

In summary, the current thesis provides subcellular localization of PFIMPDH in the
intraerythrocytic stages of P. falciparum. Attempts made at understanding the functionality of
PfIMPDH using in vivo (complementation and expression in E. coli, and S. cerevisiae) and in
vitro systems (cell-free protein synthesis) are discussed. Biophysical/biochemical characteristics
of CBS domain of PFIMPDH is included. Lastly, MjIMPDH, an ortholog of PFIMPDH identified
in M. jannaschii, has been successfully cloned, expressed, purified and thorough understanding
of biochemical and kinetic characteristics is provided.
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Chapter 1. Introduction to IMPDH/GMPR family of proteins

Chapter 1. Introduction to IMPDH/GMPR family of proteins

Inosine 5’-monophosphate dehydrogenase (IMPDH) and guanosine 5’-monophosphate
reductase (GMPR) are the two metabolic enzymes involved in purine nucleotide biosynthesis
and together constitute a family. They carry identical catalytic pockets, ligand binding sites
and carry out different chemical reactions involving thioimidate intermediate (E-XMP*) and
result in different metabolic outcomes. They are characterized by the presence of one of the
largest represented protein folds referred to as TIM barrel (named after the metabolic
enzyme, triose phosphate isomerase), made of eight a-helices and eight parallel p-strands
(b/a)s. The current chapter provides an overall perspective of these enzymes pertaining to
their distribution, catalysis, structure, regulation and metabolic significance from the

available literature.

1.1 TIM barrel proteins

Various protein superfamilies are known to carry (B/a)s barrel or TIM barrel as a
common structural scaffold which catalyzes over twenty-five different enzymatic reactions
like isomerization, condensation, phosphotransfer, hydride transfer etc. (Orengo CA et al.,
1997; Lo Conte L et al., 2002; Nagano N et al., 2002; Anantharaman V et al., 2003). TIM
barrel is believed to have achieved diversification driven by duplication of ancestral genes
This led to the development of more efficient and specialized enzymes for a subset of
reactions and differ from the ancestral gene that initially was capable of catalyzing multiple
distinct reactions (Khersonsky O and Tawfik DS, 2010).

One of superfamily known to be composed of two proteins namely inosine 5°-
monophosphate dehydrogenase (IMPDH) and guanosine 5’-monophosphate reductase
(GMPR) forms an example for such diversification of the TIM barrel. IMPDH (EC
1.1.1.205) catalyzes the oxidation of inosine 5’-monophosphate (IMP) to xanthosine 5°-
monophosphate (XMP) with the concordant reduction of NAD* to NADH. The reaction is a
branch point between the adenine and guanine nucleotide biosynthesis, and a rate-limiting
step of guanosine 5’-monophosphate (GMP) biosynthesis. IMPDH controls the guanine

nucleotide pool, which in turn controls the proliferation and many other physiological
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processes, making IMPDH an important target for immunosuppressive, cancer, and antiviral
chemotherapy (Hedstrom L, 2009). On the other hand, GMP reductase (EC 1.7.1.7) catalyzes
NADPH dependent reductive deamination of GMP to IMP and is the only route known for

guanine nucleotides to be recycled to adenine nucleotides.

1.2 Inosine 5’-monophosphate dehydrogenase (IMPDH)

1.2.1 Prevalence

IMPDH is known to be present in every organism except protozoan parasites Giardia
lamblia and Trypanosoma vaginalis (Morrison HG et al., 2007; Carlton JM et al., 2007). A
single gene (guaB) or multiple genes coding for different isoforms has been reported across
various organisms. Humans are identified to carry two distinct cDNAs coding for hIMPDH1
and hIMPDH2 that share 84 % amino acid sequence identity (Natsumeda Y et al., 1990;
Collart FR and Huberman E, 1988). Expression of hIMPDH2 is found to be specifically up-
regulated during neoplastic transformation and lymphocytic activation and down-regulated
during cancer cell differentiation making it an important chemotherapeutic target while on
the other hand, hIMPDH1 is constitutively expressed in the various states of proliferation and
differentiation (Konno Y et al., 1991; Collart FR and Huberman E 1990; Collart FR et al.,
1992; Nagai M et al., 1991; Nagai M et al., 1992). Similarly, a maximum of four copies has
been observed in Saccharomyces cerevisiae (IMD1, IMD2, IMD3, and IMD4) that share 83-
96 % identity and functional distinctions conferring drug (mycophenolic acid) resistance and
guanine prototrophy to yeast are identified (Barton A et al., 1997; Wolfe KH and Shields DC
1997; Hyle JW et al., 2003). In Mycobacterium tuberculosis, three genes encoding IMPDH
(annotated as guaB1, guaB2, and guaB3) that are similar to bacterial IMPDHs have been
identified while only the activity of guaB2 stands verified (Cole ST et al., 1998; Usha V et
al., 2011). Zebrafish with three isoforms (IMPDHla, IMPDH1b, and IMPDH2) forms
another example of multiple genes encoding IMPDH isoforms that display varied functional
roles and probably regulated by different circadian transcription factors. IMPDH1a was
found to contribute to eye development and pigment synthesis, IMPDH2 controls the
circadian clock, and lastly, IMPDH1b is reported to be involved in delay of embryonic
development, counteracting the function of IMPDH2 (Li Y et al., 2015).
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1.2.2 General features

Each monomer of most IMPDHs that largely exist as tetramers, contains about 400-
500 residues carrying a catalytic domain and a regulatory subdomain (Fig. 1). The
subdomain is referred to as Bateman module/CBS domain containing two CBS motifs in
IMPDH which were first identified by Alexandre Bateman in cystathionine beta-synthase
gene from human (Bateman A, 1997). IMP affinity resin coupled with or without cibacron
blue is found to suffice and be efficient in obtaining homogenous preparation of enzyme
from various sources (Hedstrom L, 2009). While Borrelia burgdorferi and Cryptosporidium
parvum IMPDHs do not contain the subdomain, removal of CBS motifs from human
IMPDH2 was found to be completely active in vitro (Sintchak MD et al., 1996) and no
perturbation in the subunit (tetrameric) organization was observed (Nimmesgern E et al.,
1999). All IMPDHSs reported till date are found to be activated by a monovalent cation
(preferably K*) with optimal activity at pH 8.0 (a few bacterial enzymes were found
exceptional with optimal activity at pH 9.0) (Alexandre T et al., 2015). Majority of IMPDHSs
are reported to follow Michaelis-Menten kinetics for IMP and display substrate inhibition by
NAD* while IMPDHSs from Mycobacterium tuberculosis and Pseudomonas aeruginosa have
shown sigmoidal dependence of velocity on IMP concentration (Rostirolla Dc et al., 2014;
Labesse G et al., 2013). Varied allosteric activation by ATP and inhibition by guanine
nucleotides (GMP, GDP, and GTP) has also been testified (Labesse G et al., 2013; Buey RM
etal., 2015).

Currently, about 91 X-ray crystal structures of IMPDH are found deposited in PDB,
of which, 65 correspond to CBS deletion constructs. However, the CBS domain is found to
be completely mapped in only 8 of the total 26 full-length IMPDHSs. Protein stoichiometry of
homotetramer and further associations leading to a dimer of tetramers (homooctamer) has
been identified for IMPDHSs from various organisms. A simple tetrameric arrangement has
square planar geometry, with the sides of the barrels at the subunit interfaces and the CBS
subdomains protrude from the corners of the tetramer (Fig. 1). The junction between the
catalytic domain and the CBS subdomain is found to be highly flexible from the various X-

ray crystal structures of Tritrichomonas foetus IMPDH. The CBS subdomain is found to be
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disordered in many of the structures deposited in PDB, and removal of the subdomain is

reported to have facilitated crystallization (Hedstrom L, 2009).

1.2.3 Ligand binding pockets and their conservation

IMPDH from Tritrichomonas foetus has been well characterized through both kinetic
and structural studies and thus serves as a prototype for signifying enzyme features. Substrate
binding and catalysis by IMPDH involves five key structural motifs of the enzyme that
include catalytic cysteine (Cys) loop, phosphate-binding loop, finger loop, mobile flap, and
C-terminal loop (Fig. 1). Catalytic loop carries the active site cysteine and is strictly identical
across various enzymes. Adjacent to the active site loop is the phosphate binding region
constituting around six residues. Presence of a twisted f-sheet that projects outwards from
the carboxy-terminal of the TIM barrel is referred to as “finger domain”, a special feature
present in all identified IMPDHs with unknown function (Buey RM et al., 2015). The
interaction of the finger domains from each monomer within IMPDH octamers in AgIMPDH
and PalMDH is identified and has been proposed as a conserved mechanism for regulation of
catalytic activity in response to ligand binding to the Bateman domain. This interaction in
PalMPDH is found to be absent/lost upon binding of Mg-ATP or in a mutant enzyme with
compromised octamer formation (PaIMPDHAC®S), Coupled with mutational studies, the
finger domain of IMPDHSs is shown to be a key player for transmission of the allosteric
signal from the Bateman to the catalytic domain and is essential for catalysis (Buey RM et
al., 2015). Around ten residues at the distal end of the finger domain constitute the mobile
flap that is dynamic to move in and out of the active site during catalysis. The open
conformation is projected for dehydrogenase reaction to occur followed by hydrolysis step in
a closed conformation. The C-terminal segment couples the active site loop through a
monovalent cation. However, coordination of the mobile flap with the catalytic loop and the
C-terminal segment is uncertain. The catalytic loop, mobile flap, finger loop and about 20
residues at the C-terminal end are all found highly flexible in the absence of ligands
(substrates or products) from X-ray crystal structures of various IMPDHSs (Prosise G et al.
2002; Hedstrom L, 2009; Morrow CA et al. 2012; Rao VA et al. 2013; Buey RM et al.,
2015). IMP binding site is constituted by residues from the catalytic cysteine loop, phosphate
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binding motif, and mobile flap. Residues largely from the catalytic loop and mobile flap
make up the NAD™ binding site. Lastly, catalytic cysteine loop and the C-terminal loop
together comprise the potassium-binding site. While IMP binding residues are identified as
invariant, large divergence has been observed in NAD* binding and flap loop (Hedstrom L,
2009)

a) b) Catalytic domain Bateman domain

TIM barrel \ )
‘ J

g
e
0

1 s 230 3 400427 443451 503 S22 Ya /S

i, ;
Catalytic flap — ~=~@& /
=

Finger domain

Figure 1. Domain architecture and spatial arrangement of IMPDH. a) Schematic bar
representation of AQIMPDH primary sequence with key structural elements and CBS subdomain.
CBS domain inserted within the TIM barrel is indicated in blue (residues 115-230); the catalytic loop
(residues —around Cys334; indicated by :C”), phosphate-binding loop (residues 391-395; indicated
by “P”), finger loop (residues 400-451; brown), within the finger domain is the flap loop (residues
427-443; yellow) and C-terminal loop (residues 503-522; pink). b) Cartoon representation of
AgIMPDH monomer with Bateman (blue) and catalytic domain (green) indicated. The catalytic
flap shown as the dashed black line is invisible in the crystal structure of AgIMPDH and finger
domain is indicated in brown (PDB 4Z87). c) The tetrameric structure of S. pyogenes IMPDH (PDB
1ZFJ) parallel to the 4-fold axis of symmetry is shown in ribbon diagram. CBS subdomain from each
of the subunit points away from the catalytic core. d) The octameric structure of A. gossypium
IMPDH (PDB 4287) with the two tetramers that pile up tail-to-tail are colored dark blue and sky
blue. Bound GMP and GDP molecules are indicated in rainbow color as ball and stick model. Panel
b is presented from Buey RM et al, 2017 with copyright permission
(http://creativecommons.org/licenses/by/4.0/) while ¢ and d images are rendered using NGL viewer
(Rose AS et al., 2018).
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1.2.3.1 IMP binding site

IMP binding site is known to be invariant and most of the residues are highly
conserved and SpIMPDH (PDB 1ZFJ) is presented as an example to describe the residues
that contact IMP. C310 is the invariant catalytic residue. D343 is observed to form H-bonds
with the ribose hydroxyls of IMP. Hydroxyl groups of S308 and Y390 were found to H-
bonds with the phosphate group. G345 and G366 interact with the phosphate through main
chain amino groups and G394 is seen to H-bond to the purine ring through its amine group
and these three residues are invariant. S367 H-bonds with the phosphate while M393 and
E421, H-bonds with the purine ring and are found to be highly variable. The variability of
E421 is identified to play a key role in catalysis and drug selectivity (Hedstrom L, 2009)

(Fig. 2).

1.2.3.2 NAD" binding site

NAD" site is described using T. foetus IMPDH as an example (PDB 1IMEW). NAD"*
site and the mobile flap are highly divergent. The carboxyl group of a conserved D261 H-
bond with the ribose hydroxyls of the nicotinamide portion of NAD*. G312 and G314 H-
bonds with the carboxamide of NAD" and are the only other conserved interactions. The
carboxamide H-bonds with the side chain of R322 in T. foetus IMPDH, but glutamine and
glycine are found as substitutions at this position. The hydroxyls of S262 and S263 interact
with the phosphates of NAD™. Position 262 commonly contains a residue such as threonine
or cysteine that preserves the interaction while position 263 is often an alanine and neither of
these two residues remain conserved. The residues that interact with the adenine ring are
highly varied making it difficult to identify in sequence alignments. The mobile flap is
similarly variable, with only the key catalytic residues R418 and Y419 being completely
conserved and the presence of insertions and deletions make it difficult to align these two
residues in a multiple sequence alignment. Presence of divergence in the cofactor binding site
is implicated for the presence of naturally occurring IMPDH inhibitors and intriguingly, in
support of this theory, species-selective inhibitors are found to interact with the NAD™ site
(Kohler GA et al., 2005; Hedstrom L, 2009) (Fig. 2).
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1.2.3.3 Dependence on monovalent cation

All IMPDHs reported till date are found to be activated approximately to a 100-fold by
K" ions while the specificity of activation varies considerably among different sources. K", CS™
and Rb" ions are always found to activate, but smaller ions such as Na* and Li" activate or inhibit
or display no effect. K" has been found to have no apparent effect on the stability of the IMPDH
tetramer, though it is reported to prevent the formation of higher order aggregates in few studies
(Zhou X et al., 1997; Heyde E and Morrison J 1976; Xiang B et al., 1996). Two K' binding sites
have been identified in X-ray crystal structures of IMPDHs. Site 1 occurs within the catalytic
Cys loop (which is frequently disordered) and initially identified only in few X-ray crystal
structures of Chinese hamster and 7. foetus IMPDH (Sintchak MD et al., 1996; Prosise GL et al.,
2002; Gan L et al., 2003). However, recent additions to this list include the X-ray crystal
structures of Vibrio cholerae, Mycobacterium tuberculosis, Campylobacter jejuni, Bacillus
anthracis, Clostridium perfringens, and Ashbya gossypium. Potassium-binding within
AgIMPDH (PDB 4Z87) involves six main-chain carbonyls, three in the catalytic Cys loop
(G329, G331, and C334) and three in the C-terminal segment from the adjacent subunit (ES07’,
G508', and G509’) (Fig. 2). A second K" site that is observed only in 7. foetus IMPDH (PDB
ILRT, Gan L et al., 2002; Gan L et al., 2003) at the interface between two monomers involves
three main chain carbonyls (G20, N460, and F266'), the side chain hydroxyl of S22, and both
oxygens of the side chain carboxyl of D264’ which are however are not conserved in IMPDHs
from other organisms (Fig. 2). To simplify, the catalytic loop and C-terminal segment together
constitute the K* binding site of IMPDH with residue conservation at a moderate level and

represents one of the highly disordered segments in most of the X-ray crystal structures.
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Figure 2. Schematic diagram of the IMPDH interactions with substrate molecules. a) Residues that
contact IMP in the catalytic pocket of T. foetus IMPDH (PDB IME9). b) NAD" binding site from T.
foetus IMPDH (PDB IMEW). ¢) and d) K" binding sites within A. gossypium (site 1 PDB 4Z87) and T.
foetus IMPDH (site 2, PDB ILRT), respectively. Hydrogen bonds are indicated by dashed black lines
between atoms. Residues involved in H-bond formation are indicated in maroon and the bond distances
in pink. Hydrophobic contacts are represented by arcs with spokes radiating towards the ligand atoms
and the corresponding residues in green. Carbon atoms are indicated as black filled circles, nitrogen in
blue, oxygen in red and sulfur in yellow. The figure has been generated using LigPlot+ (Laskowski RA
and Swindells MB, 2011).
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1.2.4 Enzyme mechanism

IMPDH carries out two chemical transformations that include a dehydrogenase
reaction where the catalytic cysteine attacks C2 of IMP to form the covalent thioimidate
intermediate E-XMP* with simultaneous hydride transfer to form NADH followed by a
subsequent hydrolase reaction on E-XMP* that yields XMP and free enzyme (Fig. 3). The
transition from the dehydrogenase and hydrolase activities is reported to be controlled by the
catalytic loop (Josephine HR et al., 2010). IMPDH assumes an open conformation that
allows NAD* to bind during the dehydrogenase reaction while a mobile flap moves into the
cofactor binding site during the hydrolase reaction, bringing conserved Arg-Tyr dyad into the
active site for Arg to act as a general base catalyst. Hydride transfer is reported to be fast in
most IMPDHs. NADH release and E-XMP* hydrolysis have been proposed to be the rate-
limiting step for T. foetus IMPDH catalysis. On the other hand, hydrolysis of a covalent
enzyme intermediate has been proposed to be rate limiting in C. parvum IMPDH reaction
(Digits JA and Hedstrom L, 1999; Xiang B and Markham GD, 1997; Umejiego NN et al.,
2004). However, through isotope effects, the conformational change of flap is observed to be
fast and hydrolysis as rate-limiting (Riera TV et al., 2008). The rate of this flap closure
stands as the key variable in the entire catalytic cycle and not the shift in the equilibrium
between open and closed conformations. The presence of K* is found to increase the rate of
association of NAD™ to the E<IMP complex and accelerate flap closure (Riera TV et al.,
2011). Various X-ray crystal structures of TFIMPDH complexed with ligands (substrates and
inhibitors) and molecular mechanics/quantum mechanics simulations together with
mutational studies have identified three key residues R418, Y419, and T321 involved in
activation of water with R418 acting as a general base catalyst (Fig. 3). This constitutes two
probable channels of activation, one at low pH where a proton relay involving T321 and
E431 activates the water while the R418 pathway dominates at high pH. Molecular
mechanics simulations performed on the substitution of E431 with glutamine was found to
disrupt the T321 pathway (Guillen Schlippe YV and Hedstrom L, 2005; Guillen Schlippe YV
et al., 2004; Min D et al., 2008; Hedstrom L, 2012).

Initially, a partially random rapid equilibrium mechanism inclusive of K*, IMP, and

NAD" was described for the enzyme from Aerobacter aerogenes (Heyde E et al., 1976). In
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this mechanism, K* and IMP are proposed to bind randomly to the enzyme, whereas NAD*
binding is conditional to the presence of either K* or both K™ and IMP. Later, a steady-state
ordered sequential Bi-Bi mechanism in which IMP binds before NAD" and XMP is released
after NADH was most commonly used to describe the IMPDH-catalyzed reaction (Carr SF et
al., 1993). However, identification of E-XMP* intermediate, the measurement of isotope
effects and the use of pre-steady-state kinetics revealed that substrates bind randomly,
hydride transfer occurs rapidly, and NADH is released prior to the hydrolysis of E-XMP*
(Digits JA and Hedstrom L, 1999; Wang W and Hedstrom L, 1997; Xiang B and Markham
GD, 1997; Riera TV et al., 2008). Substrate inhibition by NAD" is reported to be
uncompetitive that results from the trap of E-XMP* intermediate by high NAD"
concentrations and therefore confirm the ordered release of products (Sintchak MD and
Nimmesgern E, 2000; Zhou X et al., 1997; Kerr KM and Hedstrom L, 1997; Umejiego NN et
al., 2004). The existence of E-XMP*-NAD" complex under physiological conditions
(reported Kii for NAD" range from 0.6-3 mM) is hypothesized as an alternate mechanism of
regulating guanine nucleotide biosynthesis (Hupe D et al., 1986). A recent study on initial
velocity and product inhibition patterns of M. tuberculosis IMPDH suggests a steady-state
ordered Bi-Bi kinetic mechanism in which IMP binds first followed by NAD" (Rostirolla DC
etal., 2014).
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Figure 3. Mechanism of IMPDH reaction. C2 carbon of IMP is attacked by the nucleophile cysteine
from the enzyme followed by hydride transfer and release of NADH. The open conformation of thus
formed E-XMP* intermediate goes to the closed state by the movement of flap loop bringing in the
Arg-Tyr dyad. H-bonded Thr, Glu activate water followed by hydrolysis with Arg acting as a base
catalyst. XMP is released and the enzyme is recycled for the next round of catalysis. K¢ is the
equilibrium rate constant for open and closed conformations. Active site residues involved in this
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process are indicated in blue while the difference between IMP, E-XMP* and XMP in red. The reaction
scheme is rendered using ChemSketch tool.

1.2.5 Subunit organization, a fascinating tale of the tetramer to a

cytoophidium

1.2.5.1 Structural aspects

Majority of the IMPDHs exist as tetramers in solution along with varying amounts of
higher order multimers earlier misidentified as aggregates (Labesse G et al., 2013). Recent
reports from Pseudomonas aeruginosa, human, Ashbya gossypium and class I bacterial enzymes
indicate the presence of octamers each variably modulated by purine nucleotides (Labesse G et
al.,2013; Buey RM et al., 2015; Alexandre T et al., 2015; Buey RM et al., 2017). The binding of
GTP or GDP to the Bateman domain of AgIMPDH was found to induce the formation of
octamers with compromised catalytic activity probably the consequence of an alteration of
structural dynamics of the finger domain and perturbation in the accessibility of mobile flap to
the active site. Presence of octamers within the cells has also been verified in AgIMPDH with
haemagglutinin (HA) epitope tagging.

In the apo state, a long and conserved B8-08 finger loop from each monomer
(corresponding to residues 371-427) in the catalytic domain of PaIMPDH is observed to link
dimer of tetramers and CBS domains remain disordered. In the MgATP-bound form, the dimer
of tetramers is mainly found to be stabilized by interactions between the CBS motifs resulting in
ordering of this domain (Labesse G et al., 2013). Similar interactions have been identified in the
crystal structures of the apo forms of Streptococcus pyogenes IMPDH (PDB 1ZFJ) and Bacillus
anthracis IMPDH (PDB 3TSB). Although the CBS modules in the apo-state were found to be
disordered in the X-ray crystal structure, they are evident in the cryo-EM structure (Labesse G et
al.,2013; Buey RM et al., 2015; Alexandre T et al., 2015; Buey RM et al., 2017). In addition, a
study describing the crystal structure of apo-IMPDH from Pseudomonas aeruginosa (PDB
6GJV) with completely mapped CBS domains has been reported recently (Alexandre T et al.,
2019). However, human IMPDHI1 (PDB 1JCN) remains an exception with a distinct alternative
tetramer interface stabilized by a unique and largely hydrophobic interface with CBS modules
isolated and protruded into the solvent. Further, the inclusion of MgATP resulted in the
association of octamers into thin fibers ranging from 50 to 200 nm with CBS modules protruding
out perpendicular to fiber axis that did not differ in catalytic activity from non-assembled forms
(Anthony SA et al., 2017). Organization of the finger loop within a tetramer differs from that in
an octamer. In a tetramer, the finger loops of each monomer remain ordered pointing out into the
solvent and display little or no interaction with the rest of the protein. On the other hand, each
finger loop

11
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interacts with an equivalent segment from another monomer protruding from a facing tetramer
(Labesse G et al., 2015). Most of the residues at the tetramer—tetramer interface are either well
conserved (R56, E367, L375, and S383) or invariant (R379 and Y425).

Interactions similar to P. aeruginosa enzyme have been reported simultaneously in A.
gossypium IMPDH. AgIMPDH octamers are found to assemble as dimers of tetramers that stack
up tail-to-tail mainly stabilized by the Bateman domains from the upper and the lower tetramers,
which associate in an antiparallel arrangement. H-bonds between the backbone atoms of residue
R167 and the side chain of Q233 in a monomer with the respective side chains of residues R226
and Q170 in the adjacent Bateman domain, salt bridges between residues D168 and K207, and
the hydrophobic packing of residue F171 constitute the interface stabilization. Bateman domains
bring the finger domains of each monomer from both tetramers together associating into four
pseudo-B-barrels around the fourfold axis of symmetry, thus stabilizing the interface. H-bonds
between residues Y403, F405 and D407 in a single chain with residues D522, K518 and K409 in
the adjacent monomer, as well as salt bridges between the side chain of residues R406, R410 and

E517 and residues E517, D522, and R406, respectively constitute the finger domain association.

1.2.5.2 Cytological aspect

Presence of mycophenolic acid (MPA), an inhibitor of IMPDH was found to induce
protein filaments in culture cells (Ji Y et al., 2006) which has been also confirmed in vitro using
purified recombinant protein (Labesse G et al., 2013), signifying filament formation as an
intrinsic property of IMPDH. Remarkably, these filamentous structures in human cells also
referred to as rods and rings, appear very similar to the cytidine triphosphate synthase (CTPS)
containing cytoophidium (Carcamo WC et al., 2011; Chen K et al., 2011). CTPS is a metabolic
enzyme involved in the de novo synthesis of the nucleotide CTP. Cytoophidium (Greek for
“cellular snakes”) was first identified in Drosophila, bacteria, and budding yeast carrying CTPS
filaments by three independent groups (Liu JL, 2010; Ingerson-Mahar M et al., 2010; Noree C et
al., 2010). The IMPDH cytoophidium is a filamentous structure that contains IMPDH, which
may or may not contain CTPS and can be both cytoplasmic and nuclear cytoophidia and

filamentation was found to upregulate IMPDH activity (Chang CC
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et al., 2015; Carcamo WC et al., 2014; Gou KM et al., 2014; Shen QJ et al; 2016; Zhang J et
al; 2014; Keppeke GD et al., 2015). Apart from MPA, ribavirin, an adjuvant used to treat
hepatitis C infection was found to strongly induce IMPDH cytoophidium in patients under
treatment (distinct cytoplasmic rods ~3-10 um in length and rings ~2-5 um in diameter)
while similar structures were observed with 6-Diazo-5-oxo-L-norleucine (DON), a glutamine
analog, which blocks CTP and GTP biosynthesis in HEp-2 cells (Table 1) (Carcamo WC et
al., 2011; Calise SJ et al., 2015; Carcamo WC et al., 2014; Climent J et al., 2016; Keppeke
GD et al., 2012; Novembrino C et al., 2014; Keppeke GD et al., 2015).

Cytoophidium is commonly categorized as ‘mature’ and ‘immature’ forms based on
their appearance. Multiple immature punctate foci and small spicule-shaped cytoophidia
occur within a single cell that can further associate by serial fusions resulting in larger and
mature cytoophidia. By contrast, only one or a few large linear or ring-shaped mature
cytoophidia are reported to be present in one cell in most cases (Fig. 4) (Gou KM et al.,
2014; Thomas EC et al., 2012; Calise SJ et al., 2014). The number of IMDPH cytoophidia
was found to increase upon CTPS overexpression that might reflect the variations in
nucleotide synthesis. In mouse BNL-CL2 cells, inhibition of cell growth, either by serum
starvation or by blocking the PISBK-AKT-mTOR pathway was found to trigger disassembly
of IMPDH cytoophidia. Moreover, IMPDH cytoophidia have been detected in mouse
pancreatic islet cells, with numbers correlating with nutrient uptake by the animal (Chang CC
et al., 2015). IMP accumulation within the cells was also found to promote cytoophidium
assembly while elevated GTP level resulted in disassociation of aggregates. No
cytoophidium were formed upon CBS domain deletion from human IMPDHZ2, indicating the
crucial role of CBS in filament formation. A recent report identifies that cytoophidium is
highly crucial in maintaining the GTP pool and normal cell proliferation (Keppeke GD et al.,
2018). Polymers of IMPDH were found to be induced by AICAR and glucose deprivation
that disassembled upon guanine nucleotide generation by salvage synthesis regardless of the
inducer (Schiavon CR et al., 2018). Immune response (T cell activation) is found to trigger
reversible filament formation that disassembles with guanosine and inhibits IMPDH activity
(Table 1) (Calise SJ et al., 2018; Duong-Ly KC et al., 2018).

13
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Metabolic enzymes are coordinated and regulated at multiple levels to accomplish
critical functions. Compartmentalizing of the metabolic enzymes through filamentation may
serve as a novel mechanism for regulation of metabolic processes (Aughey GN et al., 2014;
Barry RM et al., 2014; Noree C et al., 2014; Petrovska I et al., 2014; Strochlic TI et al.,
2014). Cytoophidium formation is believed to provide metabolic stabilization, regulated at
the transcriptional, translational, and post-translational level and respond to metabolic
fluctuations caused by glutamine availability, nutritional stress, and developmental cues. (Liu
JL, 2016).

a) CTPS DAPI b) IMPDH DAPI

20um 10 um

Figure 4. Structure of cytoophidium formed by IMPDH and CTPS in HEK293T cells. Images have
been acquired from Chang CC et al.,, 2015 and Liu JL, 2016 with copyright permissions
(http://creativecommons.org/licenses/by/3.0) a) Indirect immunofluorescence imaging of HEK293T
cells cultured in medium containing 100 uM cytidine for 1 h before fixation with antibodies against
human enzymes, CTPS and IMPDH. Mature and immature IMPDH cytoophidia are indicated within
the dotted square. The nucleus is stained with DAPI in blue while IMPDH and CTPS are shown in
green and red, respectively. Scale bar of 20 um is shown. Panel b represents the microscopy images
upon overexpression of CTPS at two different magnifications (scale bars indicated). Here, CTPS is
stained green, IMPDH red and DAPI in grey as pseudocolor.

Table 1. Conditions that regulate the formation of cytoophidium.

Effect Formation of cytoophidium

MPA, RVP, DON, overexpression of CTPS, IMP, AICAR, deprivation of glucose

and T-cell activation

Induced

Inhibition of cell growth by serum starvation or block in the mTOR pathway,
Disassembled elevated GTP levels, deletion of CBS domain, guanine nucleotides generated by

salvage pathway regardless of inducer and guanosine.
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1.2.6 CBS domains in unrelated protein families - regulation, and disease

perspective

CBS domains are found in several structurally and functionally unrelated proteins,
including chloride channels (CIC family of proteins), amino acid transporters, and protein
kinases along with IMPDH/GMPR family and cystathionine beta-synthase (Janosik M et al.,
2001; Jamsen J et al., 2007; Jentsch TJ et al., 2002). They are involved in the maintenance of
cellular energy status, metal ion concentration or ionic strength and regulate enzymatic activity
(Baykov AA et al., 2011; Ereno-Orbea J et al., 2013). Structure of CBS domains was first
understood from the crystal structure of Chinese hamster IMPDH, which contains two CBS
domains in tandem (Sintchak MD et al., 1996) with each CBS motif carrying a conserved B1-al-
B2-B3-a2 topology. The overall fold of the CBS domains is conserved across different proteins,
while there exists only little sequence identity, yielding the CBS domains that differ in functions
(Hedstrom L, 2012).

Cystathionine beta-synthetase enzyme is involved in the cysteine biosynthetic pathway as
a regulatory control point for S-adenosyl methionine (AdoMet) binding, thereby activation and
protein multimerization (Finkelstein JD, 1998). Mutations that abolish or strongly reduce
activation by AdoMet (Kluijtmans LA et al., 1996) in the CBS gene result in a genetic disorder
referred to as homocystinuria, which is characterized by elevated levels of homocysteine in
plasma accompanied by clinical symptoms of mental retardation, lens dislocation, skeletal
abnormalities, and endothelial dysfunction (Fig. 5) (Miles EW and Kraus JP, 2004).

An example of CBS domain containing protein, adenosine 5’-monophosphate-activated
protein kinase (AMPK) works as a sensor of cellular energy and maintains the ATP balance
during periods of metabolic stress (Cheung PC et al., 2000). Low ATP and high AMP cause
AMPK activation to switch on catabolic pathways like fatty acid oxidation, glycolysis while they
switch off anabolic pathways that include fatty acid, cholesterol, and glycogen synthesis by
phosphorylating regulatory metabolic enzymes (Hardie DG and Hawley SA, 2001). Hence the
role of AMPK activators as new drugs to treat type 2 diabetes, obesity, and metabolic syndrome
is being investigated (Winder WW and Hardie DG, 1999; Moller DE, 2001). AMPK is a
heterotrimer with a catalytic subunit (o) and two regulatory subunits (B and y). The y-subunit

comprises four CBS domains which are identified as allosteric binding sites for AMP and ATP
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(Daniel T and Carling D, 2002). Each subunit of human AMPK has been identified to be present
in various isoforms that include al, a2, B1, B2, y1, y2, and y3 (Stapleton D et al., 1996; Thornton
C et al., 1998; Cheung PC et al., 2000). Mutations in the CBS domains of the AMPK y2-subunit
cause a glycogen storage disease referred to as a familial hypertrophic cardiomyopathy with
conduction anomalies (Wolff-Parkinson-White syndrome) (Blair E et al., 2001; Gollob MH et
al.,2001; Gollob MH et al., 2001; Arad M et al., 2002) while a mutation in the CBS domains of
the y3-subunit in pigs causes an abnormally high glycogen content in skeletal muscle (Milan D et
al., 2000). Although the functional effect of CBS mutations on AMPK activity is debated
between being constitutively active (Hamilton SR et al., 2001; Arad M et al., 2002) or activity
reduction in response to metabolic stress (Fig. 5) (Daniel T and Carling D, 2002).

Another example for CBS domain is the chloride channels of the CLC family that perform a wide
variety of cellular functions including membrane excitability, synaptic communication, trans-epithelial
transport, cell volume regulation, cell proliferation, and acidification of endosomes and lysosomes
(Jentsch TJ et al., 2002). CBS domains are found only in eukaryotic CLCs and are not involved in
enzyme dimerization (Estevez R et al., 2004). The role of CBS domains in the functioning of the CLC
channel has been examined and these studies indicate that the binding of nucleotides ATP/ADP/AMP to
the CBS domain leads to inhibition of CLC-1, whereas in CLC-5 this potentiates current (Accardi A,
2015). However, it is observed that mutations in CBS domain of human CIC channels CIC-1 (Myotonia),
CIC -2 (Idiopathic generalized epilepsy), CIC-5 (Dent’s disease), CIC -7 (Osteoporosis) and CIC-Kb
(Barter syndrome) result in specific diseases caused by CIC dysfunction (Fig. 5) (Cleiren E et al., 2001;
Maduke M et al., 1999; Kornak U et al., 2001; Lloyd SE et al., 1997; Pusch M, 2002). Expression studies
revealed that CBS2-deficient Xenopus laevis oocytes failed to generate the membrane currents and that
was restored upon co-expression of CBS2-containing carboxy-terminal fragment (Maduke M et al., 1998;
Schmidt-Rose T and Jentsch TJ, 1997). Role of CBS pairs as a sensor for cellular energy/ATP and their
essentiality for channel gating has been hypothesized. Intriguingly, mutation in the CBS domain of
human CIC-2 that include G826D (causing congenital myotonia, Pusch M, 2002), strongly inhibit the
ATP binding in vitro.

16



Chapter 1. Introduction to IMPDH/GMPR family of proteins

ATP was also found to inhibit CIC-1 by shifting the voltage dependence and that certain
mutations in the CBS domains resulted in complete loss or reduction in ATP inhibition
(Bennetts B et al., 2005).

Most IMPDHs are known to contain two CBS motifs (together CBS module/Bateman
domain) in tandem inserted between a2 and B3 of the TIM barrel. Removal of the CBS
domains from IMPDH does not perturb enzymatic activity (Sintchak MD et al., 1996;
Nimmesgern E et al., 1999). A repertoire of ligands known to bind CBS motif includes
adenine and guanine nucleotides. Deletion of the CBS domains from E. coli IMPDH is
reported to disrupt the coordinated regulation of the adenine and guanine nucleotide pools,
resulting in growth arrest of the bacteria in the presence of inosine and adenosine and further
accompanied by a dramatic increase in the adenosine nucleotide pool (Pimkin M and
Markham GD, 2008; Pimkin M et al., 2009). Increase in adenine nucleotide pools was found
to allosterically inhibit PRPP synthetase and ribonucleotide reductase in mammalian cells
while guanine nucleotides activate these enzymes (Allison KC et al., 1993). Similarly, CBS
deletion strain of A. gossypium was found to excrete significantly low levels of inosine in
comparison to the wild type indicating the regulatory role of Bateman domain in increasing
the metabolic flux through the guanine nucleotide pathway (Buey RM et al., 2015).
Mechanistic basis of such intriguing observations has not been understood yet. Mutations in
the CBS domains of human IMPDH1 (that do not affect catalysis) are found to be associated
with an autosomal dominant form of retinitis pigmentosa (adRP, RP10), and with Leber
congenital amaurosis (LCA), a more severe hereditary blindness both of which are indicative
of a critical in vivo function of CBS domains (Bowne SJ et al., 2002; Kennan A et al., 2002;
Bowne SJ et al., 2006; Wada Y et al., 2005). Importantly, retinal hIMPDHL1 is identified to
associate with polyribosomes translating rhodopsin mMRNA and mutations in CBS subdomain
were found to comprise the association of the retinal isoforms with polyribosomes (Mortimer
SE et al., 2008). ATP was observed to bind CBS motifs of hIMPDH2 in vitro and display
positive cooperativity (Scott JW et al., 2004) where binding of the first ATP molecule to a
CBS pair causes a conformational change, which further leads to increase in the affinity of
ATP for the rest of the CBS pairs. ATP binding and activation were abolished by a single
point mutation (R224P) in the second CBS domain of hIMPDH2 which is identified as an
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RP10-causing mutation in hIMPDH2 (Bowne SJ et al., 2002). These observations are
however reported not to be reproducible by other researchers (Hedstrom L, 2009). Cryo-EM
experiments of hIMPDHL1 revealed the presence of two types of complementary octamers
with 69 % of concave structures (have CBS pointing outward) and 31 % in convex assembly
with CBS subdomains involved in tetramer interface. In the presence of MgATP, these
complementary octamers pile up into individual fibers. The aggregation of these fibers in the
autosomal dominant mutant, D226N of hIMPDH1, probably indicates the onset of the
retinopathy autosomal dominant retinitis pigmentosa (adRP) (Fig. 5) (Labesse G et al.,
2013).

Cystathionine pB-synthase AMPK y2- subunit
a Familial hypertrophic
Homocystinuria @ cardiomyopathy and
@ Wolff-Parkinson-White
y syndrome
AdoMet binding, and protein multimerization Allosteric binding sites for AMP and ATP
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Figure 5. Distribution, regulation, and pathology linked to CBS motifs. CBS domain is present in
various unrelated family of proteins like chloride channels, AMP kinase, Cystathionine [3-Synthase,
and IMPDH. They occur in tandem of two or four copies and carry out varied functions. The
topology of such proteins, the role of CBS and associated pathological conditions are indicated. The
image is modified and represented with copyright permission from Ignoul S and Eggermont J, 2005
(Copyright © 2005 the American Physiological Society)

18



Chapter 1. Introduction to IMPDH/GMPR family of proteins

1.2.7 Moonlighting functions

Various reports indicate the additional cellular functions of IMPDH beyond its
enzymatic activity. It was found to be essential in maintaining a balance between the adenine
and guanine nucleotide pools in E. coli (Pimkin M and Markham GD, 2008; Pimkin M et al.,
2009). Yeast IMPDH was found to be associated with actively transcribed promoters (Park
JH and Ahn SH, 2010). Proteins involved in transcription regulation, splicing, and rRNA
processing were identified as potential interacting partners through whole-genome screens
(Uetz P et al., 2000; Lindstrom DL et al., 2003; Ho Y et al., 2002; Krogan NJ et al., 2004;
Stevens SW et al., 2002; Collins SR et al., 2007). Association of IMPDH with
polyribosomes, lipid vesicles, and protein kinase B was observed in eukaryotic cells
(Mortimer SE et al., 2008; Whitehead JP et al., 2004; Ingley E and Hemmings BA, 2000).
CBS domain-mediated binding of single-stranded nucleic acids with nanomolar affinity has
also been reported (Cornuel JF et al., 2002; McLean JE et al., 2004). Mechanistic basis and
the physiological consequences of such interactions have not yet been understood (Fig. 6).
Role of CBS domains in the regulation of translation and transcription highlight the non-
catalytic functions of IMPDH (Cornuel JF et al., 2002; McLean JE et al., 2004; Mortimer SE
and Hedstrom L, 2005: Bowne SJ et al., 2006; Mortimer SE et al., 2008; Park JH and Ahn
SH, 2010). Cell cycle arrest and apoptosis in human neuroblastoma cell lines were found to
be triggered by guanine nucleotide depletion. Intriguingly, the cellular p53 concentration was
found to regulate guanine nucleotide biosynthesis through IMPDH (Liu Y et al., 1998;
Sherley JL et al., 1991).

A well-described example of differential regulation includes thymidylate synthase, a
key enzyme in pyrimidine biosynthesis which acts as its own translation regulator by binding
to its cognate MRNA and repressing translation (Chu E and Allegra CJ, 1996). Presence of
substrates causes thymidylate synthase to release mMRNA and resume translation. Differential
translational regulation exhibited by the parasite and the host resulted in efficient malaria
treatment (Zhang K and Rathod PK, 2002). Inhibitors and substrates release translational
repression in mammalian cells, yielding more enzyme while neither substrates nor inhibitors
relieve translational repression in malaria parasites and thereby succumb to the thymidylate

synthase inhibitors. Extensive studies are still awaited to extend such an observation to IMP
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dehydrogenase with CBS domain acting as an internal sensor (for small molecules,
nucleotides, DNA and RNA, polyribosomes, etc.) (Hedstrom L, 2009)

Also, GMP synthetase (GMPS) an enzyme immediate downstream of IMPDH
mediates the conversion of XMP into GMP and comprises the last step in guanine nucleotide
biosynthesis. Non-catalytic functions of GMPS from Drosophila and human cells have been
identified in the recent past. It is found to associate with and allosterically activate the
nuclear ubiquitin-specific protease 7 (USP7) independent of its enzyme activity (van der
Knaap JA et al., 2005; van der Knaap JA et al., 2010; Sarkari F et al., 2009; Reddy BA et al.
2014; Zhou Z et al., 2015; Faesen AC et al., 2011). Further, histone H2B deubiquitylation by
USP7 in Drosophila and mammalian cells was found to be dependent on the association of
USP7-GMPS acting as a transcriptional corepressor (van der Knaap JA et al., 2005 van der
Knaap JA et al., 2010; Sarkari F et al., 2009; Frappier L and Verrijzer CP, 2011). GMPS and
USP7 together are shown to play a crucial role as a positive mediator of hedgehog signaling
(Zhou Z et al., 2015). GMPS-USP7 was also identified as a regulator of the p53 tumor
suppressor pathway (Reddy BA et al., 2014; Bieging KT et al., 2014). GMPS is found to be
largely in cytoplasm and shuttles to the nucleus in response to the cellular state. Cytoplasmic-
nuclear partitioning probably serves as a regulatory mechanism linking metabolic state to
transcriptional outcomes (van der Knaap JA and Verrijzer CP, 2016). In the nucleus, GMPS
stabilizes p53 through activation of USP7 to restrict aberrant cell proliferation. Therefore,
GMPS through its gene regulatory functions (moonlighting) participates in various signaling
pathways that couples cell differentiation, growth, and proliferation during development (Fig.
6).

On similar lines to GMPS, a few studies identified the non-enzymatic role of
metabolic enzyme IMPDH in gene expression control. Ability to bind RNA and polysomes
has a direct implication of the enzyme in selective control of translation (Mortimer SE et al.,
2008). IMPDH from Drosophila is found to be a sequence-specific DNA-binding
transcriptional repressor that binds unwound CT-rich regulatory DNA elements
(Kozhevnikova EN et al., 2012). IMPDH mostly remains cytoplasmic and was found to
accumulate in the nucleus during the G2 phase of the cell cycle or in response to oxidative or

replicative stress. Remarkably, IMPDH was found to bind and repress the histone genes and
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E2f, the master controller of the G1/S transition (Fig. 6). These studies probably indicate IMPDH together
with GMPS aid cell growth and proliferation through their enzymatic function and simultaneously by
moonlighting, act as regulators of gene expression preventing aberrant cell proliferation.

The de novo purine biosynthetic enzymes are reported to cluster near mitochondria and
microtubules, under certain cellular conditions such as high purine demand, to develop into dynamic
multienzyme complexes referred to as 'purinosomes'. Purinosome is a novel intracellular organisation of
enzymes involved in purine metabolism (Pedley AM and Benkovic SJ, 2017). The enzymes involved in
purine nucleotide biosynthesis, adenylosuccinate synthase (ADSS) and inosine monophosphate
dehydrogenase (IMPDH), that catalyse reactions downstream of IMP have been shown to be part of the
purinosome complex. Live-cell fluorescence microscopy experiments showed the colocalization of
IMPDH-GFP and ADSS-GFP with the purinosome marker FGAMS (phosphoribosylformylglycinamidine
synthase), confirming their involvement in the purinosome in transiently transfected HeLa cells in purine-
depleted medium (Zhao H et al., 2015).
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Figure 6. Moonlighting functions of IMPDH. IMPDH is found to perform non-enzymatic roles in transcription
and translation regulation along with the metabolic role of guanine nucleotide biosynthesis. a) Various interactions
and functions of IMPDH identified so far in bacteria, yeast, Drosophila, and human are highlighted. b) Schematic
of cytoplasmic-nuclear partitioning of IMPDH and GMPS as a part of chromatin and transcription regulation in
Drosophila is adapted from van der Knaap JA and Verrijzer CP, 2016 with copyright permission
(http://creativecommons.org/licenses/by-nc/4.0/). Both the enzymes mediate biosynthesis of GMP. GMPS
translocates to nucleus, binds and activates the deubiquitylating enzyme ubiquitin-specific protease 7 (USP7). This
complex further acts as transcriptional corepressor upon recruitment to specific regulatory elements (REs) by gene-
selective transcription factors (TFs) through the removal of the active H2B ubiquitylation (H2Bub) mark with ub
indicated in green hexagons. Also, GMPS-USP7 complex gets relocated to Polycomb response elements to promote
silencing (deubiquitylate) of selective Polycomb group (PcG) proteins resulting in H2Aub. GMPS-USP7 also
modulates gene expression through deubiquitylation and stabilization of selective transcription factors like the
tumor suppressor p353 and cubitus interruptis, the effector of hedgehog signaling. GMPS largely remains
cytoplasmic with continuous shuttling in and out of the nucleus that is driven by the cellular state. IMPDH which is
directly upstream of GMPS is known to bind single-stranded CT-rich regulatory DNA elements (C/T) and act as a
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sequence-specific DNA-binding transcriptional repressor. Like GMPS, IMPDH is also found to accumulate in the
nucleus in response to oxidative or replicative stress.

1.2.8 IMPDH as a drug target

IMPDH controls the guanine nucleotide pool, which in turn controls the cell proliferation
and many other physiological processes, making IMPDH an important target for
immunosuppressive, cancer, and antiviral chemotherapy (Hedstrom L, 2009). Amplification of
IMPDH in tumors and rapidly proliferating cells initially identified by George Weber formed the
basis of initial drug design targeting this enzyme (Weber G, 1983; Jackson R et al., 1975).
IMPDH has also been identified as a potential drug target for antimicrobial, and antiparasitic
infections (Hedstrom L et al., 1990; Kohler GA et al., 1997, Striepen B et al., 2004; Wilson K et
al., 1991; Wilson K et al., 1994; Abraham EP, 1945; Hupe D et al., 1986; Webster HK and
Whaun JM, 1982; Hedstrom L ez al., 2011; Gorla SK et al., 2012).

1.2.8.1 IMP site-specific reversible inhibitors

Reversible inhibitors of IMPDH that target IMP binding site include ribavirin and
bredinin. Ribavirin is a synthetic nucleoside available in various formulations like Copegus,
Rebetol, Ribasphere, Vilona, and Virazole and is active as ribavirin 5-monophosphate (RVP)
(Witkowski JT et al., 1972; Gish RG, 2006). Ribavirin was used in treating respiratory syncytial
virus infection and together with a-interferon, in hepatitis C virus (HCV) (Leyssen P et al.,
2005). Ribavirin is also found to act as an immunomodulator by enhancing the T-cell response
with mechanistic basis unclear (Hultgren C et al., 1998). However, ribavirin undergoes further
transformation to the triphosphate, which inhibits RNA capping enzymes, polymerases, gets
incorporated into RNA and induces lethal mutations (Smith RA and Kirkpatrick W, 1980;
Eriksson B et al.,1977; Crotty S et al., 2001). Bredinin also referred to as mizoribine is a natural
product inhibitor of IMPDH used in treating organ allograft rejection, rheumatoid arthritis,
primary nephrosis, lupus nephritis, dermatomyositis, and autoimmune dermatoses. It is currently
being used as an immunosuppressive agent in Japan (Ishikawa H, 1999). It is an imidazole

nucleoside and mizoribine 5’-monophosphate (MZP) constitutes the active form (Fig. 7).
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1.2.8.2 Irreversible inhibitors

Several analogs of IMP are reported to form irreversible covalent adducts with the
catalytic cysteine residue that include 6-chloro-IMP (6-CI-IMP), ethynylimidazole
carboxamide riboside monophosphate (EICARMP), 2-chloro-methyl-IMP (2-Cl-methyl-
IMP), 6-thio-IMP, 2-vinyl-IMP, and 2-fluoro-vinyl-IMP (Gilbert H and Drabble W, 1980;
Hampton A, 1963; Brox L and Hampton A, 1968; Matsuda A et al., 1988; Zhang HZ et al.,
1997; Pal S et al., 2002; Nair V and Kamboj RC, 2003; Brox LW and Hampton A, 1968).
The inhibition reaction of IMPDH by 6-CI-IMP is the well-defined of all the covalent in-
activators. EICAR was found to carry both anti-leukemic and anti-viral activities. Activated
forms include mono-, di-, and triphosphates and also the dinucleotide, EAD (Balzarini J et
al., 1998). IMP is found to protect against inactivation by both 6-CI-IMP and EICARMP,
while NAD™ displayed no effect (Fig. 7).

1.2.8.3 NAD" site-specific reversible inhibitors

Inhibitors that are structural analogs of NAD" include benzamide riboside (BR),
tiazofurin, selenazofurin and mycophenolic acid (MPA). Adenine dinucleotides constitute the
active forms generated through phosphorylation by either adenosine kinase or nicotinamide
riboside kinase, or 5’-nucleotidase followed by the action of NMN adenyltransferase (NAD-
pyrophosphorylase) and are considered to be reasonably specific inhibitors of IMPDH
(Cooney D et al., 1982; Kuttan R et al., 1982; Saunders PP et al., 1990; Fridland A et al.,
1986; Jayaram HN et al., 1992). BR in its active form as benzamide adenine dinucleotide
(BAD) is found to be a potent inhibitor of IMPDH although its utility is restricted due to the
skeletal muscle toxicity observed in the pre-clinical trials (Gharehbaghi K et al., 1994;
Jayaram HN et al., 2002). Tiazofurin and selenazofurin, are the synthetic nucleosides that are
identified with potent antiviral and antitumor activities (Pankiewicz KW et al., 2004).
Tiazofurin was approved for the treatment of chronic myelogenous leukemia with dose-
limiting toxicity of a headache, somnolence, and nausea (Fig. 7).

Mycophenolic acid, a secondary metabolite from the fungus Penicillium
brevicompactum is a potent inhibitor of mammalian IMPDHs (1000 fold more potent than

the bacterial enzymes) and known for its anti-viral, anti-angiogenic and anti-cancer activities
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(Fig. 7) (Chong CR et al., 2006; Hedstrom L, 2009). Cancer cells are characterized by high
levels of glucuronidation of the phenolic oxygen than normal cells leading to the
ineffectiveness of MPA as an anticancer agent (Franklin TJ et al.,, 1996). Sodium
mycophenolate (Myfortic, Novartis) and a prodrug, mycophenolate mofetil (CellCept,
Roche) have been used as an immunosuppressive drug for prevention of transplant rejection.
Besides, MPA has also been used in the treatment of psoriasis and also found to induce
differentiation or apoptosis of several cancer cell lines, including breast, prostate, melanoma,
leukemia, and neuroblastoma (Bacus SS et al., 1990; Floryk D and Huberman E, 2006;
Floryk D et al., 2004; Kiguchi K et al., 1990; Kiguchi K et al., 1990; Collart FR and
Huberman E, 1990; Messina E et al., 2004; Messina E et al., 2005). Various derivatives
known as mycophenolic adenine nucleotide (MAD) compounds targeting the nicotinamide
binding site of IMPDH have also been synthesized to combat the dose-limiting
gastrointestinal toxicity and unfavorable metabolism of MPA (Lesiak K et al.,1998; Rejman
D et al., 2006; Chen L et al., 2008). MPA acts as an uncompetitive inhibitor known to bind
E-XMP* and compete with the flap for the vacant NAD" binding site (Link JO and Straub
KJ, 1996, Sintchak MD et al., 1996). Therefore, the equilibrium between the open and closed
conformation is identified as a key determinant of drug sensitivity (Digits JA and Hedstrom
L, 2000; Kohler GA et al., 2005; Riera TV et al., 2008). P. brevicompactum has two
isoforms of IMPDH (A and B) that are 20- and 1000-fold more resistant to MPA,
respectively, than the eukaryotic counterparts (Hansen BG et al., 2011). While the active site
and MPA binding site are completely conserved across, the C-terminal segment that forms
part of the K* binding site varies widely and swapping this region between MPA sensitive
and resistant IMPDHSs revealed that this region could account for 7-fold of the resistance.
These observations illustrate that the K* binding site forms a part of additional “long-range”
determinant of drug selectivity and reaction properties that are yet to be identified (Hedstrom
L, 2012). However, RVP, MZP, and MPA are currently being used for clinical chemotherapy
(Braun-Sand SB and Peetz M, 2010).

Lastly, a combination of IMPDH and histone deacetylase inhibitors (HDAC
inhibitors, induce differentiation and apoptosis of tumor cells similar to IMPDH inhibitors) is

the new strategy being adopted for anticancer drug development. The hydroxamic acid
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analog of MPA (MAHA) forms the prototype for dual function inhibitors targeting both
IMPDH and HDAC (Mei S et al., 2004; Chen L et al., 2007). Parasite-specific inhibitors that
compete with tiazofurin for NAD" site have been reported only for IMPDH from

Cryptosporidium parvum, a major causative of diarrhea, malnutrition and a potent biowarfare

agent (Umejiego NN et al., 2008).
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Figure 7. Structures of inhibitors that target IMPDH. a) Reversible IMP-specific inhibitors that
include ribavirin and mizoribine (bredinin). Phosphorylated form constitutes the active metabolite
within the cell. Their antiviral and immunosuppressive properties are also indicated. b) Represents
the structural analogous of IMP that inhibits IMPDH irreversibly by forming covalent adducts with
a cysteine residue in the catalytic pocket. c) Active metabolites of reversible NAD"-specific
inhibitors and their role in anticancer and immune suppression are indicated.

1.3 Guanosine 5’-monophosphate reductase (GMPR)

1.3.1 Occurrence

Guanosine 5’-monophosphate reductase (GMPR) is reported to be absent in
Haemophilus influenzae, Mycoplasma genitalium, Methanocaldococcus jannaschii,
apicomplexans, Saccharomyces cerevisiae, and insects, but has been found in kinetoplastids
(Trypanosoma and Leishmania), and mammals. (Fleischmann RD et al., 1995; Fraser CM et
al., 1995; Bult CJ et al., 1996; Becker JL, 1974; Berens RL et al., 1995). Reports on enzyme
purification from a few sources include S. typhimurium, Aerobacter aerogenes, human
erythrocytes, calf thymus, Leishmania donovani and Artemia salina (Mager J and Magasanik
B, 1960; Brox LW and Hampton A, 1968; Mackenzie J and Sorensen L, 1973; Spector T et
al., 1979; Stephens RW and Whittaker VK, 1973; Spector T and Jones TE, 1982; Spector T
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et al., 1984; Renart MF et al., 1976). However, GMPR from only Homo sapiens, Bos taurus,
Escherichia coli, L. donovani, Trypanosoma brucei and Trypanosoma congolense have been
cloned, expressed and activity verified (Andrews SC and Guest JR, 1988; Moffat K and
Mackinnon G, 1985; Li J et al., 2006; Zhang J et al., 2003; Deng Y et al., 2002; Martinelli
LKB et al., 2011; Patton GC et al., 2011; Smith S et al., 2016; Bessho T et al., 2016;
Sarwono AEY et al., 2017). GMPR is coded by the gene guaC and like IMPDH is found to

exist in multiple copies in human, mouse, and bovine.

1.3.2 Structural elements
The catalytic domain in GMPR constitutes (/a)s protein fold and is devoid of CBS

subdomain in human, E. coli, mouse and bovine enzymes. However, recent reports have
identified the presence of CBS domain in L. donovani, T. brucei, and T. congolense GMPRs
that is an insertion of 90-100 residues in hGMPR2 (Fig 8). Unlike IMPDH, deletion of the
CBS domain in LAGMPR was found to disrupt the catalytic activity (Smith S et al., 2016).
kinetoplastid GMPRs (L. donovani, T. brucei and T. congolense) are shown to express
constitutively, appear granular in the cytosol and found to localize in glycosomes like other
purine metabolic enzymes.

Solution studies identified homotetramers of ECGMPR by analytical size-exclusion
chromatography (Martinelli LKB et al., 2011) while quaternary structure changes monitored
by rate zonal centrifugation indicate L. major GMPR to exist in monomeric and tetrameric
forms in apo-state. Presence of saturating amounts of GMP or GTP was found to stabilize the
formation of LMGMPR tetramer while ATP caused the enzyme to migrate as monomeric and
dimeric forms. This study indicates guanylate and adenylate nucleotides as regulators of
subunit association that in turn influences LmGMPR catalytic activity (Smith S et al., 2016).
Very few X-ray crystal structures are available for GMP reductases that include B. anthracis
(PDB 1YPF and 2A1Y), Human (PDB 2BLE, 2BWG, 2A7R, 2C6Q, 2BZN), and T. brucei
(PDB 5X80). While human and Trypanosoma enzymes are verified for GMPR activity in
vitro, there exists no record for the Bacillus enzyme. Re-analysis of the crystal packing of

these structures using PISA server (Krissinel E and Henrick K, 2007) revealed tetrameric
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arrangement as the most stable form for all the enzymes except for TOoGMPR (complexed
with GTP) which was found to be octameric (Fig. 8).

Key catalytic residues of GMPR include cysteine, threonine and glutamic acid and
these are highly conserved (Cys186, Thrl188, and Glu289 in ECGMPR) and mutation of any
one of these residues was found to perturb the enzymatic function in vivo (Min D et al.,
2008; Li J et al., 2006). These residues are conserved in both GMPR and IMPDH where
C186 reacts to form E-XMP*, T188 and E289 activate the leaving group instead of water and
no equivalent exists for the Arg-Tyr dyad of IMPDH. Structural motifs identified from the X-
ray crystal structure of hGMPR2 (PDB 2A7R) and sequence analysis, includes the active site
loop (residues 179-187 in hGMPRZ2) to be similar to those of hGMPR1 and IMPDHs with
cysteine as the active site residue, the conformation loop (residues 129-133 in hGMPR2) that
favors NADPH over NADH and a flexible binding region/flap (residues 268-289 in
hGMPR2) (Fig. 8). GMP was found to bind in the catalytic loop and stabilize the flexible
binding region while NADPH was observed to interact with the conformational loop (Fig. 9).
Active site loops of GMPR and IMPDH carry similar overall topology and are identified to
be highly conserved (Fig. 12). Residue S270 within the flap, predicted to interact with the
phosphate group of NADPH, may be substituted by glycine in IMPDHSs and is reported to be
highly flexible and disordered in hGMPR and other IMPDHSs (Fig. 12) (Sintchak MD et al.,
1996; Gan L et al., 2002; Gan L et al.,, 2003). Three catalytic site residues found to be
involved in binding of the monovalent cation are identical to that of site 1 residues reported
for IMPDH in section 1.2.3.3 (Fig. 9).
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Figure 8. Domain architecture and spatial arrangement of GMPR. a) Schematic bar
representation of human GMPR2 primary sequence with key structural elements. Human, E. coli
and bovine GMPR lack CBS domain. CBS domain identified in kinetoplastid GMPR occurs as an
insertion within the TIM barrel and aligns between residues 90 and 100 of the human enzyme. The
conformational loop (residues 129-133; presented in the grey box); the catalytic loop (residuesl179-
187; indicated in the purple checkbox), adjacent flexible binding loop (residues 268-290; indicated
in the yellow checkbox) b) Cartoon representation of GMPR monomer from Trypanosoma brucei.
Bateman and catalytic domain are pointed out with GTP bound in the subdomain indicated in
rainbow color as a ball and stick model (PDB 5X80) c) The tetrameric structure of human GMPR2
(PDB 2C6Q) parallel to the 4-fold axis of symmetry is shown in ribbon diagram. Each subunit
represented in shades of blue carries a molecule of IMP and NADPH represented in rainbow color as
a ball and stick model. X-ray crystal structures are rendered using NGL viewer (Rose AS et al.,
2018).
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Figure 9. Schematic diagram of GMPR interactions with the substrate molecules. a) Residues that
contact GMP in the catalytic pocket of human GMPR2 (PDB 2A7R). b) NADPH binding site from
human GMPR2 (PDB 2C6Q). ¢) K* binding site found in human GMPR1 (PDB 2BWG). Hydrogen
bonds are indicated by dashed black lines between atoms. Residues involved in H-bond formation are
indicated in maroon and the bond distances in pink. Hydrophobic contacts are represented by arcs
with spokes radiating towards the ligand atoms and the corresponding residues in green. Carbon
atoms are indicated as black filled circles, nitrogen in blue, oxygen in red and sulfur in yellow. The
figure has been generated using LigPlot+ (Laskowski RA and Swindells MB, 2011).

1.3.3 Catalysis and enzyme mechanism

GMPR stands as the only known enzyme responsible for the conversion of nucleotide
derivatives of guanine to the pivotal precursor, IMP necessary for biosynthesis of both
adenine and guanine nucleotides (Spector T et al., 1979). GMPR, like IMPDH, undergoes

two chemical transformations that include a deamination reaction and a hydride transfer. It
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catalyzes the irreversible, NADPH dependent, reductive deamination of GMP to yield IMP.
In addition to its enzymatic function of the interconversion of purine nucleotides, GMP
reductase provides a nitrogen source via its deamination activity. Expression of GMP
reductase in E. coli was found to be induced by GMP and regulated by cyclic adenosine 5’-
monophosphate (CAMP), by the intracellular ratio of purine nucleotides, and by glutamine
and its analogs (Roberts RE et al., 1988; Benson CE et al., 1971; Garber BB et al., 1980). It
is found to be inhibited by adenosine 5’-triphosphate (ATP) and reactivated by the presence
of guanosine 5’-triphosphate (GTP) (Andrews SC and Guest JR, 1988). E. coli GMPR was
found to display an ordered bi-bi kinetic mechanism that proceeds through the same E-XMP”
intermediate as IMPDH, however, this intermediate reacts with ammonia instead of water
(Fig. 10). The deamination step is determined to be fast and hydride transfer is rate-limiting.
EcGMPR is the only example reported to catalyze the reverse reaction in the presence of
NHs" to form GMP from IMP. L. donovani GMPR is reported to follow sigmoidal behavior
with GMP as substrate (positive cooperativity, n=2.3). ATP was found to inhibit while GTP
activated the LAGMPR and further the back conversion of IMP to GMP was found to be
highly unfavorable. Mg?* ions have no effect on LAGMPR activity. GMPRs from human,
bovine, T. brucei and T. congolense are found to obey Michaelis—Menten kinetics. ATP
displayed no effect on hGMPR2 while GTP, XMP, and all the divalent cations inhibited the
human enzyme. Monovalent cation activation has been observed for GMPR from T. brucei
(K" and NH4"), T. congolense (Na*, K*, Cs*, and NH4") while mammalian GMPRs on the
other hand, showed no activation in the presence of K*, and NH4" in comparison to Na*
(Deng Y et al., 2002; Martinelli LKB et al., 2011; Patton GC et al., 2011; Smith S et al.,
2016; Bessho T et al., 2016; Sarwono AEY et al., 2017).

The presence of cofactor induces a conformational change required for the
deamination of GMP and formation of E-XMP* as identified from the X-ray crystal
structures of hGMPR (PDB 1BLE, 2C6Q). Two different conformations of the cofactor
namely an ‘in’ conformation poised for hydride transfer and an ‘out’ conformation where
cofactor is 6 A away from IMP has been observed. Mutagenesis along with substrate and
cofactor analog experiments demonstrated the requirement of “out” conformation for the

deamination of GMP and found the cofactor as a part of the catalytic machinery that activates
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ammonia. The catalytic C186, E289 and the conserved Y285-R286 dyad points away from
GMP, folds into the active site, with R286 protecting GMP from the water. Upon cofactor
binding, dyad becomes part of the 2’-phosphate binding site and the residues C186, T188 and
E289 align for catalysis (Fig. 10) (Spector T et al., 1979; Deng Y et al., 2002; Li J et al.,
2006; Martinelli LKB et al., 2011; Patton GC et al., 2011).
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Figure 10. Mechanism of GMPR reaction. C2 carbon of GMP is attacked by the nucleophile
cysteine from the enzyme followed by deamination step. NADPH “out” conformation assisted by the
active site residues threonine and glutamate results in E-XMP* intermediate. NAPDH “in”
conformation leads to hydride transfer with the release of IMP, NADP*, NH3, and enzyme is recycled
for the next round of catalysis. Active site residues involved in this process are indicated in blue while
the difference between GMP, E-XMP* and IMP in red. The reaction scheme is rendered using
ChemSketch tool.
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1.3.4 Essentiality and inhibition

No disease has been identified so far linked to GMPR with one of plausible reason
could be lack of this enzyme being invariably fatal (Henikoff S and Smith JM, 1989). A
significant increase in its expression during cold exposure reveals the critical role of GMP
reductase in non-shivering thermogenesis, a process required for the survival of rodents
during cold stress (Salvatore D et al., 1998). hGMPR?2 is shown to promote the monocytic
differentiation of HL-60 leukemia cells (Zhang J et al., 2003). Role of GMP reductases in
various biological functions that include maintenance of purine nucleotides balance, as a
possible target for anti-leishmanial, anti-cancer drugs and involvement in human cell
differentiation has also been realized (Andrews SC and Guest JR, 1988; Spector T and Jones
TE, 1982; Page T et al., 1985; Zhang J et al., 2003). A recent report attributes hGMPRL1 as
more abundant isoform in the brain and cerebral cortex and identified it as a potential
therapeutic target for Alzheimer’s disease (Liu H et al., 2018).

GMP reductase is not essential in the presence of intact de novo synthesis of purine
nucleotides through IMP (Roberts RE et al., 1988). However, any block in IMP synthesis
results in the essentiality of GMP reductase activity to provide AMP with guanine
nucleotides as precursors (Kessler Al and Gots JS, 1985). Further, most of the protozoa are
reported to be devoid of de novo purine biosynthesis, thus largely rely on the purine salvage
pathway making it an attractive chemotherapeutic target (Berg M et al., 2010). IMP, XMP,
6-thioGMP, 6-thiolMP, and 6-chloropurine ribonucleotide were found to inactivate GMPR
from various sources (Spector T et al., 1979; Berens RL et al., 1980; Looker DL et al., 1986;
Deng Y et al., 2002; Li J et al., 2006; Patton GC et al., 2011). Purine nucleotide analog,
ribavirin widely used in the treatment of hepatitis C, in its active form, ribavirin 5'-
monophosphate (RVP) was found to inhibit (relative to IMPDH, weak) GMPR from E. coli
(Patton GC et al., 2011), T. brucei, and no or little inhibition of human and bovine (Bessho T
et al., 2016). Mizoribine 5’-monophosphate (MZP), another purine nucleotide analog
inhibited the activities of E. coli, T. brucei and human GMPRs (Bessho T et al., 2016).
Mycophenolic acid (MPA), a selective nicotinamide-binding site inhibitor of IMPDH,

regarded as a potent and IMPDH specific inhibitor, with higher affinity to mammalian
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enzymes than to protozoan enzymes was found to inhibit LmGMPR and TcGMPR (Table 2)
(Umejiego NN et al., 2004; Smith S et al., 2016; Sarwono AEY et al., 2017).

Table 2. Inhibitors of purine biosynthetic enzymes.

Inhibitor/Mode of inhibition IMPDH GMPR GMPS
Ribavirin/Competitive + +2 -
Mizoribine/Competitive + + +
IMP analogues/Competitive + + -
Benzamide riboside/Non-competitive + n.r -
Tiazofurin/Non-competitive + n.r -
Mycophenolic acid/Uncompetitive + + -
XMP/Competitive + + -
ATP * +b -
GTP + +¢ +

4no effect on Human and bovine enzymes; ®no effect on human enzyme; ¢ Known to activate E. coli
and L. donovani enzymes while found to inhibit hGMPR2; * known to either activate IMPDH or has
no effect; n.r indicates not reported; + and - indicates presence and absence of inhibition,
respectively. (Spector T et al., 1979; Berens RL et al., 1980; Looker DL et al., 1986; Ishikawa H,
1999; Deng Y et al., 2002; Li J et al., 2006; Bhat JY et al., 2008; Patton GC et al., 2011; Bessho T et
al., 2016; Umejiego NN et al., 2004; Smith S et al., 2016; Sarwono AEY et al., 2017).

1.4 Similarities and distinguishing features of GMPR from IMPDH

IMPDH/GMPR family of proteins stand as an example of subtle differences in
enzyme structure that dictate the reaction specificity. With the catalytic (pB/a)s barrels
arranged in a square planar geometry, this family of proteins are largely known to exist as
homotetramers with recent studies highlighting octameric and polymeric organization
modulated by purine nucleotides. CBS domain within the TIM barrel, as an insertion
between 02 and B3, was the feature largely used to distinguish IMPDH from GMPR.
However, recent reports identified their presence in kinetoplastid GMPR as well. IMP/GMP
binding site and nicotinamide portion of the cofactor binding site are found to be similar and
highly conserved in both the enzymes while adenosine portions of the cofactors bind to
different regions of the barrel domain in IMPDH and GMPR. Both the enzymes are found to

be activated by monovalent cations such as K*. The active site loop between the p6 and o6 of
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a monomer and the C-terminal segment from an adjacent monomer forms the monovalent
cation binding site and the residues are not conserved and therefore display variable
activation. The hydride transfer by both the enzymes involves nicotinamide cofactor and
proceeds through the same covalent intermediate E-XMP*. However, this intermediate reacts
with water in IMPDH which is replaced by ammonia in GMPR. The mobile flap between (38
and a8 is another structural segment that varies in both sequence and length and is identified
to carry out different roles in each enzyme. In IMPDH, the flap binds in the same site as the
cofactor during the hydrolysis reaction and movement of the flap is the conformational
change that determines the next step in catalysis. The IMPDH flap is the functional constraint
carrying conserved Arg-Tyr dyad that is involved in the activation of water. On the other
hand, in GMPR, the flap interacts with the 2’-phosphate of NADPH through a conserved Tyr-
Arg dyad and the conformational change is brought about by the movement of cofactor itself.
Therefore, differences in protein dynamics controlled by residues neighboring the active site
determine the reaction specificities of both the enzymes. Cofactor selectivity, ligand affinity
does not determine the metabolic roles of GMPR and IMPDH as they possess high substrate
specificity despite high sequence and structural similarity. Deuterium isotope exchange
analyzed by NMR spectroscopy indicated the presence of similar placement of substrate and
cofactor on GMPR and IMPDH while the rate of the hydride-transfer reaction varied
(Hedstrom L, 2009; Patton GC et al., 2011; Martinelli LKB et al., 2011; Rosenberg MM et
al., 2018). IMP analogs (MZP and RVP) that inhibit IMPDH are reported to act against
GMPR as well although the cellular significance of GMPR inhibition remains to be
understood. MPA recognized as a potent and IMPDH specific inhibitor, another demarcating
feature of IMPDH from GMPR, is now known to inhibit kinetoplastid GMPRs (Table 3).

35



Chapter 1. Introduction to IMPDH/GMPR family of proteins

Table 3. Comparison of IMPDH vs GMPR.

Similarities

Identical catalytic pocket binds similar ligands

Presence/absence of CBS motif

Monovalent cation activation
IMPDH vs

GMPR

Exists as tetramers, octamers or higher order multimers

Ribavirin, Mizoribine, and MPA inhibit enzyme activity

Differences

Preference of IMPDH for water and GMPR to ammonia

Interactions of adenine dinucleotide portion of the cofactor

1.5 Evolutionary perspective

Evolutionary implications of IMPDH and GMPR are quite intriguing with
phylogenetic analysis provided in a recent article that classifies IMPDHs and GMPRs into
different clades (Fig. 11) (Sarwono AEY et al., 2017). Although experimental evidence for
the enzymatic activity of LAGMPR, TbGMPR, and TcGMPR exists, these enzymes did not
classify into the GMPR clade, but to the IMPDH related clade in the phylogenetic tree
generated with the neighbor-joining method using MEGA 5.2 software (Fig. 11).
Comparison within kinetoplastid GMPR yielded more pronounced similarity along with the
presence of cystathionine -synthase (CBS) pair domain which is only identified in IMPDHs
earlier. Like the Leishmania enzyme, TOGMPR and TcGMPR showed no enzymatic activity
to catalyze IMP to XMP, despite their higher homology towards IMPDHSs than to GMPRs of
mammals.

Although catalysis in reverse direction has not been observed for GMPR from human,
bovine, L. donovani, T. brucei and T. congolense, over-expression of ECGMPR was found to
complement bacteria lacking IMPDH and attenuated in GMPS, demonstrating that GMPR is
sufficient to support life in ammonia/ammonium-rich environments such as the mammalian
gut (Patton GC et al., 2011). The aphid symbiont Buchnera aphidicola lacks both IMPDH
and GMPS but contains a GMPR for GMP utilization (van Ham RC et al., 2003). Buchnera
also uses ammonia to synthesize amino acids (Hansen AK and Moran NA, 2011). About

twenty bacteria/archaea are found to have no GMPS, and probably synthesize GMP utilizing
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ammonia and IMP. Therefore, it is proposed that ammonia can also serve to synthesize
guanine nucleotides (Hedstrom L, 2012). The ability of GMPR to catalyze the conversion
between GMP and IMP in both directions and belief for the existence of ammonia-rich
reductive environment at the beginning of origin of life might point out the development of
IMPDH/GMPR family with GMPR probably being an ancestral enzyme (Zahnle KJ, 2010).
However, the opposite reaction by TcGMPR was found to progress very slowly even at high
concentrations of enzyme and substrates. It has also been suggested that GMPS came into
existence after IMPDH in the phylogeny analysis (Kim HS et al.,, 2006). Down the
evolutionary line, IMPDH is proposed to have acquired arginine (R418 in TfFIMPDH) for
water activation leaving threonine-glutamate (T321-E431 in TfIMPDH) pathway obsolete. In
support of this hypothesis, substitution at E431 position by glutamine was found to be
tolerated with no loss in catalytic activity (Fig. 12). Conformational changes in IMPDH and
co-factor migration in GMPR is found to determine their reaction specificity (Hedstrom L,
2012). The existence of such structural and functional similarities between GMPRs and
IMPDHs reported across various organisms probably indicate an evolutionary relationship
and further studies could provide detailed vision onto the molecular phylogenetics (Fig. 11)
(Sarwono AEY et al., 2017).
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Figure 11. Evolutionary relationship of IMPDH/GMPR family of proteins. a) The evolutionary
path for water activation adapted from Hedstrom L, 2012 with copyright permission (refer to
Appendix A). Presence of ancestral enzyme with Thr-Glu dyad for proton relay is followed by the
acquisition of arginine that makes the former path obsolete as glutamate to glutamine substitutions
are found to have no effect on catalysis. b) Phylogenetic tree generated from the primary sequence
of various IMPDHs and GMPRs. The tree was constructed using the neighbor-joining method in the
MEGA 5.2 software (Tamura K et al., 2011). Bootstrap replicate value cutoff as 50 % are shown at
the branch points.

1.6 Discrepancy in the annotation

The incidence of high similarity between GMPR and IMPDH at the primary sequence
level leads to misannotation of the enzymes that are identified only by computational gene
prediction methods. For example, predicted L. major GMPR sequence shares 3041 %
sequence identity with IMPDHSs from humans, E. coli, and B. burgdorferi, but only 24-26 %
sequence identity with the E. coli and human GMPRs indicating LmGMPR is closer in
sequence to IMPDH than GMPR enzymes. All IMPDHSs annotated to date share an identical
motif “Y-X-G-X-G-S-X-X-A-x" within the mobile flap for IMP binding and residues tyrosine,
glycine at indicated position stand invariant (Fig. 12) (Hedstrom L, 2009). Lack of IMPDH
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activity in TbGMPR is hypothesized to be associated with the substitution of Tyr and second Gly
of this motif to isoleucine and alanine (1398 and A402), respectively. However, tyrosine is often
found substituted by an aromatic residue, phenylalanine, and glycine by a serine in other
characterized GMPRs (Fig. 12). Lack of extensive structural and functional characterization of
GMPRs and existence of high sequence identity among IMPDH and GMPR could lead to
misannotation of these genes. Both GMP reductases and IMPDH enzymes contain the
IMPDH/GMPR signature motif (identical residues in the catalytic loop) and insertion of CBS
subdomain within the catalytic TIM barrel (Fig. 12). Inhibitors against IMPDH also are found to
inhibit GMPR. Presence of Arg-Tyr dyad in the flap of IMPDH is reported to tolerate Tyr
substitutions (Guillen Schlippe YV et al., 2004). Also, Tyr-Arg dyad of GMPR in E. coli and
human enzymes stands unreliable for identification of a GMPR as it is not found in kinetoplastid
GMPRs. Lastly, GMPRs are identified with the presence of glutamate at 431 position in E. coli
enzyme and substitution with glutamine is associated with IMPDH. However, E289Q mutation
in EcGMPR displayed a drop in activity but has not completely abolished it. Therefore,
extending the features identified in a few enzymes as a generality cannot be relied upon with

confidence and this aspect demands for further studies.
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Figure 12. Multiple sequence alignment of IMPDH and GMPR from various organisms. All the

sequences were aligned with Clustal Omega (Sievers F et al., 2011; Sievers F and Higgins DG, 2018)
and rendered using ESPRIPT (Robert X and Gouet P, 2014). The consensus of >50 was found across
sequences analyzed. The secondary structure of IMPDH and GMPR from a prokaryote, Streptococcus

pyogenes (PDB 1ZFJ) and a eukaryote, Trypanosoma brucei (PDB 5X80) are shown at the top and

bottom of the sequence alignment, respectively. o-helices and p-strands are rendered as large squiggles
and arrows, respectively. TT and TTT correspond to beta and alpha turns, respectively. The red shaded

regions indicate the strictly identical residues while residues highlighted in yellow indicate similarity

among the sequences compared. The segments involved in catalysis are enclosed in black boxes which
include catalytic cysteine loop, phosphate binding loop, finger loop, mobile flap loop, and the C-terminal

loop.
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1.7 GMP biosynthesis in Plasmodium falciparum and Methanocaldococcus

Jjannaschii

Guanine nucleotides are indispensable for cell viability. Besides being the precursors of
nucleic acids (DNA and RNA), they also form the energy source (GTP) for translation and
microtubule polymerization, implied in signal transduction, angiogenesis and axon guidance, for
a variety of metabolites including tetrahydrobiopterin, GMP as a flavor enhancer, folates
(vitamin B9) and riboflavin (vitamin B2) (Chong CR et al. 2006; Long H et al. 2006; Gross SS
and Levi R, 1992; Ledesma-Amaro R et al. 2015; Cossins EA and Chen L,1997; Bacher A et al.
2000). Metabolic engineering of IMPDH gene from the fungus A. gossypium was found to
significantly increase the yield of riboflavin (Buey RM et al., 2015). In general, there exist two
ways of synthesizing purines, a de novo synthesis where the purine ring gets assembled
sequentially from biosynthetic precursors of carbohydrate and amino acid metabolism and from
ammonia and carbon dioxide (Zalkin H and Dixon JE, 1992). Recycling of preformed
nucleobases, nucleosides, and nucleotides constitutes the salvage pathway (Murray AW, 1971).

Plasmodium falciparum is the most lethal among the five Plasmodium species that cause
human malaria. Malaria has a massive impact on human health; it is the world's second biggest
killer after tuberculosis. In 2016, an estimated 216 million cases of malaria occurred worldwide.
There were an estimated 445,000 deaths from malaria globally (WHO report, 2017). Despite the
availability of antimalarial 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. The purine salvage pathway of P. falciparum is a

novel target for antimalarials, as the parasite lacks the de novo
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purine biosynthetic pathway (Gardner MJ et al., 2002). Hypoxanthine is salvaged by
hypoxanthine guanine (xanthine) phosphoribosyl transferase (HG(X)PRT) to form inosine
5’-monophosphate which then branches out into either formation of guanosine 5°-
monophosphate (GMP) or adenosine 5’-monophosphate (AMP). IMP, on one hand, is
converted to xanthine 5’-monophosphate (XMP) and GMP by coordinated function of
inosine 5’-monophosphate  dehydrogenase (IMPDH) followed by guanosine 5°-
monophosphate synthetase (GMPS) and on the other arm by the concerted action of
adenylosuccinate synthetase (ADSS) and adenylosuccinate lyase (ASL) to form AMP (Fig.
13). All the enzymes in the purine biosynthesis pathway from the protozoan parasite have
been well characterized from our laboratory as well as others (McConkey GA, 2000; Bhat JY
et al., 2008; Raman J et al., 2004; Bulusu V et al., 2009) except PF3D7_0920800 which is
annotated as IMPDH based on sequence homology. PfIMPDH is one of the essential
enzymes present in the parasite as MPA was found to be lethal for parasite survival
(Veletzky L et al., 2014) while evidence for expression is provided from RNA sequencing
and proteomic studies by various groups in Plasmodium database (PlasmoDB) (Bahl A et al.,
2003).

Genome analysis of M. jannaschii reveals that at the molecular level archaea more
closely resemble eukaryotes (Bult CJ et al., 1996). The archaeal genome is about 70 % AT-
rich while that of the protozoan parasite P. falciparum is about 80 % (Bult CJ et al., 1996;
Gardner MJ et al., 2002). Purine biosynthesis in M. jannaschii can occur through the de novo
route (Bult CJ et al., 1996; Selkov E et al., 1997; Ownby K et al., 2005; Brown AM et al.,
2011) or by salvage of adenine and guanine (Fig. 13) (Armenta-Medina D et al., 2014; Miller
DV et al., 2016). MJADSS and MjGMPS have been well characterized earlier from our
laboratory (Mehrotra S and Balaram H, 2007; Ali R et al., 2012; Ali R et al., 2013). MjASL
activity has been confirmed while detailed characterization is not available (White RH,
2011). MJ1616 gene of M. jannaschii is annotated as IMPDH based on sequence similarity
while no report on enzyme activity exists. MjIMPDH from the hyperthermophilic archaeon
M. jannaschii is similar in polypeptide length (496 amino acids) to that of eukaryotic IMPDH

including human (Isoform I and 1), Tritrichomonas foetus and P. falciparum which are 514,
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503 and 510, respectively and is 47 % similar and 35 % identical to the P. falciparum
IMPDH (Fig. 12).

D-Ribose-5P l ADE
Ll ERE e "

De novo route HGPRTase

[ ] ————

MjIMPDH \tnss

Il(.(\)l RTase
IMP
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GMPS lASL
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Figure 13. Purine nucleotide biosynthesis in P. falciparum (left) and M. jannaschii (right). Purine
salvage alone operates in the protozoan parasite while both de novo and salvage routes are found in
the archaeon. All the enzymes involved in purine nucleotide biosynthesis are indicated in blue except
the enzymes in the study are highlighted in red. PF3D7_0920800 and MJ1616 based on sequence
homology are inferred as IMPDH. Left panel -conversion of adenosine to inosine followed by inosine
to hypoxanthine occurs by the concerted action of adenosine deaminase (ADA) and purine nucleoside
phosphorylase (PNP), respectively. Hypoxanthine is further acted upon by hypoxanthine guanine
(xanthine) phosphoribosyltransferase (HG(X)PRTase) to yield inosine 5’-monophosphate (IMP). IMP
is further acted upon by the downstream enzymes to yield adenosine 5°-monophosphate (AMP) and
guanosine 5’-monophosphate (GMP) or could be broken down to inosine by the enzyme IMP-specific
nucleotidase (ISN1). IMP dehydrogenase (IMPDH) and GMP synthetase (GMPS) on one arm yield
GMP while on the other by the concerted action of adenylosuccinate synthetase (ADSS) and
adenylosuccinate lyase (ASL) forms AMP. AMP is deaminated to IMP by the enzyme AMP deaminase
(AMPD). Salvage of guanosine to guanine occurs by the action of PNP. HG(X)PRTase could directly
phosphoribosylate guanine and xanthine to yield GMP and XMP, respectively. Right panel -Adenine
is salvaged to form hypoxanthine by the action of adenine deaminase (ADE). The conversion of D-
ribose-5-phosphate to PRPP includes the first step in the de novo path and subsequent steps are
indicated in blue arrows to yield IMP. Subsequent steps are similar to that of parasite nucleotide
metabolism in the left panel.
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1.8 Focus of the current study

We have examined the gene PF3D7_0920800 annotated as IMPDH from the
mesophilic malarial parasite Plasmodium falciparum for its functionality. MJ1616 gene from
a hyperthermophilic archaeon, Methanocaldococcus jannaschii is established as a bonafide
IMPDH. Experimental work performed is presented in four chapters. Chapter 2 highlights the
in vivo studies on PfIMPDH which includes an examination of cellular localization in the
parasite during erythrocytic stages of the life cycle and the assessment of function through
complementation assay using E. coli and S. cerevisiae as expression systems. Chapter 3
summarizes the various efforts employed in obtaining recombinant PFIMPDH protein in
soluble form and the associated difficulties. Chapter 4 describes the biophysical parameters
of the CBS subdomain from PfIMPDH. Chapter 5 includes biochemical and kinetic
characterization of MjIMPDH. Lastly, a note on conclusions from the current study and

future directions are indicated.
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Chapter 2. Subcellular localization and functional

complementation assay of PFIMPDH

Examination of cellular localization and functionality of the gene PF3D7_0920800
annotated as inosine 5’-monophosphate dehydrogenase (IMPDH) from the parasite
Plasmodium falciparum is discussed in this chapter. Cytoplasmic and partial nuclear
localization of the endogenous protein within the parasite was observed through indirect
immunofluorescence microscopy using in-house generated mouse anti-PfIMPDH antibody.
The generation of impdh deletion strain of E. coli, 4guaBX(DE3) along with genetic
complementation assay and protein expression profile in bacterial and yeast systems is also
presented. Expression of PfIMPDH in AguaBX(DE3) strain did not functionally complement
the growth deficiency on M9 minimal medium. The codon harmonized PfIMPDH gene
sequence for optimal expression in E. coli also could not rescue the growth of AguaBX(DE3)
strain in minimal medium. Lastly, the functional capability of PfIMPDH enzyme to catalyze
GMP reductase reaction was also examined through genetic complementation assay using
gmpr deletion strain of E. coli (H11744944C),

2.1 Introduction
PF3D7_0920800 (previously referred as PF11020c) from the human malarial parasite

P. falciparum, strain 3D7, is annotated as inosine 5’-monophosphate dehydrogenase
(IMPDH) in Plasmodium database (PlasmoDB) (Bahl A et al., 2003; Aurrecoechea C et al.,
2009). Protein inferred from homology is found to have cystathionine-beta-synthase domain
(CBYS) insertion within the catalytic core and predicted to be involved in the oxidation-
reduction process in the purine nucleotide metabolism. It is an intron-less protein-coding
gene present on chromosome 9 with a transcript length of 1533 bp and protein length of 510
amino acid residues (Hall N et al., 2002). No signal peptide (DeepLoc-1.0 server) (Almagro
Armenteros JJ et al., 2017) or transmembrane regions are predicted (TMHMM server v. 2.0)
(Krogh A et al., 2001). The functional interactome of P. falciparum, PlasmoMap (Date SV &
Stoeckert CJ Jr, 2006) predicts top 3 over-represented gene ontology (GO) (out of 191 total)
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and Kyoto Encyclopedia of Genes and Genomes (KEGG) (out of 21 total) categories of
proteins linked to PfIMPDH that includes RNA metabolism, RNA processing, transcription
and RNA polymerase, aminoacyl-tRNA biosynthesis, pentose phosphate pathway,
respectively.
2.1.1 PfIMPDH as a drug target

Mycophenolic acid (MPA) and bredinin, known inhibitors of IMPDH were found to
inhibit Plasmodium growth (Webster HK and Whaun JM, 1982; Queen SA et al., 1988;
Queen SA et al., 1990; Veletzky L et al., 2014). Presence of the PFIMPDH gene transcript
was observed in multiple studies focused on data mining of the transcriptome and has been
identified as a potential drug target (Yeh | and Altman RB, 2006; Bozdech Z, Ginsburg H,
2005; Bozdech Z and Ginsburg H, 2004). Computational analysis of the metabolism of
Plasmodium falciparum and knock out simulations also predicted PFIMPDH as a potential
antimalarial drug target (Huthmacher C et al., 2010). Genetic modification attempt of
IMPDH was not successful in the rodent malarial parasite, P. berghei (Bushell E et al.,
2017). Essentiality of P. falciparum gene in the asexual stage of the parasite life cycle is
established by high throughput piggyBac transposon insertional mutagenesis (Zhang M et al.,
2018).
2.1.2 Evidence for expression

Evidence for expression comes from microarray, RNA seq, and proteomics data.
Microarray studies available from blood stages, gametocytes, invasion pathway knockouts,
Sir2 knockouts and different clonal strains found transcripts for PFIMPDH gene (Bozdech Z
et al., 2003; Linas M et al., 2006; Le Roch KG et al., 2003; Young JA et al., 2005; Pelle KG
et al., 2015; Stubbs J et al., 2005; Jiang H et al., 2008; Tonkin CJ et al., 2009; Rovira-Graells
N et al., 2012). RNA sequencing data is available from various studies focused on blood
stages, gametocytes, oocyst and sporozoite (mosquito stages) (Lasonder E et al., 2016; Otto
TD et al., 2010; Bartfai R et al., 2010; Vignali M et al., 2011; Lopez-barragan MJ et al.,
2011; Zanghi G et al., 2018). Transcriptome and translatome of the asexual cell cycle and
ribosome profiling of blood stages were also determined by RNA sequencing (Bunnik EM et
al., 2013; Caro F et al., 2014).
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A total proteomic view of the parasite was reported by Florens L et al., 2002.
Thereafter, multiple mass spectrometry-based proteomic studies on blood stage (Treeck M et
al., 2011; Pease BN et al., 2013), gametocyte (Silvestrini F et al., 2010; Lasonder E et al.,
2016), surface proteins of infected erythrocytes (Florens L et al., 2004) and salivary gland
sporozoites (Lasonder E et al., 2008; Swearingen KE et al., 2016; Swearingen KE et al.,
2017; El-Manzalawy Y et al., 2016; Lindner SE et al., 2013) have identified peptides
matching PFIMPDH protein. Presence of PFIMPDH in both cytoplasmic and nuclear fraction
of the blood stage parasites was reported (Oehring SC et al., 2012). Study on clinical
proteomics from malaria-infected patient samples also has identified the presence of peptides
from PfIMPDH (Acharya P et al., 2009). Protein microarrays hybridized with plasma
samples from human malaria patients identified PfIMPDH as one of the protein targets for
antibodies found in response to P. falciparum infection (Crompton PD et al., 2010).

2.1.3 Post-translational modifications

Phosphorylation of S399 is reported from phosphoproteome analysis by various
research groups (Treeck M et al., 2011; Solyakov L et al., 2011; Lasonder E et al., 2012;
Pease BN et al., 2013; Collins MO et al., 2014; Lasonder E et al., 2015). Palmitome of
Plasmodium falciparum was examined and modified peptides corresponding to PFIMPDH is
reported (Jones ML et al., 2012). Peptides corresponding to PfIMPDH with S-
glutathionylation and S-nitrosothiol modifications were also observed in a total proteome
study (Kehr S et al., 2011; Wang L et al., 2014). It was recently identified as one among the
parasite proteins that undergo lysine acetylation (Cobbold SA et al., 2016). Further
confirmatory validation and significance of these modifications in the cellular context are yet
to be understood.

2.1.4 Genetic variations

A total of 14 single nucleotide polymorphisms (SNPs) have been detected in about
~200 different isolates of P. falciparum 3D7 strain through genome sequencing studies, of
which, 5 are non-synonymous (results in amino acid change), and 9 are synonymous (no

amino acid change). The gene sequence used in the current study was confirmed to be
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identical to the PlasmoDB entry except for the presence of a non-synonymous SNP at

nucleotide position 851 and a synonymous SNP at 231 (Table 1).

Table 1. Single nucleotide polymorphisms identified in the gene PfFIMPDH through genome
sequencing studies are retrieved from PlasmoDB. Non-synonymous SNP leads to amino acid
change while synonymous SNP has no effect. CDS refers to coding sequencing. A, T, G, C constitute
the nucleobases. The frequency of occurrence for major and minor alleles is provided in parenthesis.
Standard single letter code for amino acid residues encoded as a result of either major or minor allele
is specified. Highlighted in red are the SNPs found in PFIMPDH gene sequence used in the current
study.

Phenotype P%Sri;it%?nin Posci:tlis)sn in Major allele | Minor allele rl\éls?é%re r'\élsiig?jg
496 1488 A1) T (0) K N
Nor. 471 1411 C(1) G (0) P A
synonymous 284 851 C (0.9) G (0.1) A G
400 1200 G (0.99) T(0) M |
6 16 A (0.99) G (0.01) K E
413 1239 A1) G (0) R
408 1224 C (1) T (0) F
389 1167 C (1) T (0) v
306 918 T (1) C (0) '
Synonymous 132 396 A1) G (0) T
123 369 T (1) C (0) R
77 231 G (0.98) A (0.02) Vv
71 213 G (0.99) A (0.01) L
58 174 T(@) C (0) D

2.1.5 Gene annotation
PF3D7 0920800 is annotated as inosine 5’-monophosphate dehydrogenase based on

sequence homology (PlasmoDB). P. falciparum enzyme shares ~50 % identity with
eukaryotic IMPDHs and ~35 % with the archaeal and prokaryotic counterparts (Table 2).
IMPDH together with guanosine 5’-monophosphate reductase (GMPR) constitutes a family
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A very few GMPRs are characterized to date and share an identity of ~ 30 % with PFIMPDH
protein (Table 2). Presence of the CBS domain and mycophenolic acid (MPA) binding site
were believed to be the major differentiating factors of IMPDH from a GMPR (Hedstrom L,
2012). However, identification of L. donovani GMPR (Smith S et al., 2016) followed by
characterization of T. brucei and T. congolense GMPR carrying CBS domains and also
inhibited by MPA (Bessho T et al., 2016; Sarwono AEY et al., 2017) strongly suggest the
possibility of misannotation due to the presence of identical catalytic site residues, substantial
sequence similarity and structural features. In silico sequence analysis and in vitro protein
expression studies of PFIMPDH are presented in Chapter 3.

Table 2. Identity matrix of protein sequences among various IMP dehydrogenases and GMP
reductases. Multiple sequence alignment was performed, and percent identity was calculated using
Clustal Omega (Sievers F et al., 2011; Sievers F and Higgins DG, 2017).

PfIMPDH vs. GMPR | PFIMPDH vs. IMPDH
Source
FL ACBS FL ACBS

E. coli 29 29 35 37
Human I 27 28 50 51
Human 11 27 27 49 51
Bovine | 27 27 50 51
Bovine 11 27 28 50 51
*L. donovani 32 34 43 47
*T. brucei 31 32 33 33
*T. congolense 33 34 34 34

Percent identity of PfIMPDH with other IMPDHs and GMPRs is indicated. FL- full-length protein,
ACBS- core catalytic domain without CBS domain. * GMPR from these organisms has a CBS
subdomain.

2.2 Chemicals and reagents
Restriction enzymes, Phusion DNA polymerase, and T4 DNA ligase were from NEB

and were used according to the manufacturer’s instructions. Primers were custom synthesized
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at Sigma-Aldrich, India. All chemical reagents were of high quality and obtained from
Sigma-Aldrich or Merck India. Media components were from HiMedia Laboratories, India.
Expression plasmid carrying the gene for T. foetus IMPDH, pTfl was a kind gift from Prof.
Hedstrom L, Brandies University, USA. DY891 strain of yeast with deletion of all four
isoforms of IMPDH, was a generous gift obtained from Prof. Reines D, Emory state
university, USA. pFCENv2 an episomally maintained centromeric plasmid expressing GFP
was a generous gift from Dr. lwanaga S, Mie University, Japan. The H1174 strain of E. coli

was procured from the Coli genetic stock center, USA.

2.3 Experimental procedure

2.3.1 Purification of PFIMPDH under denaturing conditions
The inclusion bodies of PfIMPDH obtained after the lysis were solubilized in buffer

containing 6 M guanidine hydrochloride (GdnHCI) followed by Ni-NTA affinity
chromatography. The bound protein was washed with lysis buffer and eluted using 0.1 M
EDTA in 6 M GdnHCI buffer. The eluate was ethanol precipitated and separated on 12 %
SDS-PAGE, protein band cut from the gel and the gel piece was minced into fine pieces.
This was subjected to electro-elution using 25 mM Tris HCI, 192 mM glycine, 0.1 % SDS
(SDS-PAGE buffer), followed by electrodialysis using 15 mM ammonium bicarbonate buffer
containing 0.0125 % SDS. The obtained sample was lyophilized, resuspended in 1X PBS and
quantified by Coomassie-stained SDS-PAGE.
2.3.2 Antibody generation in mice

Electroeluted recombinant PFIMPDH protein was used as an antigen to immunize
BALB/C Mice to generate antibodies. The immunization schedule was as follows — pre-
immune serum collection on day 0, primary injection on day 1 (30 pg antigen with Freund’s
complete adjuvant), 1% booster on day 25 (30 pg antigen with Freund’s incomplete adjuvant),
2" booster on day 40 (30 pg antigen with Freund’s incomplete adjuvant), 3" booster on day
55 (30 pg antigen with Freund’s incomplete adjuvant), test bleed on day 61, and major bleed
on day 62. Blood collected from the mouse was allowed to clot overnight at 4 °C. Later it
was centrifuged and the supernatant consisting of antiserum was collected and stored in
aliquots at -20 °C.
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2.3.3 Determination of antibody titer
2 ug of antigen was spotted on the nitrocellulose membrane and allowed to dry for 15

min. The nitrocellulose membrane was blocked with 5 % skimmed milk in 1X PBS for 1 h
on a rocker at room temperature. Primary antibody was added and further incubated on a
rocker for 1 h at room temperature. The blots were washed for 15 min in 1X PBS containing
0.1 % Tween 20. 5 % skimmed milk containing 1:4500 dilution of secondary antibody was
added and kept on a rocker for 1 h at room temperature. Blots were again washed for 15 min
in 1X PBS containing 0.1 % Tween 20. Blots were developed using coloring reagent
aminoethylcarbazole.
2.3.4 Antibody purification

PfIMPDH was purified from the inclusion bodies in denaturating conditions (6 M
GdnHCI buffer) and resolved by electrophoresis on a 12 % polyacrylamide gel, which was
then electroblotted onto PVDF membrane using semi-dry transfer apparatus (Bio-Rad
Laboratories, USA). Antiserum of mice was diluted 2-fold in 1X PBS. The diluted antiserum
was kept for binding with the electroblotted PVDF membrane at 4 °C with continuous
tumbling overnight. The unbound antiserum was removed, and the membrane was washed
with 1X PBS followed by antibody elution using 0.2 M glycine, pH 2.8. The fractions were
immediately neutralized with 20 mM Tris HCI, pH 8.5. The protein concentration of eluates
was estimated by the method of Bradford (Bradford MM, 1976). PVDF blot was regenerated
by washing with low pH and high pH wash buffer (50 mM Glycine pH 3.5, 1 M NaCl and 50
mM Tris HCI, pH 8.0, 1 M NaCl) alternately for four times and was stored in 1X PBS
containing 0.01 % sodium azide at 4 °C.
2.3.5 Parasite culture maintenance

O+ve blood was collected from volunteers and stored in the acid-citrate-dextrose
solution (anticoagulant) at 4T overnight. Plasma was separated and discarded. The
erythrocytes were washed with 1X PBS two times, followed by a wash with incomplete
RPMI medium containing 25 mM HEPES and stored as 50 % hematocrit in the same
medium containing gentamycin 2.5 pug mL™. Parasites were grown at 37 °C in complete
RPMI medium (20 mM glucose, 0.2 % sodium bicarbonate, 0.5 % Albumax and 50 uM
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hypoxanthine) with hematocrit at 5 % under micro-aerophilic conditions using a candle-jar
setup. Parasitemia was checked regularly by making Giemsa stained smears. 5-10 %
parasitemia was maintained and media change was given every day.
2.3.6 Isolation of erythrocyte-free parasites

Treatment of infected RBC with saponin, a mild detergent, renders the erythrocyte
and parasitophorous vacuolar membrane permeable to macromolecules but leaves the
parasite plasma membrane intact (Saliba KJ et al., 1998). Parasites were isolated from the
host erythrocytes by treating parasitized erythrocytes with saponin following the procedure
reported earlier (Hsiao LL et al., 1991) with slight modification in the conditions. The
parasitized culture was centrifuged at 2000g for 10 min and the spent medium was removed.
To one volume of cell pellet, two volumes of 0.15 % saponin solution in 1X PBS was added.
Components were mixed gently and incubated at room temperature for 5 min. The culture
was centrifuged at 2000g for 40 min and the supernatant was removed. The pellet containing
the parasites were washed twice with 1X PBS, flash frozen in liquid nitrogen and stored at -
80 °C.
2.3.7 Western detection

Lysate of saponin-released parasites from 10 ml of culture was separated on 12 %
SDS-PAGE and transferred on to PVDF membrane pre-activated in 100 % methanol for 2
min. The transfer was done for 1 h at 50 V and 400 mA. The success of transfer was checked
by staining the membrane with Ponceau S dye for 5 min. The membrane was washed
extensively to remove the stain followed by incubation with 5 % skimmed milk in 1X PBS
for 1 h at room temperature. Thereafter the membrane was washed with PBST (phosphate
buffered saline with 0.1 % Tween20) and incubated with the primary antibody, anti-
PfIMPDH raised in mice (used at 1:2500 dilution) for 1 h at room temperature. The
membrane was washed with PBST to remove excess unbound primary antibody and then
incubated with secondary antibody anti-mouse 1gG raised in goat (HRP conjugated from
Sigma Chemical Co., used at 1:4500 dilution) for 1 h at room temperature. This was then

developed using the coloring reagent aminoethylcarbazole.
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2.3.8 Indirect immunofluorescence
0.5 ml of parasite culture was washed with 1X PBS and fixed with 4 %

paraformaldehyde and 0.0075 % glutaraldehyde for 30 min at room temperature. Following a
wash with 1X PBS, the culture was permeabilized with 0.08 % TritonX-100 in 1X PBS for 9
min. The cells were again washed with 1X PBS and blocked with 3 % BSA in 1X PBS for 1
h at room temperature with continuous tumbling. Primary antibody at a dilution of 1:200 in 3
% BSA in 1X PBS was added to the cells and incubated for 1 h at room temperature. After a
thorough wash with 1X PBS, secondary antibody at a dilution of 1:500 in 3 % BSA in 1X
PBS was added and incubated for 1 h at room temperature. This was again followed by an
extensive wash with 1X PBS. Thereafter, DAPI (1 pg ml™) was added and incubated for 15
min in order to stain the parasite nucleus. Cells were resuspended in 70 % glycerol after
extensive wash with 1X PBS. Cells were mounted on a glass slide using the poly L-lysine
coated coverslips. They were sealed using transparent nail polish and stored at 4 °C without
exposing to light. Confocal images were acquired on an LSM 510 META microscope. Stack
mode with a stack size of 0.38 um and multibeam splitter, HFT KP 700/488 was used. DAPI
was excited at 358 nm and visualized at 461 nm and the secondary antibody conjugated to
Alexa 488 fluorophore was excited at 488 nm and emission imaged at 525 nm.
2.3.9 Episomal expression of GFP-tagged PfIMPDH

PfIMPDH gene was PCR amplified with primers having Avrll and Kpnl restriction
sites (Table 3) and the pGlux plasmid (Tran PN et al., 2014) was restriction digested with
Kpnl and Aflll to release a fragment of DNA bearing GFP. The ligation reaction was set up
with PCR amplified PfIMPDH and the released GFP fragment. Second PCR with PFIMPDH
forward primer and GFP specific reverse primer was carried out on the ligated product to
amplify PFIMPDH-GFP fusion (Table 3). Thus, obtained PFIMPDH-GFP amplicon and the
PFCENvV2 vector was double digested with Avrll and Aflll and ligated to obtain the GFP-
tagged IMPDH construct. The clone was confirmed by DNA sequencing.
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Table 3. Primers used to introduce a C-terminal GFP tag.

S. No. Primer Sequence
1) Pf_For 5'CTACGAGCTCCCTAGGATGGCTAGCGGATGGAAAGCS!
2) Pf Rev 5CCGCGGTACCTGTAGTAAACTTTTTGTTGTTGAATATTAAATTATCACT?’
3) GFP_Rev 5TCGCCTTAAGTTATTTGTATAGTTCATCCATGCCATGTG3

2.3.10 Transfection of P. falciparum
Parasites were synchronized with 5 % sorbitol according to a standard protocol

(Lambros C and Vanderberg JP, 1979) and 70 % percoll was used to enrich schizonts
(Rivadeneira EM et al., 1983). Following the protocol of Deitsch K et al., 2000, uninfected
RBCs were suspended in 400 pl of cytomix containing 65 pg of plasmid DNA.
Electroporation was performed in 0.2 cm cuvettes using Bio-Rad Gene Pulser set at 0.32 kV,
950 pF. Electroporated cells were washed once with complete media and then infected with
percoll enriched schizonts in 5 ml culture under standard conditions. The medium was
changed every 24 h and drug selection of the transgenic parasites was initiated 48 h after the
electroporation using blasticidin (2.5 pug ml?). Parasitized erythrocytes were monitored
through microscopic examination of Giemsa stained thin smear once in every four days post
drug selection.
2.3.11 Generation of IMPDH deletion strain of E. coli

Amplification of the kanamycin resistance cassette (Kan-cassette) with primers that
include 50 nucleotide homology regions on either side of the gene to be knocked out and 20
nucleotide priming sequences for pKD13 (used as a template for Kan-cassette) was
performed (Table 4). BL21(DE3) strain of E. coli was transformed with Red helper plasmid
pKD46 which codes for Red recombinase. Cultures were grown in 0.1 mg ml* ampicillin
and 1 mM arabinose at 30 °C to an Aesoonm Of 0.6 to make electrocompetent cells. The
amplified Kan-cassette with the homology arms was gel purified, Dpnl digested and re-
purified. Electrocompetent E. coli cells containing pKD46 plasmid were transformed with
the PCR product and selected for kanamycin-resistant colonies. After the primary selection,
the bacterial cells were maintained on no antibiotic plate for one generation followed by two

cycles grown at 42 °C and tested for the loss of pKD46 plasmid (Datsenko KA and Wanner
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BL, 2000). The thus obtained deletion strain was confirmed for the loss of gene using a set of
confirmatory primers listed in Table 5.

Table 4. List of primers used for deletion of impdh gene from BL21(DE3) strain of E. coli.

S. No. Primer Sequence
1) H1P1 5S’AAGTGAAACAGATAATATAAATCGCCCGACATGAAGTCGGGC
GAAGAGAAGTGTAGGCTGGAGCTGCTTC3’
2) HoP4 5’GTATAATGCCGCGGCAATATTTATTAACCACTCTGGTCGAGAT

ATTGCCCCTGTCAAACATGAGAATTAATTCCG3’

Table 5. List of primers used to confirm the deletion of impdh gene in E. coli.

S. No. Primer Sequence
1) EcGMPS_F GGTGCTGGCTACGGTGATGAAGTCGGACGG
2) EcXseA R CACACCAACGCAATGCGCAGGGGAGGGAAG
3) Kan_Int_F CAGGTAGCCGGATCAAGCGTATGCAGCCGC
4) Kan_Int_R GCGGCTGCATACGCTTGATCCGGCTACCTG
5) Ec_Int R GCGGTGCGGGCATTCAGGAAAGCCACGTTC

2.3.12 Cloning of Tritrichomonas foetus IMPDH (TfIMPDH)
pTfl plasmid containing T. foetus IMPDH was used as a template to PCR amplify the

gene with a C-terminal (His)e-tag. Set of forward and reverse primers (Table 6) were used to
amplify and clone the gene into the pET21b+ vector between Ndel and Xhol. The clone was
confirmed through DNA sequencing.

Table 6. Primers used for amplification of T. foetus IMPDH.

S.No. Primer Sequence
1) Tf F 5’GTCCATATGGCAAAATACTACAACGAACCATGC3’
2) Tf R 5’ GTACTCGAGTTTTGGGTGATAGTCGTTAATCCTGTCC3’

2.3.13 Functional complementation assay using guaB deletion strain of E.

coli
M9 minimal medium containing 1X M9 salts, 0.4 % glucose or 0.4 % malate, 0.5 %

casaminoacids, 0.1 % thiamine, 0.1 mg mlI! tryptophan, 0.01 mg miI* biotin, 2 mM MgSQs,
0.1 mM CacCl,, 1X trace elements and appropriate antibiotics was used for complementation
assay. The minimal medium was either supplemented with 0.1 mM IPTG or 20 pg mi™
guanosine or 20 pg ml? xanthine. AguaB¥(DE3) strain of E. coli was transformed with
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pET21b+ vector carrying either PFIMPDH (native or harmonized) or PFIMPDHA®BS (catalytic
domain, native or harmonized), TfFIMPDH (positive control) and PbIMPDH (from P.
berghei) along with helper plasmid coding for tRNA synthetases from the Arctic express
strain of E. coli (Agilent Technologies, USA.) and chaperone plasmid pKJE7 (Takara Bio,
Japan). The transformants were grown overnight in LB medium containing appropriate
antibiotics. Overnight grown cells (Asoonm =1) were washed twice with 1X minimal medium,
serial diluted and spotted on the minimal medium plate containing 100 uM IPTG.
2.3.14 Cloning and expression of PFIMPDH in Saccharomyces cerevisiae

A bacterial expression vector carrying PFIMPDH was used as a template to PCR
amplify the gene of interest using a set of primers (Table 7) introducing BamHI and Xhol as
cloning sites. The yeast expression vector, pYES2CT, and PCR amplicon were double
digested, spin-column purified and used for the ligation reaction. Clones obtained were
confirmed by DNA sequencing.
Table 7. Primers used for cloning PfIMPDH into the yeast expression vector, pYES2CT.

S.No. Primer Sequence
1) pY_F 5"TCAGGATCCATGGCTAGCGGATGGAAAGCT3’
2) pY_R 5’TCACTCGAGTGTACTAAACTTTTTGTTGTTG3?

2.3.15 Functional complementation assay in yeast
guaB deletion strain of yeast, DY891 was transformed with pY_PfIMPDH or

pY_PfIMPDHACBS plated on synthetically defined medium lacking uracil (SD-Ura) plates
with 50 pg mlt G418 and 0.5 mM guanine, and incubated at 30 °C for 24 h. Single colonies
were re-grown in SD-Ura broth supplemented with guanine at 30 °C for 24 h. Cells were
harvested at Asoonm =1 per ml and washed twice with sterile water. Serial dilutions were
performed and 2 pl of each dilution was spotted on SD-Ura agar plates supplemented with 50
1g mlt G418 in the presence or absence of guanine and incubated at 30 °C.
2.3.16 cDNA synthesis and RT-PCR

Total RNA was extracted from the yeast transformants following the Trizol method
adapted from Rio DC et al., 2010. Isolated RNA samples were treated with DNase | followed
by cDNA synthesis through reverse transcription reaction using the revertaid reverse
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transcriptase enzyme (genetically modified MMLYV, Thermo-Scientific, USA) and random
hexamers as primers. The thus obtained cDNA was used as a template for PCR amplification
with gene-specific primers.

2.3.17 Deletion of the guaC gene from H1174 strain (H11742943C)

A similar methodology described in section 2.3.11 was employed in the deletion of
the guaC gene that encodes GMPR in H1174 strain of E. coli and was replaced by
kanamycin antibiotic selection marker using primers in Table 8 and confirmed using primers
in Table 9. Further, kanamycin resistant cells were selected and transformed with plasmid
pCP20 (selected on 50 pg ml* ampicillin and 34 pg mit chloramphenicol) expressing yeast
FLP recombinase which recognizes FRT sites present as overhangs of Kan-cassette and
performs the excision of the antibiotic resistance gene. Transformants were then grown at 42
°C to cure them off pCP20. guaC knockout bacterial cells (H1174%9%2) were tested for their
sensitivity towards ampicillin, chloramphenicol and kanamycin and further genotyped
through PCR for confirmation of gene deletion. Thereafter, H1174%943 was tested for its
ability to grow on M9 minimal medium with or without 100 M adenine or 300 UM guanine
or 300 uM guanosine. For the functional complementation assay, a similar procedure was
employed as provided in section 2.3.13, except that cells were supplemented with 0.3 mM
IPTG and either 0.1 mM adenine or 0.3 mM guanosine/ 0.3 mM guanine in the M9 minimal
medium agar plates.

Table 8. Primers used for generating the guaC knockout strain of H11744942¢,

S.No. Primer Sequence
5’ ACTGGAGTTGCGCTCTTACCCTTATAGCCATTAACCCCAGGA
1) EcGMP_H1P1
ATCCGCACGTGTAGGCTGGAGCTGCTTC3’
5’ GAGTGGGATGGGATAACGCTGGCGTGTTGCTCCACGCCAGCG
2) EcGMP_H2P4

TTGGGAGACTGTCAAACATGAGAATTAATTCCG3’
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Table 9. Primers used for genotyping H1174492 strain of E. coli.

S.No. Primer Sequence
1) Ec_CoaE_F 5’CCAGCAATGGCACAACCCACAGTACATAGG3’
2) Ec_HofC_R 5’"GTGGCGAATGGAGCTGGCTGCTGGTGTTG3’
3) Kan_Int_R 5’GCGGCTGCATACGCTTGATCCGGCTACCTG3’
4) EcGMPR_F 5"GTACCATGGCACGTATTGAAGAAGATCTGAAGTTAGG3’

2.3.18 Cloning of E. coli GMPR (EcGMPR)

Genomic DNA from XL1 blue strain of E. coli was used as a template to PCR
amplify the ECGMPR with a C-terminal (His)s-tag. Set of forward and reverse primers (Table
10) were used to amplify and clone the gene into the pTrc99a vector between Ncol and Pstl.

The clone was confirmed through DNA sequencing.

Table 10. Primers used for cloning GMPR from E. coli.

S.No. Primer Seguence
1) EcGMPR_F 5’GTACCATGGCACGTATTGAAGAAGATCTGAAGTTAGG3’
5’GTACTGCAGTTAGTGGTGGTGGTGGTGGTGCTCGAGCAGGTTGTT
2) EcGMPR_R
GAAGATGCGG3’

2.3.19 Generation of active site mutants of PFIMPDH
PfIMPDH (native and codon harmonized genes) was subcloned into the pTrc99a

expression vector. With codon harmonized PfIMPDH in pTrc99a expression vector as a
template, a set of primers were used to introduce mutations at active site residues (C314A,
T316A, and Q435E) through overlapping PCR (Table 11). All the clones obtained were
confirmed by DNA sequencing.

Table 11. Primers used for generating active site mutations of PFIMPDH.

S.No. Primer Seguence
1) pTrc99a F 5’GTTTTTTGCGCCGACATCATAACGG3’
2) pTrc99a_R 5’CGCCAGGCAAATTCTGTTTTATCAGACC3’
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5’GGGCAGCGGCAGCATTGCGACCACCCAGGATGTGTGCGCGGTGG
GCCGCGCGCAGGGCACCGCGGTGT3
5’ACACCGCGGTGCCCTGCGCGCGGCCCACCGCGCACACATCCTGGG
TGGTCGCAATGCTGCCGCTGCCC3’
5’GGGCAGCGGCAGCATTTGCACCGCGCAGGATGTGTGCGCGGTGG
GCCGCGCGCAGGGCACCGCGGTGT3
5’ACACCGCGGTGCCCTGCGCGCGGCCCACCGCGCACACATCCTGCG
CGGTGCAAATGCTGCCGCTGCCC3’
5’CATCGATGAAATTAAAGTAAGCGAAGGTGTGAGCGCCAGCCTGGT
GG3’
5’CCACCAGGCTGGCGCTCACACCTTCGCTTACTTTAATTTCATCGAT
G3

3) | Pf.C314A_F

4) | Pf.C314A R

5) | Pf_T316A_F

6) | Pf T316A R

7) | Pf_Q435E_F

8) | Pf_Q435E_R

2.3.20 Functional complementation assay in H11749%C strain
A similar procedure was employed as provided in section 2.3.13, except that cells

were supplemented with 0.3 mM IPTG and either 0.1 mM adenine or 0.3 mM guanosine/ 0.3

mM guanine in the M9 minimal medium agar plates.

2.4 Results and discussion

2.4.1 Detection of IMPDH from the parasite lysate
Recombinant PFIMPDH was found to be insoluble when expressed in E. coli, a

detailed description of this is provided in Chapter 3. C-terminal (His)s-tagged PFIMPDH was
denatured in 6 M GdnHCI and purified by Ni-NTA affinity chromatography. The purity of
the eluted protein as accessed by SDS-PAGE was greater than 95 % (Fig. 1). Using this as an
antigen, anti-PfIMPDH antibodies were generated in mice and the antibody titer determined
on a dot blot was found to be effective up to 1: 25000 dilution (Fig. 1). The purified protein
was electro-blotted onto the PVDF membrane and used as a matrix to purify PFIMPDH
antibody from the mice antisera. The purified antibody was quantified by the method of
Bradford (Bradford MM, 1976).

Purified anti-sera were used to probe the presence of IMPDH in the parasite lysate
through Western blotting. Saponin treatment of infected erythrocytes (mixed asexual stages)

released RBC membrane leaving parasites intact. Several cycles of freeze-thawing lysed the
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parasites and the lysate was resolved on SDS-PAGE and electrotransferred on to PVDF
membrane. Western blot developed using HRP conjugated secondary anti-mouse antibody
yielded a single band at 55 kDa confirming the expression of PFIMPDH in the parasite while
no protein band was detected in the RBC lysate used as a negative control (Fig. 1). This
further supports the evidence for expression reported earlier through microarray analysis,
RNA sequencing and proteomics data. Recombinant PfCBS protein corresponding to a
molecular weight of 14 kDa (discussed in Chapter 4) served as a positive control for anti-
PfIMPDH antibody detection.

a) b) "
PIS  No1®  No2
e . 1 2 M,
kDa 100
75
100
75 — <83 55kDa
e 111000, 1:2500  1:5000 48
e 6
: 55 kDa
- e 2
-~ 1:10000_ _1:20000
- 25 £ _14kpa
20 e .‘ ‘ PfCBS

Figure 1. IMPDH purification under denaturing conditions, antibody generation in mice and
Western detection. a) Expression profile of recombinant PFIMPDH in E. coli. Lane S and P
represent soluble and insoluble fractions, respectively; M, pre-stained protein molecular weight
ladder (Abcam, USA). PfIMPDH (55 kDa) is indicated by an arrow. b) Determination of antibody
titre by dot blot. 2 ug of antigen was spotted on the nitrocellulose membrane and probed with varying
concentration of anti-PfIMPDH antibody. Dilutions are indicated on top of each blot. PIS
corresponds to pre-immune serum control. No primary and no secondary antibody controls are
labeled as No 1° and No 2°, respectively. ¢) Detection of IMPDH in parasite lysate by Western
blotting using anti-PfIMPDH antibody. Lane 1, uninfected erythrocytes; Lane 2, lysate from 10 ml
of saponin released P. falciparum from a culture of 7 % - 8 % parasitemia. anti-PfIMPDH antibody
raised in the mouse was used at 1:2500 dilution and the blot was developed with HRP conjugated
goat anti-mouse antibodies (Sigma-Aldrich, USA). Recombinant PfCBS (14 kDa) was used as a
positive control for Western detection.
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2.4.2 Indirect immunofluorescence microscopy

Life cycle of Plasmodium falciparum involves two hosts. During a blood meal,
Plasmodium-infected female Anopheles mosquito injects sporozoites into the human host.
Sporozoites infect liver cells and mature into schizonts, which rupture and release merozoites.
After this initial replication in the liver (exo-erythrocytic schizogony), the parasites undergo
asexual multiplication in the erythrocytes (erythrocytic schizogony). Merozoites infect red blood
cells resulting in rings that are the intra-erythrocytic asexual stage of the parasites. The ring
stages develop into trophozoites that further matures into schizonts. Schizont rupture leads to the
release of merozoites into the blood stream. Some parasites differentiate into sexual erythrocytic
stages (gametocytes).

Blood stage parasites are responsible for the clinical manifestations of the disease. The
gametocytes, male (microgametocytes) and female (macrogametocytes), are ingested by an
Anopheles mosquito during a blood meal. The parasites’ multiplication in the mosquito is known
as the sporogonic cycle. While in the mosquito’s stomach, the microgametes fuse with the
macrogametes generating zygotes. The zygotes in turn become motile and elongated (ookinetes)
which invade the midgut wall of the mosquito where they develop into oocysts. The oocysts
grow, rupture, and release sporozoites, which make their way to the mosquito’s salivary glands.
Infection of the sporozoites into a new human host perpetuates the malaria life cycle.

All the intra-erythrocytic stages of the parasite stained positive for the presence of
IMPDH in the cytoplasm as examined by indirect immunofluorescence microscopy (Fig. 2).
Fluorescence signals were not observed in uninfected erythrocytes, in controls probed with either
pre-immune sera (PIS) or lacking primary or secondary antibody confirming the specificity of
the fluorescence detection (Fig. 2). Further, partial nuclear staining was also observed throughout
all the intra-erythrocytic asexual stages of the parasite (Fig. 2). Mass spectrometric analysis of P.
falciparum proteins carried out by two independent research groups (Oehring SC et al., 2012;
Briquet S et al., 2018) identified 11 unique peptides corresponding to PfIMPDH (Table 12) in
the nuclear fractions. These reports serve as additional evidence confirming the partial nuclear
localization of PfIMPDH observed through immunofluorescence microscopy. Percentage nuclear
localization of PfIMPDH has been calculated using the colocalization analysis tool on Zen 2.1
SP2 version of Carl Zeiss Microscopy GmbH (Fig. 2)

The most useful of the colocalization measurements for standard biology applications are
the colocalization coefficients derived by Manders (Manders EMM et al., 1993). The
colocalization coefficients can be measured for each channel (refers to a color) in a dual color
image. Manders colocalization coefficient for one of the channels colocalizing with the other in
an image, is defined as the ratio of the "summed intensities of the colocalizing pixels from one
channel for which the corresponding intensities of the pixels in the other channel are above zero"
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to the "total intensity in the channel being analyzed". The colocalization coefficient values will
range from 0 to 1 where the former corresponds to non-overlapping channels and the latter
indicates 100% co-localisation between the two channels of an image being examined. Manders
colocalization coefficient could be determined even for an image where both the channels differ
in their intensities.

The images were analyzed by choosing a region of interest to avoid the background noise
and the colocalized pixels are false-colored (white) for the ease of viewing (Fig. 2). The extent of
overlap of the green signal corresponding to PfIMPDH with that of the DAPI stained nucleus in
the region of interest was found to be 0.3 to 0.4 (Fig. 2). A total number of 50 parasites were
examined. Determination of colocalization using JACoP tool (Just Another Co-localization
Plugin) (Bolte S and Cordelieres FP, 2006) on Fiji image processing program (Schindelin J et al.,
2012) also confirmed the partial nuclear localization of PFIMPDH (Appendix B at the end of the
thesis provides parasite images). Also, similar to immature cytoophidia of human IMPDH
(Chang CC et al., 2015), small distinct foci of PFIMPDH have been observed across various
stages of the parasite (Fig. 2). However, the significance for the presence of such structures in P.
falciparum in a metabolic context needs further studies.

Most of the IMPDHs are known to be largely cytosolic while nuclear localization is
reported for Drosophila and human enzymes (Kozhevnikova EN et al., 2012; MCLean JE et al.,
2004). In addition to the catalytic function, IMPDH is also implicated in the binding of RNA,
polyribosomes, and also involved in regulation of translation and transcription (Mortimer SE et
al., 2008; Hedstrom L, 2009). Accumulation of IMPDH in the nucleus during the G2 phase of
the cell cycle has been observed under oxidative or replicative stress in Drosophila
(Kozhevnikova EN et al., 2012). In the nucleus, it was identified to bind to C/T sequence of the
regulatory DNA elements and subsequently, leads to the transcriptional repression of histone
genes and E2f, a regulator of the G1/S transition (Van der Knaap JA and Verrijzer CP, 2016).
Guanosine 5’-monophosphate synthetase (GMPS), an enzyme downstream of IMPDH in GMP
biosynthesis pathway was shown to associate, allosterically activate nuclear ubiquitin-specific
protease 7 (USP7) and aid in deubiquitylation of histone H2B in Drosophila and mammalian
cells. GMPS was also found to stabilize p53 through activation of USP7 (Van der Knaap JA et
al., 2005; Van der Knaap JA et al., 2010; Sarkari F et al., 2009; Reddy BA et al., 2014; Zhou Z
et al.,.2015; Faesen AC et al. 2011; Frappier L and Verrijzer CP, 2011). These observations
indicate the role of IMPDH together with GMPS not only in the biosynthesis of purine
nucleotides but also as regulators of cell proliferation (Van der Knaap JA and Verrijzer CP,
2016).

67



Chapter 2. In vivo studies on PfIMPDH

Rings

Trophozoites

—_f
2 pm

Bright Field DAPI Alexa 488 Merge

i
I

N
=
3

I ‘

N
=
E]

N
El

Coloc
Coefficient
0.3

68



Chapter 2. In vivo studies on PFIMPDH

Coloc
Bright Field  DAPI Alexa 488 Merge Coefficient

Trophozoites

Schizonts

69



Chapter 2. In vivo studies on PFIMPDH

Coloc
Bright Field DAPI Alexa 488 Merge Coefficient

2 pym

No 1° Ab

2 pm

No 2° Ab

2 um

2 uym

‘ PIS
I I
I
I

Neat RBC

Figure 2. Subcellular localization of IMPDH in P. falciparum. LSM 510 META microscope was used
for the confocal studies. Stack mode was used with a stack size of 0.38 um. Multibeam splitter — HFT KP
700/488 was used. Primary antibody raised in the mouse was strip-affinity purified against PIMPDH
electro-blotted on PVDF membrane and used at 1:200 ratio. Secondary anti-mice IgG antibody
conjugated with Alexa 488 chromophore was used at a ratio of 1:400. DAPI was used to stain the nucleus
and is false-colored red. For permeabilization, 0.08 % Triton X-100 was used. Each panel shows
cytoplasmic localization of IMPDH along with partial nuclear signal in various intra-erythrocytic
asexual stages of the parasite. Pre-immune serum (PIS), no primary and no secondary antibody controls
confirm the specificity of the generated antibodies. The region of interest was manually selected using the
freehand tool and image analysis was performed on the Zen 2.1 SP2 version. Manders colocalization
coefficients for the extent of overlap of green channel (corresponding to PIMPDH antibody staining)
with the nucleus stained with DAPI (false-colored red) has been indicated. Also, multiple foci similar in
appearance to that of immature cytoophidia of human IMPDH observed across various stages of the
parasite are highlighted with white arrows.
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Table 12. Peptide sequences of PFIMPDH identified from the mass-spectrometry studies on nuclear
fractions of Plasmodium falciparum (Ochring SC et al., 2012; Briquet S et al., 2018).

K.RFENGFIFDPYTFSPEHTVADVLETK.N
R.AQGTAVYHVSK.Y
K.SAHPDIPIIGGNVVTSQQAK.N

K.VSDNLIFNNK.K

K.HGFQSMGIR.N

11 unique peptides of

PfIMPDH K.VSQGVSASLVDK.G

K. TPVISSPMDTVTGHK.M

K.GSVLNLIPHLFK.A

K.NEYTDENIDEIK.V

R.GMGSMEAMYNK.G

K.NLIDAGADVLR.I

2.4.3 Episomal expression of GFP-tagged PFIMPDH

PFCENV2, an episomally maintained centromeric plasmid expressing GFP was a
generous gift from Dr. Iwanaga S, Japan (Iwanaga S et al., 2012). The pFCENv2 IMPDH_GFP
construct was generated to further examine the localization of PFIMPDH within the parasite (Fig.
3). The clone was confirmed error-free by DNA sequencing. Uninfected RBCs were pre-loaded
with PFCENv2 IMPDH_GFP plasmid and infected with percoll enriched schizonts. 48 h post-
transfection, upon examination of Giemsa stained smears healthy parasites at a parasitemia of 3-
4 % was observed and blasticidin was introduced as a selection pressure for the transfectants.
Complete disappearance of parasites after the introduction of drug pressure was observed by the
5M_day post-transfection. However, no transfectants have appeared till 45 days post-transfection.

This experiment stands unsuccessful and has been done only once.
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Figure 3. Schematic of construct for episomally expressing PfFIMPDH-GFP fusion in P.
falciparum. The PFCENv2_PfIMPDH_GFP construct was generated in order to examine the
localization of IMPDH within the parasite. Calmodulin promoter drives the expression of the gene.
Blasticidin serves as a drug selection marker.

2.4.4 Generation of impdh deletion strain of E. coli
Following the protocol of Datsenko KA and Wanner BL, 2000 to delete the

chromosomal genes in E. coli, pKD13 plasmid bearing kanamycin cassette was amplified
with primers having 50 nucleotide overhangs homologous to regions flanking to the gene of
interest (IMPDH) to be disrupted. pKD46, a temperature sensitive plasmid confers ampicillin
resistant to bacteria and encodes for Red recombinase under arabinose promoter. The gene
coding for IMPDH in E. coli, guaB was disrupted by transforming the wild-type BL21(DE3)
strain with Dpnl treated, purified PCR product followed by induction of Red recombinase by
addition of arabinose (Fig. 4). Bacterial colonies which were integrants for Kan-cassette and
devoid of the IMPDH gene survived on kanamycin selection. Single colonies that had

appeared on LB agar plate supplemented with ampicillin and kanamycin were further re-
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grown on a plate lacking ampicillin at 42 °C for two generations to eliminate pKD46 plasmid
and thereby ampicillin selection. The thus obtained strain was verified as a knockout of the
guaB gene by its ability to grow on kanamycin selection (AguaBX(DE3)) (Fig. 5) and further
confirmed through PCR using confirmatory primers (Table 5, and Fig. 5). AguaBX(DE3)
strain was confirmed auxotrophic for guanine nucleotide as it was unable to grow on M9
minimal medium without supplementation of either guanosine or xanthine (Fig. 6). On
supplementation, guanosine can be phosphorylated to GMP by guanosine kinase (Mori H et
al., 1995) and xanthine can be phosphoribosylated by XPRT/HG(X)PRT (Vos S et al., 1997
and Guddat LW et al., 2002) to XMP which can be further utilized by GMP synthetase to
form GMP (Tiedeman AA et al., 1985).

a) BL21 (DE3) strain of E. coli

EcGMPS —_ EcIMPDH < EcXseA
[ [ I | ]
— HA - — H2 T
EcGMPS_F Ec_Int_R EcXseA_R

b) PCR amplification of FRT-flanked kanamycin resistance gene

P1
HEN—
H2
P4

¢) E. coli strain expressing Red recombinase, transformed with the amplicon

H1 P FRT Kan_Int_F FRT

EcGMPS —_—> EcXseA
[ I q M b I ]

EcGMPS_F Kan_Int_R P4 H2 EcXseA_R

Figure 4. Schematic of the strategy used for knockout of IMPDH in E. coli using Red
recombinase. a) Genetic organization of BL21(DE3) strain of E. coli with ECIMPDH gene flanked
on either side by ECGMPS (Guanosine 5’-monophosphate synthetase) and EcXse A (Exonuclease A).
50 nucleotide homology arms (H1 and H2) flanking ECIMPDH are in grey boxes with black arrows
highlighting the primers. b) Amplification of FRT-flanked antibiotic selection cassette from the
pKD13 plasmid. Priming sites (P1 and P4) of kanamycin cassette followed by homology arms (H1
and H2) are indicated in red and black arrows, respectively. ¢) Homologous recombination aided by
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Red recombinase expressed from the plasmid pKD46 replaced EcIMPDH with Kan cassette
resulting in impdh deletion strain. Shown in grey arrows are the various oligonucleotides used for
confirming deletion of ECIMPDH through PCR (Datsenko KA and Wanner BL, 2000).

a) Kan Kan+Amp P) 1 2 3 4 56 M 7 8
kb
BRI |
2
:Kb -4k i
. 1Kb 1.4 Kb - 1.0
0.6kb |05
c) Expected size of amplicon
Primer set used
BL21 (DE3) AguaBX (DE3)
H1P1/H2P4 (set 1) - + (1423 bp)
EcGMPS_F/Ec_Int_R (set 2) + (628 bp) -
EcGMPS_F/Kan_Int_R (set 3) - + (1061 bp)
Kan_Int_F/EcXseA R (set 4) - + (1433 bp)

Figure 5. Confirmation of loss of pKD46 plasmid and genotyping of the knockout strain. a) loss of
pKD46 plasmid confers ampicillin sensitivity. Isolated colonies were replica spotted on LB agar
plates containing either kanamycin alone or kanamycin and ampicillin. Replacement of EcCIMPDH
with Kan-cassette confers the knockout strain kanamycin resistance. Temperature sensitive pKD46
plasmid gets cleared from the cell after two rounds of growth at elevated temperature (42 °C)
resulting in no growth phenotype upon ampicillin selection. b) PCR verification of guaB deletion
strain of E. coli. Lane 1, 4, 6 and 8 correspond to PCR performed with DNA from AguaB*(DE3)
strain as a template while Lane 2, 3, 5 and 7 correspond to DNA from wild-type strain being used as
a template. Lane 1, 2 represent PCR performed with primer set 1 (1.4 kb amplicon expected from
deletion strain); lane 3, 4 with primer set 3 (1.0 kb amplicon expected from deletion strain); lane 5, 6
with primer set 4 (1.4 kb amplicon expected from deletion strain) and lane 7, 8 with primer set 2 (0.6
kb amplicon expected from wild-type strain). M, 1 kb DNA molecular weight ladder, NEB. c)
Tabulation of confirmatory primers used to verify the deletion strain by PCR and expected
amplicon size. Sequences of the primers used are mentioned in Table 5. Primer set (1), (3), and (4)
were used for positive confirmatory PCR of the deletion strain and expected amplicons correspond to
1.4 kb, 1.0 kb, and 1.4 kb, respectively. Primer set (2) was designed as a negative PCR control for
knockout and positive for wild-type with 0.6 kb amplicon.
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2.4.5 Functional complementation assay with 4guaB¥(DE3) strain of E. coli

IMP dehydrogenase from a protozoan parasite Tritrichomans foetus has been
extensively studied and thoroughly characterized (Hedstrom L, 2009). An expression vector
carrying T. foetus IMPDH gene, pTfl was a kind gift from Prof. Hedstrom L, Brandeis
University, USA (Digits JA and Hedstrom L, 1999). TFIMPDH was cloned into pET21b+
vector yielding a C-terminal (His)e-tag to be able to incorporate it as a positive control in the
growth rescue experiments of AguaB¥(DE3) strain of E. coli. The impdh deletion strain was
transformed with pET21b+ plasmids carrying the gene for IMPDH from T. foetus, P.
falciparum (full length, PFIMPDH, and catalytic domain alone, PfIMPDHA®S) and P.
berghei to test the ability of these enzymes to complement the function of the lost gene.

Various conditions including co-transformation of helper plasmids (coding for a
chaperone and tRNA synthetases for rare codons), different carbon sources (glucose, malate,
and glycerol) and temperatures (25 °C, 37 °C) have been tested. The M9 minimal medium
was supplemented with 0.1 mM IPTG for the induction of T7 RNA polymerase that would,
in turn, drive the expression of the gene under the T7 promoter. However, only TFIMPDH
was able to rescue the growth of AguaBX(DE3) strain on minimal medium with no guanosine
supplementation (Fig. 6). In addition, the PFIMPDH gene sequence, codon harmonized for
optimal expression in E. coli (discussed in Chapter 3) was also found to be unable to
complement the growth deficiency.

Expression of the recombinant proteins from all the transformants was analyzed on
SDS-PAGE followed by Western blot probed with anti-(His)e antibodies. Hyperexpression of
TfIMPDH was achieved without co-expression of any helper plasmid, while the presence of
either chaperon KJE7 or tRNA helper plasmid or both was essential for the expression of
native P. falciparum IMPDH. However, codon harmonized PfIMPDH vyielded hyper
expression without co-expression of tRNA helper plasmid. While, in all tested conditions,
TfIMPDH was obtained in high yields in soluble form, the catalytic domain and PfFIMPDH
were found to be completely insoluble. Although low levels of soluble PfIMPDH and

PfIMPDHACBS were obtained with co-expression of chaperones (discussed in Chapter 3), no
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rescue of the purine auxotroph was observed. A representative gel image of expression and
solubility from codon harmonized PfIMPDH and PfIMPDH®BS is shown in Fig. 6. High
levels of soluble and functional protein supported the growth of impdh deletion strain
expressing TFIMPDH on M9 minimal medium. Non-availability of sufficient soluble and
thus functional protein might probably reflect the growth defect of AguaBX(DE3) strain
carrying PFIMPDH on minimal medium with no supplementation. A detailed description of
various conditions, constructs generated, expression and solubility analysis of native and
codon harmonized PFIMPDH and PfIMPDH*BS are provided in Chapter 3.

a)  AguaBX (DE3) b) - N N N
Dilutions 1 0.1 0.01 0.001 AguaBK (DE3)

(-) Guanosine (+) Guanosine
. N PRI pET21b (+)

+Xanthine M9 medium

+Guanosine

Figure 6. The phenotype of the AguaBX(DE3) strain, complementation assay, and expression
analysis. a) Guanine auxotrophy of the impdh deletion strain. AguaB¥(DE3) strain of E. coli was
streaked on M9 minimal medium containing 50 pg ml™ kanamycin alone or supplemented with either
20 pg ml™* xanthine or 20 pg ml* guanosine. Bacterial growth was supported by the presence of
either xanthine or guanosine. Cell revival on xanthine indicates the presence of functional GMP
synthetase (guaA). b) Functional complementation assay. AguaBX(DE3) strain was transformed with
pET21b+ vector carrying either TFIMPDH or PfIMPDH or PfIMPDH“®5 or PbIMPDH and grown
overnight in LB medium containing appropriate antibiotics. One Asoonm Of cells were washed with M9
minimal medium twice, serially diluted and spotted on M9 plates supplemented with either 0.1 mM
IPTG or 20 pg ml™* guanosine. 0.2 % glucose or 0.2 % malate served as a carbon source. Co-
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transformation of the impdh deletion strain with chaperone expressing plasmids (Takara, Japan) or
helper plasmid expressing tRNA synthetases for rare E. coli codons or both did not rescue growth of
transformants carrying either PfIMPDH or PfIMPDH*“® or PbIMPDH on minimal medium. The M9
agar plates were incubated at either 37 °C or 25 °C. PfIMPDH gene sequence codon harmonized for
optimal expression in E. coli was also tested for its ability to complement the growth deficiency.
However, in all tested conditions, only TFIMPDH was able to functionally complement the growth
deficiency of AguaB*(DE3) strain. ¢) Expression and solubility. All the transformants were grown in
LB medium and induced with 0.1 mM IPTG at 25 °C for 12 h. I, 11, 111, and 1V represent lysates from
AguaB"(DE3) strain expressing PFIMPDH®, PfIMPDH, PbIMPDH, and TfIMPDH, respectively.
Lane 1, 2 correspond to the soluble and insoluble fraction detected by Coomassie blue staining, while
Lane 3, 4 confirm the expression by Western blot. PIMPDH® PfIMPDH, PbIMPDH, and
TfIMPDH proteins were found to be insoluble shown by a sphere, asterisk, triangle, and square,
respectively. All the lysates were electrotransferred onto PVDF membrane and probed using anti-
(His)s antibodies (Sigma-Aldrich, USA); M-pre-stained protein molecular weight marker (Abcam,
USA).

2.4.6 Functional complementation assay in yeast, DY891

The yeast expression vector, pYES2/CT carrying either full-length P. falciparum
IMPDH (pY_PfIMPDH) or the catalytic domain (pY_PfIMPDHA5S) or P. berghei IMPDH
(pY_PbIMPDH) or T. foetus IMPDH (pY_TfIMPDH) under galactose promoter was
constructed and confirmed error-free by DNA sequencing. S. cerevisiae contains four
isoforms of IMPDH gene which were deleted to yield DY891 strain (BY4741; MATa,
his3A1; leu2A0; ura340; METI15; lys240; Aimdl::HIS3; Aimd2::LEU2; Aimd3::kanMX4,
Aimd4.::LYS2) (McPhillips CC et al., 2004). DY891 strain of yeast transformed with all the
above-mentioned IMPDH expression constructs and the transformants were selected on SD-
Ura plates containing 50 pg ml* G418 and 0.5 mM guanine.

Functional complementation assay was performed using yeast transformants at
Agoonm =1 per ml on SD-Ura containing 50 pg ml* G418 in the presence or absence of
guanine. Upon incubation at 30 °C, all the transformants were found to grow on the plate
supplemented with guanine (Fig. 7). TFIMPDH used as a positive control had rescued the
growth of impdh deletion strain, while no growth of DY891 cells carrying either P.
falciparum or P. berghei IMPDH was observed on the minimal medium plate lacking
guanine (Fig 7). All the yeast transformants that appeared on guanine containing plate were

found to be positive for the presence of the gene of interest upon PCR amplification.
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However, except for cells carrying TFIMPDH, all other transformants were found to lack
expression of the respective recombinant proteins confirmed by Western blot (Fig. 7).
Therefore, lack of expression of P. falciparum and P. berghei IMPDHSs in the DY891 yeast
cells could be the cause for no growth phenotype on minimal medium plate lacking guanine.
Further, RT-PCR performed on the cDNA prepared from all the transformants was found to
be positive indicating the presence of mRNA (gene transcript) encoding IMPDH from T.
foetus, P. falciparum and P. berghei (Fig. 7). Both PFIMPDH and PbIMPDH gene sequences
yielded a codon adaptability index (CAIl value) of 0.82 and 0.63 when expressed in yeast,
respectively (ideal value to be > 0.8-1.0, Genscript analysis, discussed in Chapter 3). They
also are found to contain negative CIS elements (22 and 3, respectively) which are known to
negatively regulate the gene expression at the transcription or translation level. Although
TfIMPDH gene sequence yielded a low CAI value of 0.65 with 2 negative CIS elements, it
was found to be translated to protein and thus could rescue the guanine auxotrophic yeast.
Therefore, a block at the mRNA translation for plasmodial protein synthesis, together with
other unknown complexities plausibly lead to no growth phenotype of DY891 cells on

minimal medium agar plates.

N N N I
a) 1 0.1 0.01 0.001 Dilutions b)
(-) Guanine (+) Guanine
pYES2/CT

PfIMPDH
PfIMPDH:c8s
TAIMPDH
PAIMPDH"
PbIMPDH

DY891
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Figure 7. Functional complementation assay and expression analysis in yeast impdh knockout
strain, DY891. a) Growth assay. 1 ml of yeast cells were harvested at Asoonm =1 and washed twice
with sterile water. Serial dilutions were performed and 2 ul of each dilution was spotted on agar
plates containing synthetically defined medium lacking uracil (SD-Ura) containing 50 pg ml™* G418,
0.5 mM hypoxanthine, 2 % galactose supplemented with or without 0.5 mM guanine and incubated at
30 °C. All the transformants grew in the presence of guanine while only TFIMPDH was found to
rescue growth in the minimal medium lacking guanine. pYES2/CT represents a neat vector (used as a
negative control); PfIMPDH and PfIMPDH?“*® correspond to the full length and CBS deletion
constructs of P. falciparum IMPDH, respectively; PFIMPDH" corresponds to P. falciparum IMPDH
gene codon harmonized for expression in E. coli; PbIMPDH corresponds to P. berghei IMPDH, and
TfIMPDH is T. foetus IMPDH (used as a positive control). b) Western detection. The left panel
shows Coomassie-stained yeast lysates resolved on 12 % SDS-PAGE and the right panel corresponds
to detection of expression by Western blot using anti-(His)s antibodies (Sigma-Aldrich, USA). Lanes 1
to 6 correspond to lysates from yeast cells carrying pYES2/CT, and pYES2/CT carrying PfIMPDH,
PfIMPDHACES TfIMPDH, PFIMPDH" and PbIMPDH, respectively. M, pre-stained protein molecular
weight marker (Abcam, USA). A Western positive signal for protein expression was observed only for
TfIMPDH. ¢) RT-PCR to detect gene transcript. The trizol method was employed for total RNA
extraction from the yeast transformants. cDNA was prepared using revertaid reverse transcriptase
(Thermo-Scientific, USA) and PCR was carried out to detect the presence of the gene transcript of
interest. Lane 1, 2, 3, and 4 represent RT-PCR products of PFIMPDH (1.5 kb), PFIMPDH?“55 (1.2 kb)
PbIMPDH (1.5 kb), and TfIMPDH (1.5 kb) respectively. Presence of Plasmodial IMPDH gene
transcripts but lack of protein expression indicates a probable block in translation and therefore no
growth rescue of the knockout strain on minimal medium.

2.4.7 Generation of gmpr deletion strain of E. coli, H1174494aC
A Dbacterial system as a model to examine the GMPR functionality of the P.

falciparum gene was attempted using H1174 strain of E. coli, obtained from Coli Genetic
Stock Centre, Yale, USA. H1174 strain (thr-20, guaC23, fhuA2::1S2, proA35, lacY1, tsx-
70, gInX44(AS), gal-6, A", trpC45, his-68, tyrA2, rpsL125(strR), malT1(\R), xyl-

7, mtlA2, thiEl, purH57, ilv-635) carries mutant version of the genes, purH and guaC and is
reported to have a block at de novo IMP synthesis and also to lack a functional GMP
reductase (De Haan PG et al., 1969). The growth of H1174 strain on M9 minimal medium is
therefore conditional to the presence of adenine or IMP. However, the strain was found to
sustain on minimal medium supplemented with guanine or guanosine (Fig. 9) (although the

growth rate was found to be significantly lower than that of adenine). This could be due to
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the presence of mutant guaC gene supporting the cell survival (presence of the guaC gene in
H1174 was confirmed through gene-specific primers mentioned in Table 9).

Therefore, H1174 strain lacking the guaC gene, H1174%9%2 was generated and
verified as described in section 2.4.4 (Fig. 8 and Fig. 9). Further, the antibiotic selection
cassette that replaced guaC gene was excised out using a plasmid expressing flippase (FLP).
pCP20 (expressing FLP), like pKD46 (expressing Red recombinase), contains temperature
sensitive origin of replication and cells grown at 42 °C for 2 cycles were cured off these
plasmids. Thus, generated gmpr deletion strain was verified for its resistance towards
streptomycin and sensitivity towards ampicillin, kanamycin, and chloramphenicol.
Thereafter, the genotype of the guaC deletion strain was verified and compared with H1174
through PCR using confirmatory primers (Table 8, Table 9, Fig. 9). H1174%943C strain was
found to grow on minimal medium agar plates supplemented with adenine while the presence
of either guanine or guanosine did not support its growth, confirming the phenotype of the
generated knockout (Fig. 9).

H1
EcCoaE —> EcGMPR <12 EcHofC
a) H1174 strain of E. coli [ ...
Ec_CoaE_F EcGMPR_F Ec_HofC_R
FRT FRT

P1

amplification -flank
b) PCR amplification of FRT-flanked \\\\\\\\\\\I\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\I\\\\\\\\ -

kanamycin resistance gene

P4
FRT FRT
¢) E. coli strain expressing Red EcCoaE il EcHofC
. . S N
recombinase, transformed with L ] AN\ -
the amplicon Ec_Coak F > Kan_Int_R P4 H2 R
FRT
d) Elimination of antibiotic selection l EcCoaE EcHofC
cassette using plasmid expressing FLP > § §:Ii
Ec_CoaE_F Ec_HofC_R

Figure 8. Schematic of the strategy used for knockout of GMPR in H1174 strain of E. coli using
Red recombinase. a) Genetic organization of H1174 strain with ECGMPR gene flanked on either
side by EcCoaE (Dephospho-CoA Kinase) and EcHofC (host function of plasmid maintenance). 50
nucleotide homology arms (H1 and H2) flanking ECGMPR are in grey boxes with black arrows
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highlighting the primers. b) Amplification of FRT-flanked antibiotic selection cassette from the
pKD13 plasmid. Priming sites (P1 and P4) of kanamycin cassette followed by homology arms (H1
and H2) of ECGMPR, respectively are indicated. ¢) Homologous recombination aided by Red
recombinase expressed from the plasmid pKD46 replaced ECGMPR with Kan cassette in the
knockout strain. d) Excision of the antibiotic selection cassette aided by flippase expressed from the
plasmid pCP20. Shown in grey arrows are the various oligonucleotides used for confirming deletion
of ECGMPR through PCR (Datsenko KA and Wanner BL, 2000).

a) Expected size of amplicon
Primer set used
H1174 H117448uaC
EcGMP_H1P1/EcGMP_H2P4 (set 1) - + (1423 bp)
Ec_CoaE_F/Ec_HofC_R (set 2) + (2214 bp) + (2493 bp)
Ec_CoaE_F/Kan_Int R (set 3) - + (1083 bp)
EcGMPR_F/Ec_HofC_R (set 4) + (1644 bp) -
b)
kb M 1 2 3 4 5 6 7 8 9
6 B
5
4 2. '
33—
1.4| Kb ‘ 2.2 Kb
1.4 Kb
c) No purine Adenine Guanosine/Guanine
H1174Ag“"c H1174 H1174%2C  H1174 H11744guaC
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Figure 9. Genotyping and phenotyping of H1174%%2¢ strain of E. coli. a) Tabulation of
confirmatory primers used to verify the deletion strain by PCR and expected amplicon size (refer
Table 8, and Table 9 for oligonucleotide sequences). Primer set (1), and (3) were used for positive
confirmatory PCR of the deletion strain and expected amplicons correspond to 1.4 kb, and 1.0 kb,
respectively. Primer set (2) yields a positive PCR for both the strains with a 0.3 kb difference. Primer
set (4) was designed as a negative PCR control for knockout and positive for H1174 with 1.6 kb
amplicon. b) PCR verification of guaC deletion strain of E. coli. Lane 1 is PCR positive control with
pKD13 as a template using primer set 1. Lane 3, 4,@and 7 correspond to PCR performed with DNA
from H1174%9“Cstrain as a template while Lane 2, 5, 8, and.etorrespond to DNA from H1174 strain
being used as a template. Lane 2, 3 represent PCR performed with primer set 1 (1.4 kb amplicon
expected from deletion strain); lane 4, 5 with primer set 2 (2.2 kb and 2.5 kb amplicon expected from
H1174 and deletion strain, respectively); lane 6, 7 with primer set 3 (1.0 kb amplicon expected from
deletion strain) and lane 8, 9 with primer set 4 (1.6 kb amplicon expected from H1174 strain). M, 1
kb DNA molecular weight marker, NEB. ¢) Dependence of H1174 and H1174%9“3 on purines for
survival on M9 minimal medium. H1174 and H1174"9%3 cells were streaked on M9 minimal medium
agar plates containing 50 pug ml™ streptomycin supplemented with no purine or with either 100 uM
adenine, or 300 UM guanine/guanosine. Presence of adenine supports the growth of both strains
while the lack of purine supplementation resulted in no growth. Plates containing guanine or
guanosine led to the growth of H1174 but not H1174%9% indicating the complete loss of the guaC
gene in the later.

2.4.8 Complementation assay with H11744942€ strain of E. coli
H11744993C strain of E. coli was transformed with a pTrc99a expression vector

carrying the gene for PFIMPDH or PbIMPDH. Multiple constructs of P. falciparum gene
were examined in the growth rescue assay that expresses native and codon-harmonized full-
length and CBS deletion proteins. Based on multiple sequence alignments discussed in
Chapter 1 and Chapter 3, catalytic site mutants (C314A, T316A, and Q435E) were generated
and tested for their effect on the phenotype of gmpr deletion strain in M9 minimal medium.
EcGMPR cloned into the pTrc99a vector was used as a positive control.

EcGMPR was found to rescue the growth of H1174%943C on minimal medium agar
plates supplemented with either guanine or guanosine while no growth was observed with
any construct of Plasmodium species (Fig. 10). As expression levels were found to be
extremely low under “Trc” promoter (provided in Chapter 3) all the constructs were further
subcloned into pET21b+ expression vector to be able to achieve high levels of protein

expression under the strong T7 promoter. H1174%9%2C strain was co-transformed with
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pACT7, a plasmid expressing T7 RNA polymerase. The bacterial cells were also co-
transformed with helper plasmid pKJE7, that codes for a chaperone and/or pLysS plasmid
expressing tRNA synthetases for rare codon. The dependence of ECGMPR activity on the
key catalytic residues (C186, T188, and E289) was reported using genetic complementation
assay in E. coli (Min D et al., 2008). Complete compromise in bacterial growth was observed
with the presence of C186A and T188A mutations while a moderate growth was observed
with E289Q mutation. Multiple sequence alignments (presented in Chapter 1 and Chapter 3)
revealed that C186 and T188 residues are identical across various IMPDH/GMPR family of
proteins while E289 is found replaced by glutamine in PFIMPDH, and PbIMPDH among few
others. Therefore, the corresponding amino acid positions in PfIMPDH were mutated
(C314A, T316A, and Q435E) and examined for their effect on the growth phenotype of
H11744943C However, no growth rescue of the guaC deletion strain carrying plasmodial
genes was observed in any tested condition (Fig. 10). Similar to the observations made in
section 2.4.5, various constructs of PFIMPDH expressed in H1174%9% strain yielded no
soluble protein while ECGMPR (positive control) was found to be soluble (data not shown).
Hence, genetic complementation assays could not functionally establish PF3D7_0920800
and PBANKA _0821700 genes (annotated as PFIMPDH and PbIMPDH, respectively) as an
IMPDH or a GMPR plausibly due to an insufficient soluble and functional protein.
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N N N
H1174%2*¢ 1 0.1 0.01 0.001 Dilutions
(+) Guanosine/Guanine (+) Adenine

Figure 10. Functional complementation assay of PFIMPDH and PbIMPDH for GMPR activity.
H1174%9°C strain was transformed with pTrc99a or pET21b+ vector carrying either ECGMPR or
PbIMPDH or PfIMPDH or PfIMPDH*®B® (both native and codon-harmonized genes) or catalytic site
mutants of PFIMPDH and grown overnight in LB medium containing appropriate antibiotics. Asoonm
=1 of cells were washed with M9 minimal medium twice, serially diluted and spotted on M9 plates
containing 0.3 mM IPTG and supplemented with either 100 UM adenine or 300 UM guanosine or
guanine. 0.2 % glucose served as a carbon source. All the transformants also contain pACT7 plasmid
expressing T7 RNA polymerase. Co-transformation of the deletion strain with chaperone expressing
plasmids (Takara, Japan) or helper plasmid expressing tRNA synthetases for rare E. coli codons or
both did not rescue growth of transformants carrying PfIMPDH or PbIMPDH on minimal medium.
The M9 agar plates were incubated at either 37 °C or 25 °C. However, in all tested conditions, only
EcGMPR was able to functionally complement the growth deficiency of H1174%9%€ strain.
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2.5 Conclusion
Presence of IMPDH protein in P. falciparum was confirmed through antibody

detection and found to be localized in the cytoplasm and nucleus (partial) of the parasite.
Plasmodial proteins could not complement for loss of IMPDH/GMPR function in E. coli and
S. cerevisiae. There was no detectable amount of soluble protein on Western blot despite
codon harmonization of the gene for expression in E. coli. Lack of protein expression despite
the presence of gene transcript (RT-PCR) in yeast cells resulted in no growth phenotype of
the guaB deletion strain on minimal medium. However, the T. foetus IMPDH and E. coli
GMPR used as positive controls were found to functionally complement the deficiency of
guaB and guaC, respectively. Therefore, the insolubility feature of the plasmodial proteins
makes it difficult to establish PF3D7_0920800 and PBANKA 0821700 (annotated as
IMPDHSs) as a bonafide IMPDH or a GMPR.
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Chapter 3. Strategies designed towards obtaining PfFIMPDH in
soluble form

Inosine 5’-monophosphate dehydrogenase (IMPDH) catalyzes the rate-limiting step of
guanine nucleotide biosynthesis. IMPDH consists of two domains in the Plasmodium
falciparum (Pf) enzyme: core catalytic domain with a (f/a)s barrel and cystathionine beta-
synthase (CBS) or Bateman domain. This is the only enzyme which stands uncharacterized
till date from purine salvage pathway of P. falciparum. Present work is focused on
understanding this enzyme from the parasite. The intron less gene of IMPDH and core
catalytic domain, IMPDHA®BS of P. falciparum were cloned into E. coli expression system
earlier in the laboratory. Standardization of conditions optimal for over-expression and
purification of recombinant PFIMPDH protein in the host stands as a pre-requisite for any
further characterization studies.

Various efforts including solubility enhancing tags, generation of various fusion constructs,
random mutagenesis, in vitro refolding and codon harmonization stand unsuccessful in
obtaining PFIMPDH and PfIMPDHA®BS proteins in the soluble form. Co-expression of tRNA
synthetase for the rare codons was always found essential for hyperexpression of the native
gene while the presence of chaperones yielded low levels of PFIMPDH and PfIMPDHAC®S in
soluble form. However, tight binding of chaperone proteins led to difficulties in purification.
Based on protein interactome prediction on STRING, co-expression of PfIMPDH with
guanosine 5’-monophosphate synthetase (PfGMPS), an enzyme downstream of IMPDH
involved in purine nucleotide biosynthesis was examined. Solubility enhancing mutants
predicted using PROSO 11 were also found to be unsuccessful. Attempts with cell-free protein
synthesis using a wheat germ system were not fruitful while E. coli S-30 extract has yielded
PfIMPDH in soluble form. However, purification of PfIMPDH from the invitro transcription
coupled translation reaction still remains a roadblock. Lastly, sequence analysis among
various characterized IMPDH/GMPR family of proteins, with emphasis on the bias in amino
acid composition among IMPDHs from plasmodial species and f-aggregation propensity of
PfIMPDH is presented.
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3.1 Purine nucleotide biosynthesis in Plasmodium falciparum
Purines are essential for informational molecules (DNA and RNA), required for

energy sources (ATP and GTP), for signaling molecules and also for co-factors. In general,
there exist two ways of synthesizing them: de novo route and by salvage pathway. However,
only the salvage pathway is found to operate in P. falciparum (Gardner MJ et al., 2002).
Plasmodium falciparum is most lethal among the five Plasmodium species that cause human
malaria that includes P. vivax, P. malariae, P. ovale, and P. knowlesi (www.mmv.org).
Malaria has a massive impact on human health; it is the world's second biggest killer after
tuberculosis. In 2016, an estimated 216 million cases of malaria occurred worldwide. There
were an estimated 445,000 deaths from malaria globally (WHO report, 2018). Despite the
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 have proved highly fruitful. The purine salvage pathway of P.
falciparum is a novel target for antimalarials, as the parasite lacks the de novo purine
biosynthetic pathway (Gardner MJ et al., 2002) and completely depends on its host for purine
requirements.

In the erythrocytic stages, nucleobases (inosine, hypoxanthine, xanthine, and
guanine), nucleosides (adenosine and guanosine) and nucleotides (adenosine 5’
monophosphate, AMP) get transported from erythrocytes to the parasite (Cassera MB et al.,
2011). Hypoxanthine is the major purine source available in the erythrocyte. Hypoxanthine
can also be formed from adenosine or inosine by the sequential action of adenosine
deaminase (ADA) and purine nucleoside phosphorylase (PNP). Formation of inosine 5°-
monophosphate (IMP) from hypoxanthine by the action of hypoxanthine (guanine or
xanthine) phosphoribosyl transferase (HG(X)PRTase) stands as a branch point between
adenosine 5’ monophosphate (AMP) or guanosine 5’-monophosphate (GMP) biosynthesis.
IMP, on one hand, is converted to xanthine 5’-monophosphate (XMP) and GMP by
sequential action of inosine 5’-monophosphate dehydrogenase (IMPDH) followed by
guanosine 5’-monophosphate synthetase (GMPS) and on the other arm by the successive
action of adenylosuccinate synthetase (ADSS) and adenylosuccinate lyase (ASL) to form

AMP. The parasite has not retained either adenosine or guanosine kinase to be able to
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phosphorylate nucleobases (adenosine and guanosine) to AMP and GMP, respectively.
Xanthine or guanine could be phosphorylated by HG(X)PRTase to form the final product
GMP. However, the extremely low level of these molecules in the red blood cell (RBC)
makes the flux through this path insignificant. Lastly, under excess concentrations of adenine
or adenosine in the erythrocyte compartment, human adenine phosphoribosyltransferase
(hAPRT) or adenosine kinase (hAK) can make AMP available for uptake by the parasite
(Cassera MB et al., 2008). Thus, salvage of hypoxanthine stands as a major route for purine
biosynthesis of the parasite making enzymes involved in the catalysis of IMP to AMP or
GMP potential candidates for malarial drug target (Fig. 1).

Inosine 5’-monophosphate dehydrogenase (IMPDH, EC 1.1.1.205) catalyzes the
oxidation of inosine 5’-monophosphate (IMP) to xanthosine 5’-monophosphate (XMP) with
the concordant reduction of nicotinamide adenine dinucleotide (NAD*) to NADH. The
reaction is a branch point between the adenine and guanine nucleotide biosynthesis, and a
rate-limiting step of guanosine 5’-monophosphate (GMP) biosynthesis. Guanine moieties not
only serve as building blocks of DNA and RNA synthesis but are also essential for
translation, glycosylation, synthesis of tetrahydrobiopterin, and are co-factors for G-proteins
and signaling molecules. Further, they also are key allosteric regulators in the cell (Allison
AC and Eugui EM, 2000). It has also been shown that PRPP synthetase and ribonucleotide
reductase, enzymes involved in nucleotide biosynthesis get stimulated by guanine molecules
and inhibited by adenine nucleotides (Allison AC et al., 1993). IMPDH, therefore, controls
the guanine nucleotide pool which in turn controls the proliferation and many other
physiological processes, making IMPDH a potential target for immunosuppression, cancer,
antimicrobial, and anti-parasitic infections, and antiviral chemotherapy (Hedstrom L et al.,
1990; Kohler GA et al., 1997; Striepen B et al., 2004; Wilson K et al., 1991; Wilson K et al.,
1994; Webster HK and Whaun JM, 1982; Hedstrom L, 2009; Hedstrom L et al., 2011; Gorla
etal., 2012).
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Figure 1. Purine nucleotide synthesis in Plasmodium falciparum. Adenosine, inosine,
hypoxanthine, xanthine, guanosine, and guanine that are salvaged by the parasite from the
erythrocyte compartment are indicated in dotted grey arrows. Conversion of adenosine to inosine
followed by inosine to hypoxanthine occurs by the sequential action of adenosine deaminase (ADA)
and purine nucleoside phosphorylase (PNP). Hypoxanthine is acted upon by hypoxanthine guanine
(xanthine) phosphoribosyltransferase (HG(X)PRTase) to yield inosine 5’-monophosphate (IMP). IMP
is then acted upon by the downstream enzymes to yield adenosine 5’-monophosphate (AMP) and
guanosine 5’-monophosphate (GMP) or could be broken down to inosine by the enzyme IMP-specific
nucleotidase (ISN1). IMP dehydrogenase (IMPDH) and GMP synthetase (GMPS) on one arm yields
GMP while on the other by the sequential action of adenylosuccinate synthetase (ADSS) and
adenylosuccinate lyase (ASL) AMP is formed. AMP is deaminated to IMP by the enzyme AMP
deaminase (AMPD). Conversion of salvaged guanosine to guanine occurs by the action of PNP.
HG(X)PRTase could directly phosphoribosylate guanine and xanthine to yield GMP and XMP,
respectively. The enzyme under study, IMPDH is highlighted in red while all other enzymes are
indicated in blue. The red circle is indicative of erythrocyte membrane, while grey dotted and grey
circles represent parasitophorous vacuole and parasite plasma membranes, respectively.
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3.2 An overview of procedures employed in obtaining a recombinant

protein
A general strategy followed in obtaining a recombinant protein includes cloning of

the gene of interest in an expression vector. Choosing bacteria as host is by large
advantageous due to its cost-effectiveness and the time required for high yields of cell
density. However, protein obtained in such a way would be devoid of post-translational
modifications. Optimization of gene expression conditions, solubility assessment followed by
protein purification forms a prerequisite for any enzyme characterization. Depending on the
availability of a tag and biochemical properties of protein under study, methods employed in
purification could vary (Fig. 2). For the purpose of obtaining recombinant PfIMPDH protein,
expression profile under different conditions in various strains of E. coli (Fig. 3 and Fig. 4)
and S. cerevisiae were examined. No expression of the protein was found in S. cerevisiae
(presented in Chapter 2). Episomal expression within human malarial parasite P. falciparum
(presented in Chapter 2) and rodent parasite P. berghei (refer to appendix D at the end of the
thesis) were also attempted. Lastly, cell-free protein synthesis was carried out using two

commercially available sources that include wheat germ and E. coli S30 extracts (Fig. 3).
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Figure 2. A flow chart describing the steps involved in the characterization of a protein. The first
prerequisite is cloning of the desired gene into expression vectors carrying a suitable tag (solubility
tags, affinity tags, and signal sequences). Next step involves the selection of appropriate expression
strain with optimal conditions for expression of the protein (temperature, inducer, and presence of
helper plasmids). Protein once obtained in soluble form is taken through purification procedures,
while insoluble form demands optimization at each step. Further, at the level of purification various
chromatographic techniques, buffers and pH conditions need to be standardized. Pure protein
obtained is lastly taken forward for downstream applications (structural and kinetic assessment).

Expression systems
Prokaryotic Eukaryotic Cell free
. Wheat germ
H712 P. falciparum 1 system \
S. cerevisiae
TX685 P, berghei E. coli S30
extract
AguaBS(DE3)|— —|BY4742
— DY891
AguaB%(DE3) |
— AAdel and AAdel
H11747sue(—

Figure 3. Schematic of various expression systems and the cell types used in the current study.
guaB and guaC are the genes that encode for IMPDH and GMPR, respectively. H712, TX685, and
AguaB®(DE3) are the impdh deletion strain of E. coli procured from Prof. Hedstrom L, Brandeis
University, USA. H712 and TX685 are E. coli K-12 strains while AguaB® is a BL21(DE3) derivative
carrying the gene for chloramphenicol resistance. AguaB® is the impdh deletion strain of BL21(DE3)
generated in the current study where the endogenous gene was replaced with neomycin
phosphotransferase Il (kanamycin resistance marker). H1174, obtained from Coli genetic stock
center, USA is an E. coli K-12 strain with a block in de novo purine synthesis and carries a mutant
GMP reductase. P. falciparum 3D7 and P. berghei ANKA strains were used for episomal expression
studies. Wild-type (BY4742) and deletion mutants (Aadel and Aade2) of S. cerevisiae were procured
from EUROSCARF, Germany. DY891 is the quadruple impdh deletion strain of yeast obtained from
Prof. Reines D, Emory University, USA. Wheat germ and E. coli S30 extracts were purchased from
Promega Corporation, USA and New England Biolabs, USA, respectively.
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Figure 4. Schematic of the multiple approaches attempted to obtain a stable and soluble form of
PF3D7 0920800 annotated as IMPDH in PlasmoDB using E. coli as an expression host. Various tags
to enhance stability and solubility of PfIMPDH were examined that includes glutathione S-transferase
(GST), cytochrome b5 (Cytb5), maltose binding protein (MBP), ubiquitin, (His)s-tag and Strep-tag II.
Core catalytic domain and the CBS subdomain have been individually cloned and expressed. Glutamine
amidotransferase from the hyperthermophilic archaeon, Methanocaldococcus jannaschii (MjGATase)
was used as a solubility enhancer fusion tag. Various point mutations were generated using PROSO I
solubility predictions. Guanosine 5 ’-monophosphate synthetase from Plasmodium falciparum (PfGMPS),
a downstream enzyme in the purine nucleotide biosynthesis was found to be one of the closely associated
proteins of PfIMPDH as determined by STRING analysis and therefore was co-expressed. Also,
PfIMPDH gene sequence was codon _harmonized for optimal expression in E. coli to enable protein
production in the soluble form.

3.3 Chemicals and reagents
Restriction enzymes, Phusion DNA polymerase, and T4 DNA ligase were from New England

Biolabs and were used according to the manufacturer’s instructions. Primers were custom synthesized at
Sigma-Aldrich, India. All chemical reagents were of high quality and obtained from Sigma-Aldrich, India
or Merck, India. Media components were from HiMedia Laboratories, India. IMP, NAD" and other
biochemicals were of the highest quality available from Sigma-Aldrich, USA. H712, TX685, and
AguaB(DE3) are the impdh deletion strains of E. coli procured from Prof. Hedstrom L, Brandeis
University, USA. pHUE plasmid was a kind gift obtained from Prof. Baker R, The Australian
National University, Australia. Plasmids carrying Strep-tag II (pST50Trc4-STRDHFR and pST50Trc4-
DHFRSTR) were purchased from Addgene, USA (Addgene plasmids # 63991 and #64004) (deposited by
Dr. Tan S, The Pennsylvania State University, USA). Wheat germ, and.
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E. coli S 30 extracts were purchased from Promega Corporation, USA and New England Biolabs, USA,

respectively.

3.4 Experimental procedure

3.4.1 Expression analysis
Sequences of primers for PCR amplification and expression vectors used are provided in the

Appendix C at the end of the thesis. Clones were confirmed error-free by DNA sequencing. Depending on the
expression vector and the promoter, the appropriate strain of E. coli was used for protein production that includes
TX685, H712, AguaB“ (DE3), AguaB* (DE3) and H1174%2°C strain of E. coli. Helper plasmids used were tRNA
synthetases (pLysS from Rosetta(DE3) or pRIL from Arctic Express(DE3)) and chaperone expressing
plasmids (pKJE7, pG-KJES, pGro7, pG-Tf2, and pTf16) from TAKARA, Japan. Transformants were grown
at 37 °C prior to induction with various concentrations of IPTG at an Asponm0f 0.5-0.6 followed by lowering of growth
temperature to either 25 °C or 18 °C. Cells were harvested 8 h-12 h post-induction, resuspended in lysis buffer
containing 50 mM Tris HCI, 10 % glycerol, 2 mM DTT, 0.1 mM PMSF and 0.25 mM KCl. A thorough pH screen
was performed to obtain PfIMPDH in soluble form, amenable for purification. (Details of various tags,
molecular weight, pl values and pH screening are given in the Appendix C at the end of the thesis). In
brief, different buffers with pH values ranging from 5.5 to 12.0 were used as lysis buffer to obtain
recombinant PfIMPDH in soluble form. Multiple attempts with varying pH, salt concentration, buffer
type, and ionic strength (in all possible permutations and combinations) were carried out and these are
summarized in TableC3. Co-expression of chaperone plasmids was achieved with transformants grown at 30 °C
till an Agoonm Of 0.7-1.0 in the presence of 0.5 mg ml™! arabinose before induction with 0.1 mM IPTG at 25
°C for 12 h. Antibiotics were used at a final concentration of 50 pg ml! kanamycin, 100 pug ml!
ampicillin, 34 ug ml! chloramphenicol and 20 ug ml! streptomycin. Cell disruption was achieved by
ultrasonication or by subjecting the lysate to a pressure of 1000 psi using a French press. Cell debris was separated
by centrifugation at 30000g for 30 min at 4 °C. Lysates were resolved on 12 % SDS-PAGE followed by
Westemn blotting probed using protein-specific antibodies raised in mouse or anti-(His)s antibodies (Sigma-Aldrich,
USA).

Transformants expressing PFIMPDH with pelB sequence (periplasmic localization signal) were
subjected to osmotic shock immediately after harvest. Briefly, 2 ml of culture was centrifuged and re-
suspended in 0.02 ml of culture medium. 0.02 ml of chloroform was added to the cells and incubated at
room temperature for 15 min with intermittent vortexing. 0.2 ml of 10 mM Tris HCI, pH 8.0 was added to

stop the reaction followed by centrifugation
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at 6000g for 20 min. The supernatant thus obtained was treated as osmotic shock fluid and
examined for the presence of PFIMPDH by Western detection.
3.4.2 Solubility predictions

PROSO Il (Smialowski P et al., 2012), an online solubility predictor for the proteins
expressed in E. coli was used to check the solubility index of PFIMPDH. Global alignments
of several IMPDH sequences were generated with Clustal Omega (Sievers F et al., 2011) and
rendered using ESPIRPT 3.0 (Robert X and Gouet P, 2014). These alignments were carefully
examined for plausible residues that could be mutated to obtain protein in soluble form.
Primers were designed to introduce the point mutations using overlapping PCR strategy
(Appendix C at the end of the thesis provides primer sequences). Further, a fusion of
PfIMPDH  with  highly soluble protein, glutamine amidotransferase  from
Methanocaldococcus jannaschii (MjGATase) yielded high solubility scores on PROSO |I.
3.4.3 Dehydrogenase assay

For the activity measurements, reaction mix containing 50 mM Tris HCI, pH 8.0, 100
mM KCI, 3 mM EDTA, 1 mM DTT, 0.1 mM IMP and 0.2 mM NAD™ in a volume of 250 pl
was used. All the assays were carried out at 37 °C on a Hitachi-U 2010 spectrophotometer
fitted with water circulated cell holder. The temperature was maintained using an external
water bath. The enzymatic activity of PFIMPDH was measured by an increase in absorbance
at 340 nm with the formation of NADH as a function of time (= 6.22 mM™ cm™). The data
were analyzed using GraphPad Prism, version 5 (GraphPad Software Inc., San Diego, CA).
3.4.4 Codon harmonization

Re-designing of PFIMPDH gene sequence suitable for heterologous expression in E.
coli was carried out using the software Eugene (Gaspar P et al., 2012). The obtained output
was checked on Genescript rare codon analysis tool for parameters such as codon adaptation
index (CAI) and presence of negative CIS elements [(GGTAAG), (GGTGAT), (AATAAA),
(AAAAAA), (ATTTA), (TTTTTT), (AAAAAAA)] that could hinder expression in E. coli.

Manual curation of the negative CIS elements was done, checked for inclusion of any

restriction site or STOP codon during the process of re-design. Lastly, the codon harmonized
gene sequence was represented graphically on a graphical codon usage analysis tool, GCUA

(Fuhrmann M et al., 2004). Gene sequence codon harmonized for expression in E. coli
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system was custom synthesized at Biomatik Co-operation, Canada. This was further sub-

cloned into the desired expression vector.

3.4.5 Cell-free protein synthesis

3.4.5.1 Wheat germ extract
In vitro protein synthesis was performed by transcription coupled to translation using

wheat germ extract as per manufacturer's guidelines (Promega Corporation, USA). Briefly, 1
ug of template DNA was used per 50 ul reaction containing 25 pl wheat germ extract, 2 ul
reaction buffer, 1 ul T7 RNA polymerase, 1 mM amino acid mixture, 1 pl murine
ribonuclease inhibitor (New England Biolabs, USA) and volume made up using nuclease-
free water. The reaction was incubated at 30 °C for 2.5 h followed by detection on Western
blot using anti-(His)s antibody (Sigma-Aldrich, USA).

3.4.5.2 E. coli S30 extract

In vitro protein synthesis was performed using E. coli S-30 extract from NEB
PUREXxpress system as per the manufacturer's guidelines (PURExpress, New England
Biolabs, USA). Briefly, 125 ng of template DNA was used per 12.5 pl reaction containing 5
ul of solution A, 3.75 ul of solution B, 0.25 ul murine ribonuclease inhibitor (New England
Biolabs, USA) and volume made up using nuclease-free water. The reaction was incubated at
37 °C for 2.5 h followed by detection on Western blot using an in-house generated anti-
PfIMPDH antibody. Reaction volumes were either scaled up or down accordingly as per the
experimental requirement.

The reaction volume was scaled up to 0.05 ml and incubated at 37 °C for 2.5 h. Post-
incubation, reaction volume was made up to 150 pl using a buffer containing 50 mM
HEPES-KOH, pH 7.6, 0.3 M KCI and 10 mM magnesium acetate. The reaction sample was
then loaded on 1000 kDa cutoff 0.5 ml centrifugal filter units (Vivaspin 500, Sartorius,
Germany), centrifuged at 4 °C till about 30 pl was retained in the upper chamber.
Approximately 120 pl of flow through was collected and applied onto Ni-NTA matrix
(Thermo-Scientific, USA) for 30 min at 4 °C. Unbound fraction was separated from the
matrix. Ni-NTA matrix with bound protein was directly analyzed on 12 % SDS-PAGE and
detected by Western blotting probed with anti-PfIMPDH antibody generated in mouse.
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3.4.6 In silico examinations on amino acid sequence of PfIMPDH
Amino acid composition of all the biochemically characterized IMPDHs and GMPRs

till date has been calculated using the web server (http://protcalc.sourceforge.net/). An
average representation of each amino acid across these soluble IMPDHs and GMPRs is
calculated and compared with amino acid content of IMPDH from various plasmodial
species. The B-aggregation propensity of PFIMPDHA®S and identification of potential
residues to be altered to accomplish protein in soluble form have been carried out using the
online tool, TANGO (Linding R et al., 2004; Fernandez-Escamilla AM et al., 2004). The
input parameters were set at pH 7.0, 277.15 K, 50 mM ionic strength, and PFIMPDHACBS

protein concentration at 10 uM with no protection at N- and C- termini.

3.5 Results and discussion

3.5.1 Initial observations from expression studies
PFIMPDH and PfIMPDHABS were cloned into the bacterial or yeast expression

vectors to yield either untagged or tagged recombinant proteins. Multiple tags cloned either on N- or C-
terminus were tested to be able to achieve stable and soluble protein which includes glutathione S-
transferase (GST), cytochrome b5 (Cytb5), maltose binding protein (MBP), ubiquitin, (His)e-
tag and Strep-tag Il. Co-transformation of a plasmid expressing tRNA synthetases (pLysS or
pRIL) for rare codons was essential for hyperexpression of native PFIMPDH gene.

Bacterial expression vector pTrc99a carrying PFIMPDH with no tag had been cloned
earlier in the laboratory (pTrc_PfIMPDH). As the expression of PfIMPDH was found to
require helper plasmid encoding tRNA synthetases (pLysS from Rosetta(DE3) or pRIL from
Arctic Express(DE3)) for codons that are under-represented in E. coli, these plasmids were
always included. Expression of PfIMPDH was found to be extremely low under Trc
promoter (Fig. 5). Maltose binding protein (MBP) was reported to be a preferred fusion
partner due to its remarkable ability to enhance the solubility of its fusion partners (Kapust
RB & Waugh DS, 1999). The ubiquitin tag was also reported to be an enhancer of solubility
(Catanzariti AM et al., 2004). Expression of PfIMPDH from pMal_(MBP)PfIMPDH was
found to yield a low level of soluble protein. However, it was observed to be extremely
unstable and no protein band corresponding to PfIMPDH was detected after treatment with
Factor Xa (to cleave MBP) on silver stained SDS-PAGE (Fig. 5). Expression of PFIMPDH
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from pHUE_(Hiss-Ub)PfIMPDH construct was also found to be low, associated with
degradation and yielded insoluble form of protein (Fig. 5) Fusion of cytochrome b5 (Cytb5)
(PET21b_(Cytb5)PfIMPDH) and glutathione S-transferase to PfIMPDH
(pGEX_(GST)PfIMPDH) also could not yield protein in soluble form (data not shown).
Expression studies carried out in various strains of E. coli that include TX685, H712,
BL21(DE3) or Rosetta(DE3) pLysS also yielded similar results. A summary of the
expression host, protein tag and solubility are provided in Table 1.

Subcloning of PFIMPDH under T7 promoter with an N- or C-terminal (His)s-tag
(pET15b_PfIMPDH(His)s or pET28b_PfIMPDH(His)s) vyielded hyperexpression of
recombinant PfIMPDH as compared to expression under weak promoters such as “Trc” and
“Tac”; however, no protein was detected in the soluble form (Fig. 5). According to a report
by San-Miguel T (San-Miguel T et al., 2013), a high yield of active soluble proteins were
obtained by combining early-log phase cultures and low temperatures for protein induction.
When IPTG was added at an Asoonm Of 0.1 and cultures were maintained at 4 °C for 48-72 h,
the soluble protein yield was 3 fold higher than that obtained in the mid-log phase (Asoonm Of
0.6). Besides, it was reported that the target protein expression increased and the endogenous
bacterial proteins reduced, thus making the protein purification process easier and more
efficient. PFIMPDH was always found to yield inclusion bodies when expressed in E. coli at
18 °C. Hence, an attempt was made to induce the recombinant PfIMPDH at 0.1 Asoonm With
0.3 mM IPTG followed by incubation at 6 °C for 4 days. Intriguingly, hyperexpression of
PfIMPDH was not hindered at such low temperatures however, the induced protein was
found to remain insoluble. Efforts to solubilize the inclusion body of PFIMPDH using 1 %
Triton X-100 which is a non-ionic detergent or 100 mM zwitterionic CHAPS buffer or alkali
treatment with 100 mM sodium carbonate (Na2COs) remained unsuccessful. The inclusion
bodies obtained after the lysis were solubilized in lysis buffer containing 6 M guanidine
hydrochloride (GdnHCI) and purified under denaturing conditions. On-column refolding or
drop dilution or dialysis were not successful in obtaining a refolded and functional PFIMPDH
protein. However, purified recombinant PFIMPDH under denaturing conditions was used for

the generation of antibody in mouse (presented in Chapter 2).
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Table 1. Various expression constructs of native PFIMPDH gene.

Expression Vector

Expression construct

Expression host

Observations

pTrc99a
Untagged

pMal-p2x
N-term MBP tag

Cyth5_pET21b
N-term Cytb5 tag

pGEX-6p-3
N-term GST tag

pHUE
N-term ubiquitin tag

pET15b
N-term (His)s tag

pET28b/pET21b
C-term (His)s tag

pET23d
Untagged
catalytic core

pET28b/pET21b
catalytic core C-term
(His)s tag

pTrc_PfIMPDH

pMal_(MBP)PfIMPDH

pET21b_(Cytb5)PfIMPDH

PGEX_(GST)PfIMPDH

pHUE_(Hiss-Ub)PfIMPDH

pPET15b_(His)sPfIMPDH

pPET28b_PfIMPDH(His)s
pET21b_PfIMPDH(His)s

PET23d_PfIMPDHACBS

PET28b_PfIMPDHACBS(His)s
PET21b_PfIMPDHACBS(His)s

TX685, H712,
H1174%uac

Rosetta (DE3)
pLysS,
BL21(DE3)
Rosetta(DE3)
pLysS,
BL21(DE3)
Rosetta(DE3)
pLysS,
BL21(DE3)

Rosetta(DE3)
pLysS

Rosetta(DE3)
pLysS,
BL21(DE3)
Rossetta(DE3)
pLysS, BL21
(DE3), C41
(DE3), C43
(DE3), LEMO,
AguaBC(DE3)
Rosetta(DE3)
pLysS,
BL21(DE3)

Rosetta(DE3)
pLysS,
BL21(DE3),
AguaBC(DE3)

low level of expression
upon tRNA
supplementation,
completely insoluble

low level of expression,
completely insoluble

low level of expression,
completely insoluble

low level of expression,
completely insoluble

low level of expression,
completely insoluble
and

degraded

hyperexpression,
completely insoluble

hyperexpression,
largely insoluble,
minor amount of
soluble protein upon
supplementation with
pKJIE7

hyperexpression,
completely insoluble

hyperexpression,
largely insoluble, a
significant increase in
soluble protein level
upon supplementation
with pKJE7
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pTrc_PfIMPDH/H712 pMal_(MBP)PfIMPDH/Rosette (DE3) pLysS
m kDa 1 2 3 M
1 2 M kDa b kD
: ; 00 ) o7 xpa 560
— L AN msamessd )H & b Su—
~ 63 55kDa 3,20 - e 75
: gg ........... e - 63 55 .---auu-m-wb - :63
48 | == m-48
25 35 42 kDa -
e ,Mm,’_,‘- 35
25 .
~—. 20 = 4 bs
. —~1 2 20 =20
Tre

+ pLysS plasmid expressing tRNA
synthetase for rare codons

pHUE_(His,-Ub)PfIMPDH/Rosette (DE3) pLysS
12 34 1234

c)

Figure 5. Expression and solubility check by SDS-PAGE of various constructs of PFIMPDH. a)
Expression of un-tagged PFIMPDH using pTrc_PfIMPDH construct in H712 co-transformed with
the helper plasmid pLysS, expressing tRNA synthetases for codons under-represented in E. coli.
Left and right panel correspond to Coomassie blue stained SDS-PAGE and Western blot,
respectively. Lane 1, pTrc99a neat vector; lane 2, PfIMPDH, the molecular weight of 55 kDa
highlighted with a black arrow (0.6 Asoonm culture incubated with 0.5 mM IPTG at 27 °C for 18 h). b)
Silver-stained SDS-PAGE of maltose binding protein cleaved from MBP-PfIMPDH fusion protein
using Factor Xa. Expression was performed in Rosetta(DE3) pLysS strain of E. coli. Lane 1, uncut
MBP-IMPDH; lane 2, MBP-IMPDH mock digestion (protein was found unstable); lane 3, 4 h
digestion; Black arrows (42 kDa, and 97 kDa) point out protein bands corresponding to MBP, and
the MBP_PfIMPDH fusion, respectively. However, arrow at 55 kDa indicates absence of PfIMPDH.
¢) Solubility check of (Hiss-Ub)PfIMPDH expressed in Rosetta(DE3) pLysS strain of E. coli. Left
and right panel correspond to Coomassie Blue stained SDS-PAGE and Western blot, respectively.
Lane 1, cells containing pHUE neat vector; lanes 2 and 3, soluble and insoluble fractions of induced
pHUE_(Hise-Ub)PfIMPDH containing cells, respectively; lane 4, protein sample used as positive
control for antibody detection. The molecular weight of (Hiss-Ub)PfIMPDH is 63 kDa highlighted by
the black arrow. M, pre-stained protein molecular weight marker (Abcam, USA). Western blot was
probed using anti-PfIMPDH antibody (1:2500) raised mouse. Secondary anti-mouse antibody
(1:4500) conjugated to HRP was purchased from Sigma Aldrich, USA. AEC (3-amino-9-
ethylcarbazole) was used as a substrate for HRP yielding a colored precipitate on the membrane.
Schematic of each vector expressing PfIMPDH is represented below the respective expression
profiles where CD refers to the catalytic domain.
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3.5.2 Co-expression of PFIMPDH with PFGMPS or pKJE7
STRING is a platform for known and predicted protein interactions (Snel B et al.,

2000; Szklarczyk D et al., 2017). Based on the parameters of co-existence, neighborhood,
gene fusion, co-expression, experimental evidence, databases, and text mining the
associations of various proteins are mapped out. With PFIMPDH protein sequence as input,
STRING analyzer listed the functional partners of PFIMPDH in decreasing order of their
relevance (Table 2). Guanosine 5’-monophosphate synthetase (PfGMPS), the enzyme
downstream of PFIMPDH in the guanosine nucleotide biosynthesis was found to have the
highest score of 0.999 among various others. The proximity of their occurrence and
sequential enzyme action forms the basis for attempting co-expression of these two genes
with the possibility of obtaining PfIMPDH in the soluble fraction. This further could be
extrapolated to study the effect of enzyme associations on the protein folding and thereby
improved yield of soluble fraction.

Thus, genes involved in GMP biosynthesis, PFIMPDH (guaB) and PFGMPS (guaA)
were cloned tandemly into pETDuet expression vector (pET_PfIMPDH(His)s_PfGMPS)
under T7 promoter for co-expression. AguaB°(DE3), an E. coli strain deficient of
endogenous IMPDH and partially disrupted GMPS (Macpherson IS et al., 2010) was
transformed with the pET_PfIMPDH(His)s PFGMPS and helper plasmid for tRNA
synthetases for rare codons in E. coli (pRIL plasmid from Arctic Express (DE3)). PFGMPS
was found to be soluble as reported earlier from the laboratory (Bhat JY et al., 2008) while
PfIMPDH formed inclusion bodies under all tested induction and growth conditions. Also,
the degradation of both the proteins was evident from Western blot under any tested growth
condition (Fig. 6).

Hyper expression of PfIMPDH(His)se was observed under T7 promoter but no
Western detectable soluble form. Therefore, co-expression of chaperones for obtaining
proper folded and thereby soluble PFIMPDH was tested. Out of the five commercially
available chaperone expressing plasmids (TAKARA, Japan), pKJE7 composed of DnaK (70
kDa), DnalJ (40 kDa) and GrpE (22 kDa) was found to yield for the first-time antibody
detectable soluble recombinant PfIMPDH (Fig. 6). The total protein content, however, is

reduced due to lower cell density caused by quadruple antibiotic selection pressure. The
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supernatant was applied onto Ni-NTA matrix, washed with 10 column volumes of lysis
buffer followed by 2 column volumes of lysis buffer containing 0.5 M MgCl2-25 mM ATP.
Bound protein was eluted in lysis buffer containing 0.1 M EDTA. Amount of PFIMPDH
protein bound to Ni-NTA matrix as assessed by SDS-PAGE followed by Western blot using
anti-PfIMPDH antibody was found to be extremely low and most of it was observed in the
unbound fraction. Further, the three chaperon proteins DnaK (70 kDa), DnaJ (40 kDa) or
GrpE (25 kDa) always co-purified along with PFIMPDH despite a wash step with lysis buffer
containing 25 mM Mg-ATP (Fig. 6). In silico modeling of PFIMPDH has predicted the
protein to be an octamer. Further, IMPDH from various other sources is known to possess an
intrinsic property of aggregation with the evidence for the formation of higher-order
oligomers’ (Hedstrom L, 2009, Labesse G et al., 2003). A large fraction of soluble protein
being unbound to Ni-NTA matrix could be attributed to its oligomeric state occluding the
(His)s-tag from binding. Purification profile was found to be similar even upon the inclusion
of 0.1 % Triton X-100 with no further improvement in levels of soluble recombinant
PfIMPDH protein.

Table 2. The predicted associations of PFIMPDH on String database.

PlasmoDB Id Protein Score
PF3D7_1012600 Guanosine 5’-monophospahte synthetase (PfGMPS) 0.999
PF3D7_1410200 Cytidine triphosphate synthetase (PfCTPS) 0.993
PF3D7_0720800 Pyrophosphatase, putative (PfPPase) 0.992
PF3D7_0206700 Adenylosuccinate synthetase (PfADSS) 0.989
Ty G Hypoxanthine guanine (xanthine) phosphoribosyl transferase .

- (PfTHG(X)PRTase)
PF3D7_1329400 Adenosine 5’-monophosphate deaminase, putative (PfAMPD) 0.976
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Figure 6. Expression and solubility check on SDS-PAGE of PfIMPDH expressed from a T7
promoter. a) Expression of PFIMPDH(His)s in Rosetta(DE3)pLysS strain of E. coli. Left and right
panel correspond to Coomassie Blue stained SDS-PAGE and Western blot, respectively. Lane 1,
protein sample used as positive control for antibody detection; lanes 2 and 3 are insoluble and
soluble fractions ( 0.6 Asoonm with 0.25 mM IPTG at 27 °C for 18 h). The molecular weight of
PfIMPDH is 55 kDa indicated by the black arrow. b) Co-expression of PFIMPDH and PfGMPS in
AguaB“(DE3) strain of E. coli. Left panel corresponds to Coomassie Blue stained SDS-PAGE where
lanes 1 and 2 are uninduced and induced samples of PFIMPDH(His)s_PfGMPS (induced at 0.6 Asoonm
with 0.25 mM IPTG at 27 °C for 18 h). The middle panel is Western detection using anti-PfGMPS
antibody raised in rabbit where lanes 1 and 2 contain soluble and insoluble fractions, respectively;
lane 3, protein sample used as positive control for antibody detection. The right panel is Western
confirmation of PfIMPDH, where lanes 1 and 2 correspond to soluble and insoluble fractions,
respectively. M, pre-stained protein molecular weight marker (Abcam, USA). Expression of PfGMPS
(60 kDa) and PFIMPDH (55 kDa) are highlighted by black arrows. Secondary anti-rabbit/anti-mouse
antibody conjugated to HRP was purchased from Sigma-Aldrich, USA. AEC (3-amino-9-
ethylcarbazole) was used as a substrate for HRP yielding a colored precipitate on the membrane. c)
Co-expression of PFIMPDH(His)es with chaperone expressing plasmid, pKJE7 in BL21(DE3) strain
of E. coli. Lanes 1, 2, and 3 indicate soluble, insoluble and Ni-NTA flow-through fractions,
respectively. DnaK (70 kDa), DnaJ (40 kDa) and grpE (22 kDa) from pKJE7 constitute the
chaperone system expressed under inducible arabinose promoter. Schematic of each construct is
represented below the respective expression profiles where CD refers to the catalytic domain.
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3.5.3 PROSO Il analysis
PROSO Il (Protein solubility evaluator) is a public web server which predicts the

solubility of a given protein based on a classifier exploiting subtle differences between
soluble proteins from target registration database (TargetDB), protein data bank (PDB) and
insoluble proteins from TargetDB. It does not include the membrane-bound and
transmembrane proteins. On a scale of 0-1, a default threshold of >0.6 was set to categorize
soluble proteins. PFIMPDH inherently gave a score of 0.446 on PROSO Il indicating the
insolubility feature which was evident from various expression and purification attempts in
the current study. Various permutations and combinations with different fusion tags on
PfIMPDH and PfIMPDHACBS were given as input to predict a construct with high solubility
score. The generated fusion proteins and their solubility index are listed in Table 3 and Table
4,
3.5.3.1 MjGATase as a solubility enhancer

The glutamine amidotransferase gene involved in purine biosynthesis from M. jannaschii,
a hyperthermophilic archaeon (MjGATase) was characterized from our laboratory and found
to be highly soluble when expressed in E. coli (Table 4) (Ali R et al., 2012; Ali R et al.,
2013). Owing to the solubility, stability, and foldability, MjGATase was fused to PFIMPDH
(MjGATase-PfIMPDH(His)s) and PfIMPDHACBS (MjGATase-PfIMPDHACBS(His)s). TEV
protease cleavage site was introduced between MjGATase and PFIMPDH that could be used
to separate the two proteins. A (His)s-tagged construct of TEV protease generated by Prof.
Waugh D, National Cancer Institute, USA was obtained from Addgene, USA. No expression
of MjGATase-PfIMPDH(His)s fusion gene was detectable (79 kDa) on Western blot while
MjGATase-PFIMPDH"CBS(His)s was largely found to be in insoluble fraction (65 kDa) when
expressed in Rosetta(DE3) pLysS strain of E. coli (Fig. 7, Table 5). The very low level in the

soluble fraction precluded purification.
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Figure 7. Expression and solubility check by SDS-PAGE of MjGATase-PfIMPDH(His)s and
MjGATase-PFIMPDH*“BS(His)s in Rosetta(DE3) pLysS strain of E. coli. Glutamine amidotransferase
from the hyperthermophilic archaeon M. jannaschii (MjGATase) is a highly soluble and stable
protein previously characterized in the laboratory. Using this as a solubility enhancer, fusion
constructs were generated. Left panel represents the Ponceau S stained electro-transferred PVDF
membrane. Middle and the right panel correspond to antibody detection of the fusion constructs.
Lanes 1 and 2 contain soluble and insoluble fractions of cells expressing the fusion protein
MjGATase-PfIMPDH(His)s, respectively. Lanes 3 and 4 have soluble and insoluble fractions of cells
expressing the fusion protein MjGATase-PfIMPDHA®(His)s, respectively. M, pre-stained protein
molecular weight marker (Abcam, USA) along with a protein (55 kDa) used as a positive control for
Western detection. PFIMPDH full-length fusion protein was undetectable (79 kDa) on the Western
blot. A faint band corresponding to MjGATase-PfIMPDHA®(His)s was observed in the soluble
fraction (65 kDa, indicated with a black arrow). Western blot was probed using mouse anti-(His)s
antibody (Sigma Aldrich, USA). Secondary anti-mouse antibody conjugated to HRP was also
purchased from Sigma-Aldrich, USA. AEC (3-amino-9-ethylcarbazole) was used as a substrate for
HRP yielding a colored precipitate on the membrane. Schematic of each construct is indicated below
the respective expression profiles where CD refers to the catalytic domain.

3.5.3.2 Mutations based on PROSO |1 analysis
A study on expression analysis of about a thousand open reading frames from P.

falciparum using E. coli as a heterologous expression system was published by structural
genomics consortium (Mehlin C et al., 2006). The study reports that the expression of a

significantly large number of the target genes could not be achieved while one-third of the
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targets (337) express, but remain in inclusion bodies and only a few (63) of the total targets
yielded soluble protein. A list of features like high molecular weight, more basic isoelectric
point (pl) and less homology to E. coli proteins were independently correlated with
difficulties in expression. Of these, pl of the protein strongly correlates to the determination
of the expressed protein being soluble or insoluble. The isoelectric point of PFIMPDH was
found to be 7.8 as determined by the tool ProtParam on the Expasy server (Wilkins MR et
al., 1999). The solubility index was found to be 0.4 which was below the threshold of 0.6 for
a protein to be soluble when expressed in E. coli as predicted by PROSO II. The PROSO II
score and pl value strongly correlate to the insolubility of PFIMPDH in E. coli expression
system. Designing minimal changes in the amino acid composition without perturbing any
key residues involved in either catalysis or holding essential interactions was carried out
manually. The multiple sequence alignments generated were carefully examined for the
variable and conserved regions of IMPDH across organisms, specifically among Plasmodium
species. The amino acids in PFIMPDH sequence were replaced by corresponding residues
from PbIMPDH. Multiple iterations with curated protein sequences were analyzed for the
solubility score and pl value using PROSO Il and ProtParam, respectively. The list of
minimal mutations which yielded solubility index of 0.76 and pl value of 6.8 was generated
(Table 3 and Table 4). The mutations were incorporated into PFIMPDH using overlap PCR
strategy. The clones obtained were confirmed for the presence of designed residue changes
by DNA sequencing.

AguaBX(DE3) strain of E. coli was transformed with pET21b_PfIMPDH(His)s(m_I)
(K86D, S172H, H218K_K221H, S310G,  A325G, and K420V) or
pET21b_PfIMPDH(His)s(m_II) (K86D, S172H, H218K_K221H, S310G, and K420V) along
with helper plasmids (pKJE7, plasmid expressing chaperone and pRIL from Arctic
Express(DE3) expressing tRNA synthetases for rare codons). PFIMPDH(His)s(m_lI) carrying
seven mutations was found to be highly unstable and degraded while, stable full-length
protein expression of PFIMPDH(His)s(m_I1) was found to be largely in the insoluble form
(Fig. 8). However, the minor fraction of the soluble form of PFIMPDH(His)s(m_I1) detected
on Western blot, similar to PFIMPDH(His)s did not efficiently bind the Ni-NTA affinity

matrix. This demonstrates that the in-silico analysis is not fruitful, and predictions are
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difficult to implicate for such proteins. Ability of IMPDHs to multimerize and form fibrils
could possibly contribute to the insolubility feature of the recombinant PFIMPDH (literature

on high order oligomers and fibril formation is provided in Chapter 1).

pET21b_ PfIMPDH(His),(m_I)/AguaBX (DE3)

+ 3B hak | DnaJ H GrpE | pkJE7 + pRIL/Arctic express

K86D S172H H218K_K221H S310G A325G K420V
T7 w kT * % *
CD H{His)g

1 2 345

+ araBpak  H DnaJ H GrpE | pKJE7 + pRIL/Arctic express

pET21b_ PfIMPDH(His),(m_II)/AguaB* (DE3)

Figure 8. Solubility check of PfIMPDH(His)s(m_I) and PfIMPDH(His)s(m_I1) expressed in AguaB®
(DE3) strain of E. coli. Left and right panel corresponds to Coomassie-stained SDS-PAGE and
Western blot, respectively. PFIMPDH(His)e(m_I) and PfIMPDH(His)s(m_II) carry a set of single
point mutations (K86D, S172H, H218K_K221H, S310G, A325G, and K420V) and (K86D, S172H,
H218K _K221H, S310G, and K420V), respectively, that were generated based on solubility
predictions by PROSO I1, an online solubility prediction server (Smialowski P. et al, 2012). Both the
mutant proteins were tested for expression and solubility in the impdh deletion strain with 0.5 mM
IPTG at 25 °C, co-transformed with chaperone expressing plasmid, pKJE7 (Dnak 70 kDa, DnaJ 40,
grpE 22 kDa) and pRIL, helper plasmid expressing tRNA synthetases for rare codons in E. coli
(isolated from Arctic Express(DE3) strain of E. coli (Stratagene, USA)). Lanes 1 and 2 correspond to
the soluble and insoluble fraction of cells expressing PFIMPDH(His)s(m_I); lanes 4 and 5 correspond
to the soluble and insoluble fraction of cells expressing PFIMPDH(His)s(m_I1); Back arrow points to
PfIMPDH(His)e(m_II) in the insoluble fraction, while an extremely faint band corresponding to
PfIMPDH(His)s(m_I) was observed; lane 3 corresponds to a protein sample (55 kDa) used as a
positive control for antibody detection. Western blot was probed using anti-PfIMPDH antibody
raised in mouse. Secondary anti-mouse antibody conjugated to HRP was purchased from Sigma
Aldrich, USA. AEC (3-amino-9-ethylcarbazole) was used as a substrate for HRP yielding a colored
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precipitate on the membrane. Schematic of each construct is indicated below the respective
expression profiles where CD stands for the catalytic domain and the point mutations generated are
indicated in red asterisks.

Table 3. Solubility index of various IMPDHs calculated using PROSO I solubility prediction
algorithm (Smialowski P et al., 2012). Sequences from various species of Plasmodium which share
an identity of 84 % and similarity of 89 % are compared with Tritrichomans foetus and M. jannaschii
IMPDHs both of which are highly soluble when expressed in E. coli.

Source Predicted class Solubility score
P. falciparum Insoluble 0.446
P. berghei Insoluble 0.555
P. chaubudi Insoluble 0.425
P. vivax Insoluble 0.519
P. knowlesi Insoluble 0.521
P. yoelii Insoluble 0.458
T. foetus Soluble 0.717
M. jannaschii Soluble 0.684

Table 4. Solubility predictions of fusion, deletion and mutant constructs of P. falciparum and P.
berghei IMPDH using PROSO Il web server (Smialowski P et al., 2012). MjGATase refers to
glutamine amidotransferase from M. jannaschii, a highly soluble protein. TEV (tobacco etch virus)
protease cleavage site aids in separation of the tag from the protein. M_I and M_II refer to the mutant
constructs of PfIMPDH generated using predictions of PROSO II. The amino acids in PfIMPDH
sequence were replaced by corresponding residues from PbIMPDH.

Predicted class Fusion construct or mutation Predicted class and

and score modified score

PfIMPDH Insoluble; 0.446 pET21b_PfIMPDH(His)s Insoluble; 0.505
PfIMPDH Insoluble; 0.446  pET21b_(MjGATase)PfIMPDH(His)s Soluble; 0.647
PfIMPDHA®S  Insoluble; 0.547 pET21b_PfIMPDHACBS(His)s Soluble; 0.619
PfIMPDHACES  Insoluble; 0.547 pET21b_(MjGATase)PfIMPDHACBS(His)g Soluble; 0.757
apfCBS Insoluble; 0.364 pPNEB_PfCBS(His)s Soluble; 0.645
MjGATase Soluble; 0.873 PET21b_(His)sMjGATase Soluble; 0.901
®PhIMPDH  Insoluble; 0.555 PET21b_PbIMPDH(His)s Soluble; 0.605
PbIMPDH Insoluble; 0.555  pET21b_(MjGATase)PbIMPDH(His)s Soluble; 0.738
M I Insoluble; 0.446 pET21b_ PfIMPDH(His)s(m_I) Soluble; 0.76
M_II Insoluble; 0.446 pET21b_ PFIMPDH(His)s(m_II) Soluble; 0.75

2 Provided in Chapter 4; ° Appendix D at the end of the thesis.
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Table 5. Summary of gene expression from various constructs generated based on STRING and
PROSO Il predictions.

Expression Expression construct Expression Observations
vector host
pET21b
N-term . . Rosetta(DE3) .
MjGATase and pET21b_(MjGATase)PfIMPDH(His)s oLysS No expression
C-term (His)s tag
RlEt-gfr%wb Rosetta(DE3) low level of
- i ACBS(4i H

MjGATase and pET21b_(MjGATase)PfIMPDH*~*>(His)s oLysS Ie;(rpreeISSIiﬁgoEmgle
C-term (His)s tag gely
DETDUET low Ievs_el th' )
IMPDH C-term . expression, nig

. pET_ PfIMPDH(His)s_ PFGMPS AguaB®(DE3) degradation seen
(His)s tag and .

in both GMPS and
untagged GMPS IMPDH
pET21b
Eg$8DKSI1<7222TH Largely degraded,
- " pET21b_ PfIMPDH(His)s(m_I) AguaB"(DE3) a faint protein

53106, A325G, band was observed
and K420V with
C-term (His)s tag
pET21b
K86D, S172H, Moderate level of
H218K_K221H, . K degradation, a
$310G and pET21b_ PfIMPDH(His)s(m_II) AguaB"(DE3) minor amount of
K420V with C- soluble protein

term (His)s tag

3.5.3.3 Expression analysis of PFIMPDHACES
PfIMPDHABS cloned into the pET23d expression vector (pET23d_PfIMPDHACES)

earlier in the laboratory yielded completely insoluble protein with gene expression

conditional to the presence of pLysS helper plasmid (Fig. 9). Based on the results obtained

from PROSO Il solubility predictions (Table 4) a C-terminal (His)e-tagged core catalytic
domain was constructed (PfIMPDHACBS(His)s). Rosetta(DE3) pLysS strain of E. coli
transformed with pET28b_PfIMPDHABS(His)s yielded PFIMPDHACES for the first time in a
soluble form (Fig. 9). Similar to the full-length PFIMPDH, the presence of pKJE7 chaperone

plasmid significantly improved the yield of soluble protein intriguingly in the absence of a

helper plasmid expressing tRNA synthetases for rare codons in E. coli. However, the
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majority of the soluble PfFIMPDHABS did not bind to the Ni-NTA matrix but remained in the
flow-through and always found to co-exist with the chaperone proteins (despite an extensive
wash with 25 mM Mg-ATP).

Polyethyleneimine (PEI) treatment was performed to enable separation of the
contaminating chaperones (DnaK, 40 kDa and grpE, 22 kDa) which are highly negatively
charged at pH 7.6 (Table 6 ). PEI precipitation depends on two factors, pH and ionic strength
and it preferentially precipitates DNA along with highly negatively charged proteins at an
ionic strength of 0.1-1 M KCI (Zillig W et al., 1970 and Burgess RR and Jendrisak JJ, 1975).
However, the nucleic acid-protein pellet was found to have a very large proportion of the
soluble PFIMPDHA“BS co-precipitated with chaperone proteins. Attempts were unsuccessful
in improving the yield of the soluble fraction and purity of the recombinant proteins
(PfIMPDH and PfIMPDHA“BS) because of the co-purification of any or all of the three
chaperone proteins DnaK, DnaJ or grpE.

Table 6. Physico-chemical properties of chaperone proteins and PfIMPDHACBS, Protein
sequences were obtained from the Universal Protein Resource repository (UniProt). Physico-chemical
properties were determined using an online tool, Protein Calculator v3.4
(http://protcalc.sourceforge.net/).

Protein Molecular weight pl Charge at pH 7.6
DnaK 70 kDa 4.83 Highly negative
DnaJ 40 kDa 7.98 Positive
GrpE 22 kDa 4.68 Highly negative
pET28b_PfIMPDHA®BS(His)s 43 kDa 6.95 Negative
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Figure 9. Solubility check of various PFIMPDH““BS expression constructs. In each image left and
right panel corresponds to Coomassie-stained SDS-PAGE and Western blot, respectively. a)
Expression of PFIMPDHA®S in BL21(DE3) strain of E. coli. Lanes 1 and 2 are the soluble and
insoluble fractions. b) Expression of PFIMPDH"“®S in Rosetta(DE3) pLysS strain of E. coli.
Presence of helper plasmid carrying genes for tRNA synthetases for rare codons increased the
expression level of PIMPDH““®, Lanes 1 and 2 are the soluble and insoluble fractions. c)
Expression of PFIMPDHA“BS(His)s in Rosetta(DE3) pLysS strain of E. coli. The inclusion of C-
terminal (His)s tag has yielded a small fraction of soluble protein. Lanes 1 and 2 are the soluble and
insoluble fractions. d) Expression of PFIMPDH"“®5(His)s in BL21(DE3). Co-expression of plasmid,
pKJE7 carrying DnaK (70 kDa), DnaJ (40 kDa) and grpE (22 kDa) chaperone system has resulted in
increased levels of soluble protein without the supplementation of helper plasmid for tRNA
synthetases. Lane 1, neat pET28b/pKJE7 vectors; lanes 2 and 3 correspond to soluble and insoluble
fractions; M, pre-stained protein molecular weight marker (Abcam, USA). Western blot was probed
using anti-PfIMPDH antibody raised in mouse. Secondary anti-mouse antibody conjugated to HRP
was purchased from Sigma Aldrich, USA. AEC (3-amino-9-ethylcarbazole) was used as a substrate
for HRP yielding a colored precipitate on the membrane. Schematic of each construct is indicated
below the respective expression profiles where CD refers to the catalytic domain.
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3.5.4 Activity measurements
Lysates corresponding to 3.2 ml of AguaBX(DE3) strain of E. coli carrying pET21b

neat  vector, pET21b_PfIMPDH(His)s, pET21b_PfIMPDHA®BS(His)s,  pET21b_
PfIMPDH(His)s(m_I) and pET21b_ PfFIMPDH(His)s(m_Il) co-transformed with both pRIL
and pKJE7 were examined for IMP dehydrogenase activity. The NAD™ dependent
dehydrogenase activity of PfIMPDH/PfIMPDHACES was monitored at 340 nm as the
formation of NADH from NAD" with an absorption coefficient of 6.22 mM™ cm™. As
compared to neat vector control, all other bacterial lysates displayed similar activity of NAD*
to NADH conversion with no significant increase in NADH production upon addition of IMP
to the assay mix (Fig. 10). Activity measurements of the MjIMPDH enzyme (Chapter 5)
monitored in the presence of any of these bacterial lysates was found to be significantly
inhibited indicating the presence of contaminants in the protein preparation (soluble lysate)
inhibiting IMP dependent dehydrogenase activity (Fig. 10). Dehydrogenase activity
measurements in the presence of Mg-ATP (in order to dislodge the bound chaperon
molecules) and higher concentrations of substrates (1 mM NAD* and 1 mM IMP to relieve
competition for substrates from contaminating proteins) did not yield any further change.
Therefore, the functionality of PFIMPDH could not be established owing to the presence of
contaminating E. coli molecules or due to the tight association with the chaperone proteins.
PfIMPDH/PfIMPDHA®BS in H11744%42C strain of E. coli (co-transformed with plasmids
expressing T7 RNA polymerase and pKJE7) examined for its ability to catalyze GMP
reductase reaction through genetic complementation assay was found unsuccessful
(discussed in Chapter 2). Thereafter, these E. coli lysates were analyzed for protein solubility
through Western detection. However, no protein was found in soluble fraction and therefore
could not examine the ability of PfIMPDH to catalyze NADPH dependent reductive

deamination of GMP.

111



Chapter 3. Invitro studies on PFIMPDH

b)
g B 0.2mm NAD: [0 10 ug PAIMPDH lysate
_ 0.2 mM NAD* and 0.1 mM IMP B 20 g MjIMPDH
= B 20 ug MjIMPDH + 10 pug PfIMPDH lysate
§ g 100-
£ 3 75
L BE
= L 504
o a o
- n g 251 =
c
=~ 0 [ T | I Q I =l
v ‘\‘9 Rl Y;b
i
& &

Figure 10. Activity measurements. Activity measurements were recorded at 37 °C by an increase in
absorbance at 340 nm with the formation of NADH as a function of time (e= 6.22 mM™.cm™).
Standard assay mixture contained 50 mM Tris HCI, pH 8.0, 100 mM KCI, 3 mM EDTA, 1 mM DTT,
0.1 mM IMP and 0.2 mM NAD" in 250 ul final volume. The data were replotted using GraphPad
Prism, version 5 (GraphPad Software Inc., San Diego, CA). a) Lysates of AguaB¥(DE3) strain of E.
coli obtained from induction of cells containing pET21b neat vector, pET21b_PfIMPDH(His)s,
pET21b_PfIMPDH*“®S(His)s, pET21b_PfIMPDH(His)s(m_I) and pET21b_PfIMPDH(His)s(m_II) in
the presence of helper plasmids (pKJE7 and pRIL) examined for IMP dehydrogenase activity. Each
lysate corresponding to 3.2 ml of culture equivalent is shown on the x-axis with the concentration of
NADH formed on the y-axis. Black bars represent NAD* to NADH conversion independent of IMP
and grey shaded bars represent NADH formation in the presence of IMP. Background NAD™ to
NADH conversion was observed in the absence of IMP with no significant increase upon addition of
IMP. b) Activity measurements of IMPDH from M. jannaschii in the absence and presence of
lysates obtained from AguaB"(DE3) expressing PFIMPDH. Activity corresponding to the lysate is
shown on the x-axis with specific activity (nmol minmg™) on the y-axis. A on the x-axis corresponds
to activity measurement of 10 ug of PEIMPDH(His)s lysate in the absence of substrates. A+NAD", in
the presence of 0.2 mM NAD™; A+NAD*+IMP, in the presence of both the substrates; B represents
enzyme activity measured with 20 ug of MjIMPDH; A+B indicates the drop in activity of MjIMPDH
with the addition of 10 ug of PfIMPDH Iysate. Experiments were performed at least twice in
duplicate and the error bars represent the standard deviation of data.

112



Chapter 3. Invitro studies on PFIMPDH

3.5.5 Codon harmonization
Eugene, an online gene optimization tool was used to re-design PFIMPDH gene for

maximal expression in E. coli without changing the amino acid sequence. Codon adaptation
index (CAI) value of native PFIMPDH gene was found to be 0.64 for expression in E. coli
while codon harmonized gene sequence yielded a value of 0.87 (Table 7). CAl value >0.8
indicates a high probability of the recombinant protein expressing in the heterologous
system, E. coli in this case. Manual curation of the negative CIS elements was done, checked
for inclusion of any restriction site or STOP codons during the process of re-design. Lastly,
the harmonized gene sequence was represented graphically on a graphical codon usage
analysis tool, GCUA (Fuhrmann M et al., 2004) (Fig. 11).

Codon harmonization refers to synonymous codon replacement without changing the
amino acid residue. One of the reasons attributed to low expression or formation of insoluble
aggregates is the differences in synonymous codon usage between expression and natural
hosts. Slowing down or a halt of the ribosomal progression may occur upon encounter with
such a discrepancy in codon usage. The aim of codon harmonization is to achieve the
translational rates of the protein of interest in the heterologous expression system similar to
its origin. The challenges associated with the discrepancy in codon usage patterns of P.
falciparum when expressed in E. coli has been identified owing to the bias introduced by the
high (80 %) AT content (Weber JL, 1987). A significant increase in the yield of the soluble
protein was reported for five different proteins from the malarial parasite through codon
harmonization (Angov E et al., 2008) while codon optimization which simply changes all the
native codons to maximal usage in E. coli was found to yield only insoluble protein (Pan W
et al., 1999 and Singh S et al., 2003).

Table 7. Genescript analysis of PFIMPDH native and Eugene codon harmonized gene sequences
(Gaspar P et al., 2012). CAI refers to codon adaptability index.

Gene CAI GC % Negative CIS
elements
PfIMPDH 0.64 30.04 3
Eugene harmonized 0.86 46.41 2
Manual curation 0.87 47.03 2
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Expression host Gene sequence Codon usage frequencies for residues 27-50
P. falciparum Native sequence
PfIMPDH
Native sequence
PfIMPDH
E. coli
Harmonized
sequence
PfIMPDH
30 4 0 50
Amino acid residue PGYI DFALSDIDLTNNMTDNITLK

Figure 11. Codon harmonization of PFIMPDH gene sequence for optimal expression in E. coli.
Codon usage frequencies of PfIMPDH gene in P. falciparum vs. expression in E. coli highlights the
dissimilarities. Codon harmonization brings back the profile of these frequencies similar to that of the
native host rather than simply modifying all the less represented codons to high frequency as in the
case of optimization. Harmonization was performed using the tool Eugene (Gaspar P et al., 2012).
Codon region of amino acids from 27 to 50 has been depicted graphically on graphical codon usage
analysis tool, GCUA (Fuhrmann M et al., 2004) with residues indicated on the bottom vs. codon
usage frequencies on top of the bar graph.

3.5.5.1 Sub-cloning of codon harmonized PFIMPDH gene for expression in

E. coli
Codon harmonized PFIMPDH gene sequence was custom synthesized at Biomatik

Corporation, Canada. Synthesized gene was supplied as a clone in pUC57 vector with
multiple restriction sites upstream and downstream of the gene. Expression of codon
harmonized PfIMPDH gene was simultaneously tested in both in vivo (E. coli) and in vitro
(cell-free protein synthesis) systems. Using suitable restriction enzymes, insert was sub-
cloned into pNEB or pST expression vectors yielding untagged (pNEB_hPfIMPDH), C-
terminal (His)s-tag (PNEB_hPfIMPDH(His)s and pNEB_hPfIMPDHABS(His)s) or C-
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terminal Strep-tag Il (pST_hPfIMPDH(Strll)) constructs which were expressed in
AguaB¥(DE3) strain of E. coli in the presence or absence of pKJE7 helper plasmid.
Expression levels of untagged hPfIMPDH from pNEB_hPfIMPDH vector was observed to
be low in comparison to that of pNEB_hPfIMPDH(His)s and pST_hPfIMPDH(Strll)
constructs expressing C-terminal (His)s-tag or Strep-tag Il, respectively (Fig. 12). Codon
harmonization of PFIMPDH gene for expression in E. coli did not yield the expressed protein
in soluble form under any tested condition (Fig. 12). Failure of codon harmonization in
producing a soluble form of protein may probably indicate the existence of translation-
independent mMRNA toxicity in bacterial gene expression which is a recent addition to the

repertoire of solubility determinants of a recombinant protein (Mittal P et al., 2018).
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Figure 12. Expression and solubility check of codon harmonized PFIMPDH full-length and core
catalytic domain in AguaB¥(DE3) strain of E. coli. In each image, left and right panels correspond
to Coomassie-stained SDS-PAGE and Western blot, respectively. hPfIMPDH and hPfIMPDH"®5*
that correspond to molecular weight of 55 kDa and 43 kDa, respectively are indicated by black
arrows. M is the pre-stained protein molecular weight marker (Abcam, USA). a) Expression of
hPfIMPDH. Lanes 1 and 3 correspond to soluble and insoluble fractions of codon harmonized
PfIMPDH, respectively; lane 2, a protein used as positive control for antibody detection. b)
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Expression of hPfIMPDH(His)s. Lanes 1 and 2 have soluble and insoluble fractions of codon
harmonized PfIMPDH with a C-terminal (His)s tag, respectively. ¢) Expression of
hPfIMPDH(StrIl). Lanes 1 and 2 have soluble and insoluble fractions of codon harmonized
PfIMPDH with a C-terminal Strep-tag Il, respectively. d) Expression of hPfIMPDH®S(His)e.
Lanes 1 and 2 represent soluble and insoluble fractions of codon harmonized PfIMPDH“® with a C-
terminal (His)s tag, respectively. a) and c¢) Western blots were probed using anti-PfIMPDH antibody
raised in mouse. b) and d) Western blots were probed using mouse anti-(His)s antibody (Sigma
Aldrich, USA). Secondary anti-mouse antibody conjugated to HRP was purchased from Sigma
Aldrich, USA. AEC (3-amino-9-ethylcarbazole) was used as a substrate for HRP yielding a colored
precipitate on the membrane. Schematic of each construct is represented below the respective
expression profiles where CD refers to the catalytic domain.

3.5.6 Cell-free protein synthesis

3.5.6.1 Wheat germ system
The most widely used heterologous expression system, E. coli was chosen to serve

the purpose of producing recombinant protein. A broad spectrum of strategies including the
use of different expression strains of E. coli, supplemented with or without helper plasmids
(pRIL, pLysS and/or pKJE7), various commercially available solubility enhancing tags and a
multitude of expression conditions (varied induction time, temperature and inducer
concentrations) were employed (Table 1, Table 5 and Table 8). Despite extensive efforts in
achieving expression of the soluble protein, the protein largely remained in inclusion bodies
or purification could not be achieved. This stands as a huge impediment for proceeding onto
further characterization of P. falciparum IMPDH, a highly promising drug target.

It was decided at this point to try in vitro translation system. The first in vitro
translation system used was wheat germ extract procured from Promega Corporation, USA.
This system was provided with bacterial transcription machinery which includes T7 RNA
polymerase that binds to the T7 promoter for transcription. Wheat germ extract in the kit
provided the translation components. The reaction was set up with native PFIMPDH gene
using pET21b_PfIMPDH(His)s and pET21b_PfIMPDHABS(His)s as a template followed by
detection on Western blot using anti-(His)e antibody. Examination of the Western blot
showed that PFIMPDH was not synthesized (Fig. 13) although the synthesis of luciferase,

positive control supplied with the kit had worked efficiently as detected by a luminometer.
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Plasmid DNA PCR fragment of
a) gene of interest

= Q=
N &> @

—————

5 : N-termir?us
lasmid >
DNA €— NTPs
b) pET21b_ PfIMPDH(His),

P pET21b_ PAIMPDHACBS(His),

LPERS / Additives 123 1 2 2
A 4 of interest , kDa kDa

Cofactors 85 855
35 + 35
T7 - o "
His)g
Tii CDh Mo cD F(His)g

Figure 13. Cell-free synthesis of PFIMPDH and PFIMPDH““S proteins using wheat germ extract.
a) The depiction of components that in general constitute a cell-free reaction where plasmid or PCR
amplicon acts as a template. Addition of DNA template initiates the cell-free transcription coupled
translation reaction. b) Left panel — In vitro T7 transcription coupled translation (eukaryotic
machinery) reaction mixture was resolved on SDS-PAGE and electrotransferred to PVDF membrane.
Blot was stained with Ponceau S dye to visualize the transfer of proteins. Lane 1 and 2 correspond to
the reaction sample for the synthesis of PFIMPDH and PfIMPDH?“5S using the plasmid templates
pET21b_PfIMPDH(His)s and pET21b_PfIMPDH®®(His)s, respectively. C-terminal (His)s-tagged
proteins of 35 kDa and 55 kDa were used as positive control for Western detection. Right panel-
Western blot was probed with anti-(His)s antibody and developed using ECL chemiluminescence kit
(Thermo Scientific, USA). Only a signal from the control was observed with the in-vitro reaction
being unsuccessful. Schematic of each construct is represented below the respective expression
profiles where CD refers to the catalytic domain.

3.5.6.2 NEB PUREXpress system
In vitro protein synthesis was also performed using E. coli S30 extract from

PURExpress, New England Biolabs, USA. Apart from the ribosomes, tRNAs, creatine
kinase, myokinase, nucleoside-diphosphate kinase, and pyrophosphatase, all other
components of the transcription and translational machinery provided in the kit are purified
(His)e-tagged recombinant proteins (Shimizu Y et al.,, 2001). Therefore, to enable

purification of PFIMPDH codon harmonized gene was subcloned with no tag into the plasmid
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provided with the kit (pNEB). This will enable removal of the kit components by Ni-NTA
chromatography as untagged PfIMPDH enzyme will not bind to the matrix. After incubation at
37 °C for 2 h, the sample was centrifuged at 10000g for 10 min and the supernatant was
examined on SDS-PAGE. A distinct band of 55 kDa representing PfIMPDH was seen in
comparison with no DNA control reaction on Coomassie-stained SDS-PAGE (Fig. 14). For the
first time, we observed soluble protein synthesized in a cell-free reaction which was confirmed

by Western blot using in-house generated anti-PfIMPDH antibody (Fig. 14).
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Figure 14. Detection of PFIMPDH protein synthesized from E. coli S30 system. a) All key features of
the expression vector from PURExpress (New England Biolabs, England) used in the cell-free reaction
with E. coli S30 extract are indicated. Codon harmonized PIMPDH gene has been subcloned into this
commercially supplied vector (pNEB). b) The reaction is set up by mixing components of tube A and B in
recommended ratios and addition of DNA template initiates the T7 transcription coupled translation
(prokaryotic) reaction. The reaction is set for 2 h at 37 °C. c¢) left panel - 2.0 ul of the in-vitro
transcription coupled translation reaction with pNEB_ hPfIMPDH as template was resolved on 12 %
SDS-PAGE and Coomassie stained. Lane 1 is no template control and includes only the reaction
components from the NEB kit; lane 2 is the cell-free reaction with pNEB _hPfIMPDH as a template; lane
3, a protein used as positive control for Western detection and M, pre-stained protein molecular weight
marker (Abcam, USA). Right panel- Western blot probed with an anti-PfIMPDH antibody generated in-
house and developed using AEC as a substrate for HRP conjugated to the secondary antibody.
PfIMPDH, synthesized (55 kDa) in the cell-free reaction is highlighted with a black arrow. Use of
polyclonal antibody generated using PIMPDH(His)s might have resulted in non-specific bands on the
Western blot (reaction components of the in vitro translation are as well (His)s-tagged). Schematic of
each construct is represented below the respective expression profiles where CD refers to catalytic
domain.
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3.5.6.3 Scaling up of the cell-free protein synthesis

We attempted to measure the enzyme activity of in vitro translated PFIMPDH. However,
the assay with the S30 reaction mix did not report back on IMP-specific conversion of NAD" to
NADH. This could be due to the presence of nucleotides, salts, ribosomes, and other E. coli
proteins in the cell free protein synthesis reaction. As PfIMPDH activity could not be monitored
in the presence of S30 reaction mix, we attempted to separate the synthesized protein from other
reaction components using ultracentrifugation. The molecular weight of PIMPDH monomer is
55 kDa. Based on the oliogomeric state of other studied IMPDHs (Hedstrom L, 2009; Labesse G
et al., 2013; Buey RM et al.,, 2015; Anthony SA et al., 2017 and Buey RM et al., 2017), the
parasite enzyme could exist as either a tetramer of 220 kDa or octamer of 440 kDa in solution.
Bacterial ribosomal complex present in the cell-free reaction mixture corresponds to about 2000-
2500 kDa. The aim of the experiment was to separate this huge complex in the first step using
1000 kDa molecular weight cut-off centrifugal filter units (Sartorius, Germany) followed by
capture of (His)s-tagged PURE components from the flow through on to Ni-NTA affinity matrix.
However, the flow through from ultrafiltration lacked the synthesized PfIMPDH protein.
Intriguingly, it was found to be retained in the retentate along with the ribosomal machinery (Fig.
15). This indicates that the in vitro synthesized PfIMPDH is larger than either a tetramer or
octamer and must be existing in large multimeric forms. The retentate with PfIMPDH did not
show enzyme activity. This could be due to the presence of the components of the S30 reaction
mix.

Alternate tagging strategy using Strep-tag II was performed to achieve separation of in
vitro synthesized protein from the (His)s-tagged PURE components and ribosomal complex. A
12.5 pl reaction was set up using pST hPfIMPDH(StrII) as DNA template. After 2.5 h incubation at
37 °C sample was divided into two equal fractions. One was directly resolved on SDS-PAGE while other
was centrifuged at 10000g for 10 min at 4 °C and only the supernatant was analyzed. As detected from
Coomassie and confirmed by Western blot, PFIMPDH with C-terminal Strep-tag Il synthesized in in vitro
reaction has precipitated during the course of the reaction and hence no further experiments were

carried out using this construct (Fig. 15).
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Figure 15. An attempt at the purification of PFIMPDH protein synthesized using E. coli S-30
extract from NEB with pNEB_hPfIMPDH as a template. a) Schematic followed for purification of
PfIMPDH expressed from pNEB_hPfIMPDH involves ultra-filtration using 1000 kDa cutoff
centrifugal filter units (Sartorius, Germany) followed by collection of ultrafiltrate and passing it
through Ni-NTA affinity matrix for the capture of (His)s-tagged reaction components. Top panels of
b) and c¢) highlight Western detection of proteins synthesized in the in-vitro transcription coupled
translation reaction using protein-specific antibodies and with pNEB_hPfIMPDH and
pST_hPfIMPDH(Stril) as DNA templates, respectively while bottom panels represent chloroform
stained (Kazmin D et al., 2002) and UV visualized protein profiles on SDS-PAGE. PfIMPDH
synthesized in the cell-free reaction is highlighted with a black arrow (55 kDa). b) An attempt at the
purification of PFIMPDH protein synthesized using E. coli S-30 extract from NEB kit. Lane 1, 2.0 ul
of no template control; lane 2, 2.0 ul of the in-vitro reaction with pNEB_hPfIMPDH as a template;
lane 3, ultrafiltration retentate; lane 4, Ni-NTA flow through; lane 5, Ni-NTA retentate. c) Cell-free
protein synthesis using pST_hPfIMPDH(Strll) as a template. Lane 1, 2.0 ul/ of no template control;
lane 2, 6.25 ul of supernatant from cell-free reaction with pST_hPfIMPDH(Strll) as a template after
centrifugation; lane M, pre-stained protein molecular weight marker (Abcam, USA); lane 3- protein
used as positive control for Western detection; lane 4, 6.25 ul of cell-free reaction with
pST_hPfIMPDH(Strll) as a template resolved without centrifugation. Use of polyclonal antibody
generated using (His)s-tagged PFIMPDH might have resulted in non-specific bands on the Western
blot (reaction components of the in vitro translation are as well (His)s-tagged). Schematic of each
construct is represented below the respective expression profiles where CD refers to the catalytic
domain.
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Table 8. Various expression constructs of codon harmonized PFIMPDH.

Expression Vector Expression construct Expression Observations
host
pET21b . K hyperexpression,
C-terminal (His)s-tag pPET21b_hPfIMPDH(His)s AguaB"(DE3) insoluble
pET21b ACBS/L1: K hyperexpression,
C-terminal (His)e-tag PET21b_hPfIMPDHA®S(His)s AguaB*(DE3) insoluble
Rllijrili)nal olB moderate level of
sequence an% C- PET22b_(PelB)hPfIMPDH(His)s AguaB¥(DE3)  expression,
terminal (His)e-tag TEasle
low level of
. expression,
tNerEwBIZtLéRnE) l:;t pNEB_hPfIMPDH AguaB*(DE3)  completely
plate, notag insoluble with
degradation
NES LIRS (X hyperexpression
template PNEB_hPfIMPDH(His)s AguaBX(DE3) irﬁ%lubls '
C- terminal (His)s-tag
NEB PURE
kit template ACBS/LI: K hyperexpression,
Catalytic core C- pPNEB_hPfIMPDH"®B3(His)s AguaB*(DE3) insoluble
terminal (His)s-tag
NEB PURE
kit template - K hyperexpression,
CBS domain C- EAEERRICE S (o) AQuaB™(DE3)  1nd soluble
terminal (His)e-tag
extremely low level
&S;?&T;Zfsst:? 3;' FIFf pST_(Strll)hPfIMPDH AguaBX(DE3)  of expression,
p-tag insoluble
pST50Trc4-DHFRSTR K hyperexpression,
C-terminal Strep-tag Il STl RIRIE] LGEI(RI) insoluble
h extremely low level
th':r?]iaezﬁF:‘;')Mg DH pTrc_hPFIMPDH(His)s H11749C  of expression,
6 fag insoluble
pTrc99a_PfIMPDHMCES SEEST LGEE hyperexpression,
C-term (His)s tag pTrc_hPfIMPDHA®5(His)s H1174 insoluble

3.5.7 Sequence analysis
Multiple sequence alignment of P. falciparum IMPDH with other well-characterized

IMPDH/GMPR family of proteins using Clustal Omega helped in identification of conserved
structural motifs that include catalytic cysteine loop, phosphate binding loop, finger loop,
mobile flap loop, and the C-terminal loop. The alignment also facilitated the demarcation of
CBS and catalytic core domains in P. falciparum IMPDH (Fig. 16 and Fig. 17).
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Figure 16. Multiple sequence alignment of IMP dehydrogenases from various organisms. The
sequence of PF3D7 0920800 annotated as inosine 5’-monophosphate dehydrogenase in PlasmoDB
(PfIMPDH) is compared across various characterized IMPDHs that include Ashbya gossypium (Ag),
Leishmania donovani (Ld), Tritrichomonas foetus (Tf), Trypanosome brucei (Th), Human type I (HI),
Human type Il (HII), Cricetulus griseus (Cg), Cryptococcus neoformans (Cn), Toxoplasma gondii
(Tg), Cryptosporidium parvum (Cp), Borrelia burgdorferi (Bb), Escherichia coli (Ec), Bacillus
subtilis (Bs), Bacillus anthracis (Ba), Vibrio cholerae (Vc), Streptococcus pyogenes (Sp),
Mycobacterium tuberculosis (Mtb), Methanocaldococcus jannaschii (Mj), Pyrococcus horikoshii (Ph)
and Pseudomonas aeruginosa (Pa). All sequences were aligned with Clustal Omega (Sievers F et al.,
2011; Sievers F and Higgins DG, 2018) and rendered using ESPRIPT (Robert X and Gouet P, 2014).
A consensus of >70 was found across sequences analyzed. The secondary structure of IMPDH from a
eukaryote, A. gossypium (PDB 5TC3) and a prokaryote, P. aeruginosa (PDB 4DQW) are shown at
the top and bottom of the sequence alignment, respectively. o-helices and p-strands are rendered as
large squiggles and arrows, respectively. TT and TTT correspond to beta and alpha turns,
respectively. The red shaded regions indicate identical residues while residues represented in red,
highlight similarity among the sequences compared. CBS domain is underlined with a green line. The
segments involved in the catalysis are enclosed in black and blue boxes which include catalytic
cysteine loop, phosphate binding loop, finger loop, mobile flap loop, and the C-terminal loop.
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Figure 17. Multiple sequence alignment of GMP reductases from various sources. The sequence of
PfIMPDH is compared across various biochemically characterized guanosine 5’-monophosphate
reductases that include Human type | (H_I), Human type Il (H_II), Bos taurus type I (Bt_I), Bos
taurus type Il (Bt_II), Escherichia coli (Ec), Bacillus anthracis (Ba), Trypanosoma congolense (Tc),
Leishmania donovani (Ld), and Trypanosome brucei (Tb). All the sequences were aligned with
Clustal Omega (Sievers F et al., 2011; Sievers F and Higgins DG, 2018) and rendered using
ESPRIPT (Robert X and Gouet P, 2014). A consensus of >70 was found across sequences analyzed.
The secondary structure of GMPR from Human type 1l (PDB 2C6Q) and T. brucei (PDB 5X80) are
shown at the top and bottom of the sequence alignment, respectively. a-helices and [-strands are
rendered as large squiggles and arrows, respectively. TT and TTT correspond to beta and alpha
turns, respectively. The red shaded regions indicate identical residues while residues in red highlight
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similarity among the sequences compared. CBS domain is underlined by a green line. Catalytic
cysteine loop, conformational loop, and the flexible binding region are highlighted in black boxes.

3.5.8 Analysis of amino acid composition across IMPDH/GMPR sequences
Percentage occurrence of each amino acid in a given IMPDH sequence was

calculated. An average of this calculated percentage across various Plasmodium species has
been compared with that from other biochemically characterised IMPDH and GMPR
sequences (Fig. 18). Six (L, W, T, C, M, and K) of the twenty amino acids in the plasmodial
group do not significantly differ from their respective averages in the other group that
constitutes soluble IMPDHs and GMPRs, while percentage of occurrence for the rest of the
fourteeen was found to vary significantly. The implication of such a bias in amino acid

composition of PFIMPDH and the associated consequences are yet to be understood (Fig.
18).
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Figure 18. Scatter plot for average amino acid composition (%) of IMPDH from Plasmodial
species compared across various other biochemically characterised IMPDH and GMPR sequences.
One-way analysis of variance (ANOVA, ***p<0.001, **p<0.01, and *p<0.05) followed by
Bonferroni’s multiple comparison test performed to calculate the statistically significant differences
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in amino acid composition between the means of two groups (red spheres and black squares) is
indicated. ns refers to not significant. Shown on the x-axis is the amino acid residue within a group
vs. its average percentage of occurrence on the y-axis. Shown in red spheres is groupl (n=10) that
includes IMPDH from P. falciparum 3D7, P. berghei ANKA, P. vivax P01, P. chabaudi chabaudi, P.
yoelli 17X, P. ovale GHO1, P. knowlesi strain H, P. malariae UG01, P. cynomolgi strain B and P.
reichenowi CDC while the group2 (n=33) in black squares correspond to IMPDHs from human (type
1 and type 2), L. donovani, T. brucei, T. congolense, B. gibsoni, T. gondii, T. foetus, E. coli, S.
pyogenes, A. gossypium, P. aeruginosa, M. tuberculosis, B. subtilis, B. anthracis, V. cholerae, P.
horikoshii, M. jannaschii, C. perfringens, E. tenella, B. thailandensis, L. pneumophila, N.
meningitidis, K. pneumonia, S. aureus, S. cerevisiag, C. jejuni, L. monocytogenes, M.
thermoresistible, B. subtilis, and C. neoformans and GMPRs that contain CBS domain from L.
donovani, T. brucei and T. congolense (expressed in E. coli in soluble form). Horizontal bars in grey
represent mean and s.e.m of the data. Protein calculator v3.4 tool was used for the analysis
(http://protcalc.sourceforge.net/).

3.5.9 B-aggregation propensity
TANGO is a statistical mechanics algorithm to predict the beta-aggregation

nucleating regions in unfolded polypeptide chains. It was developed based on simple
physicochemical principles of secondary structure formation and the assumption that the core
regions of an aggregate are fully buried. This algorithm was shown to predict accurately the
regions experimentally reported to be involved in the aggregation process that includes B-
peptide from Alzheimer's along with 20 other proteins (Linding R et al., 2004; Fernandez-
Escamilla AM et al., 2004). They observe a higher propensity for beta-aggregation among
cytoplasmic, and globular proteins than membrane-bound or intrinsically disordered proteins.

Each residue in a peptide is given a percentage occupancy in the B-aggregation
conformation and a peptide is considered to be potential B-aggregation nucleation site when a
segment of at least five consecutive residues, each accounting to more than 5 % of B-
aggregated conformation is predicted. PFIMPDHACBS protein sequence was used as input as
we obtained PfCBS domain in soluble form when expressed in E. coli (presented in Chapter
4). Two segments of length 14 and 19 amino acids each having a significantly high B-
aggregation score of 40 — 50 % was observed (Fig. 19). MjIMPDH has been found to be
highly soluble and share a sequence identity of 35 % with PfIMPDH (discussed in Chapter
5). Such potential nucleation sites were not observed in MjIMPDH. Upon swapping the

sequence of these two regions identified in P. falciparum enzyme with that from M.
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jannaschii IMPDH vyielded significantly lowered score (40 % and 50 % have dropped down
to 3 % and 14 %, respectively) (Fig. 19). This could serve as a possible future direction to

generate mutants with improved solubility.
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Figure 19. The beta-aggregation propensity of PFIMPDH““®%, The analysis was performed using a
computer algorithm for prediction of aggregating regions in unfolded polypeptide chains on TANGO
web server (http://tango.crg.es) (Linding R et al., 2004; Fernandez-Escamilla AM et al., 2004). a)
Amino acid position is on the x-axis with the corresponding beta-aggregation propensity on the y-
axis. Two segments with significantly high score have been identified in PFIMPDH®S indicated in
continuous black line which upon shuffling with that of a known soluble protein, MjIMPDH resulted
in the loss of aggregation-prone regions indicated in dotted black line. b) Tabulation of the
aggregation-prone sequence, swap with MjIMPDH residues and the corresponding score.
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3.6 Conclusion
PFIMPDH and PfIMPDHA®BS overexpressed in E. coli remained insoluble despite

various efforts to maximize the yield of soluble protein. Presence of helper plasmids were
found to be essential for hyperexpression of PFIMPDH/PfIMPDHABS and yield low levels of
soluble protein. However, separation of chaperone proteins from PfIMPDH was not
successful. Enzymatic activity of PFIMPDH from bacterial lysates (obtained after protein
induction and cell lysis) could not be verified due to the presence of contaminants from E.
coli. Ability of PFIMPDH to catalyze GMP reductase reaction could not be examined as it
was found to be insoluble when expressed in H1174%9%3C strain of E. coli. Codon
harmonization of gene sequence to obtain soluble protein was also found not fruitful. In vitro
protein production using wheat germ extract was unsuccessful while for the first time soluble
and detectable level of PFIMPDH protein on Coomassie-stained SDS-PAGE was achieved
with E. coli S-30 extract. Scaling-up and attempt to isolate the in vitro synthesized protein
remained unsuccessful largely due to protein aggregation/multimerization or probably due to
strong association with the ribosomal complex. Bias in amino acid composition, prediction of
aggregation-prone regions and domain swapping could be the possible future approaches in

generating mutants with improved solubility of recombinant PFIMPDH.
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Chapter 4. Biophysical and biochemical examination of PfCBS

Bateman domain or cystathionine beta-synthase (CBS) domain of PfIMPDH (PfCBS) was
cloned into a T7 expression vector carrying a C-terminal (His)s-tag. Unlike the core catalytic
domain or the full-length construct, PfCBS was obtained in soluble form and purified to
homogeneity. PfCBS was found to exist as a monomer in solution as determined from
analytical size-exclusion chromatography. PfCBS, as inferred from far-Uv CD measurement,
was found to be largely disordered similar to that of the CBS domain from human IMPDH?2.
Both adenylate and guanylate nucleotides were found to bind PfCBS as determined by

intrinsic tyrosine fluorescence measurements.

4.1 Introduction
4.1.1 Discovery and prevalence

CBS motifs occur in a wide variety of functionally unrelated family of proteins that
were first identified by Alexander Bateman in human cystathionine B-synthase along with
fifteen other protein families (comprising a total of thirty-three copies) in the genome of the
archaeon, Methanocaldococcus jannaschii (Bateman A, 1997 and Bult CJ et al., 1996). They
exist in tandem of two or four of approximately sixty amino acids each motif and together
referred to as Bateman module or CBS domain. CBS domains carry no defined function yet
are known to regulate a wide number of proteins (from all kingdoms of life) including
voltage-gated channels, ABC protein transporter family, Mg?*-transporters, AMP-activated
protein kinase, and GMP reductase/IMP dehydrogenase protein family. Overview of the CBS
domain with emphasis on IMPDH/GMPR family of proteins is discussed in this chapter.

4.1.2 Topology, structure, and conserved sequence motifs
Two a-helices and three B-strands in the order of p1-al-p2-B3-02 constitute a CBS

motif, generally preceded by a common flexible linker (a0) (that comprises of one turn of
helix succeeded by an unstructured region to confer flexibility) although some proteins are
found to have unstructured B1 strand (Fig. 1). In addition to the a0, a B-strand (B0) has been
recently identified as part of the common linker (Fig. 1) (Anishkin VA et al., 2017). Each N-
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terminal helix turn (a0/00’) of the flexible linker packs into anti-parallel arrangement
between its C-terminal B strand (B3/p3’) and a helix (a2/a2’) forming an integral part of the
other CBS motif and thus results in CBS motifs forming a nested overall structure with two-
fold axis of pseudo-C2 symmetry that runs parallel with the central B-sheets (Fig. 2) (Ereco-
Orbea J et al., 2013; Anashkin VA et al., 2017).

CBS domains always occur in tandem and the interaction between the -sheets within
the CBS domain constitutes a functional unit known as Bateman module, a pseudo-dimer.
Each CBS motif carries two major cavities referred to as site-1 and site-2 separated by the
dyad axis running parallel to the central B-sheets (Fig. 2a). Each canonical binding site of a
CBS motif is divided into three structural blocks (Fig. 1b and Fig. 2a). Block I includes
residues in the flexible linker preceding first strand (B1/B1°) with the highest diversity
observed in length and identity. Three residues of this segment are found to be essential in
the determination of the specificity and adenosyl group binding. A threonine or serine (T/S)
interacts through its side chain with hydroxyls of the ribose ring of nucleotide and when
replaced by a hydrophobic residue, twist of the ribose ring could occur accompanied by
phosphate group displacement. (T/S) is found to be often replaced by arginine or a lysine
(R/K) carrying out a similar function. The second key residue is usually placed two or three
residues before the beginning of the first strand (B1/p1”). The main chain of this residue (a
variable) sterically hinders potential accommodation of the 2-amino group of guanine
derivates by locating its carbonyl oxygen in the vicinity of the C2 atom of the adenine ring.
The third residue is placed two positions after the second residue described above which
favors adenosine binding by H-bonding the N6-exocyclic amino group and/or N7 amino
group of adenine ring through its carbonyl oxygen. Block Il comprises residues from the
second strand (B2/B2) that accommodate adenine ring by providing hydrophobic residues (h-
y-y-h-P where h is any hydrophobic residue, and y can be any residue). The first residue of
B2(y) simultaneously impairs the potential binding of guanosine derivatives while H-bonding
the 6-amino exocyclic group and the N7 amino group of adenine ring and the hydrophobic
residue (h) present two positions before, packs against the adenine ring. Block IlI
corresponds to the most conserved segment among all proteins which includes residues

located on the third strand (B3/B3”). It comprises of characteristic ribose-phosphate binding
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motif G-h-h-(T/S)-x-x-(D/N), where h is any hydrophobic residue, and x can be any residue.
The hydrophobic residue (h) interacts with the adenine ring, threonine/serine (T/S) binds
phosphate and aspartate (D) binds ribose hydroxyls through H-bond. Lack of any of these
two residues (threonine/serine or aspartate) is known to impair nucleotide binding. Residue
preceding aspartate affects phosphate containing nucleotides and contributes significantly to
determine the overall fold of the bound nucleotide. Replacement of this residue by a
negatively charged or bulky hydrophobic residue fixes the site more compatible for
adenosine derivates such as AMP, ADP, ATP, NAD®, s-adenosylmethionine (SAM),
methylthioadenosine (SMT) (Baykov AA et al., 2011 and Erefio-Orbea J et al., 2013).

The spatial arrangement of the subdomain was first observed in the X-ray crystal
structure of S. pyogenes IMPDH (Zhang R et al., 1999). Since then, most of the PDB entries
for IMPDHSs report tetrameric association of the core domains that comprise the central
catalytic site, while the CBS domains (each is a tandem of CBS motif 1 and CBS motif 2)
from four subunits are located at the periphery of the enzyme complex (Fig. 2b) (Hedstrom
L, 2009). However, a CBS deletion mutant of human IMPDH2 remains fully active in vitro
(Sintchak MD et al., 1996) with oligomerization unchanged (Nimmesgern E et al., 1999).
These observations indicate the intramolecular interaction among CBS modules is neither a
structural determinant for protein multimerization nor essential for catalysis as they do not
form a part of the catalytic center, however, regulation is found to be perturbed upon deletion

or point mutations (Ignoul S and Eggermont J, 2005).

Block | Block Il Block IlI
1 1

h-y-y-h-P G-h-h-T/S-x-x-DIN
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Figure 1. The topology and canonical binding sites of the CBS motif. a) Shown in white is the
common linker present across various CBS domain containing proteins (a0 and £0) and grey
corresponds to a CBS motif. CBS motifs occur in tandem of two or four copies within a CBS domain.
b) Structural blocks of the canonical binding site in a CBS motif with conserved nucleotide binding
sequence. h represents a hydrophobic residue and x, y represents any residue. P, G, T, S, D, and N
are the amino acids proline, glycine, threonine, serine, aspartic acid, and asparagine, respectively.
The figure is regenerated using information from the articles Ereco-Orbea J et al., 2013 and

Anashkin VA et al.,

2017.
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Figure 2. Domain architecture and spatial arrangement. a) CBS motifs and the structural
elements. The structure corresponds to CBS domain of protein MJ0100 from M. jannaschii (PDB
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3KPC) represented with copyright grant from Erefio-Orbea J et al., 2013 (refer to Appendix A). The
two CBS motifs (CBS1 and CBS2) are related by a pseudo-2-fold symmetry within the Bateman
module. The right panel is the tertiary structure up on 90° rotation vertically. Linkers are indicated in
red, a helices in blue and 8 sheets in yellow. Nucleotide accommodating pocket in each motif is
indicated (S1 and S2). b) The tetrameric structure of S. pyogenes IMPDH (PDB 1ZFJ) parallel to
the 4-fold axis of symmetry is shown in ribbon diagram. Each subunit is represented in a different
color with each catalytic pocket occupied with a molecule of IMP represented in a space-filling
model. CBS subdomain from each of the subunit points away from the catalytic core. The image was
rendered using NGL viewer (Rose AS et al., 2018).

4.1.3 Ligand binding, regulation, and disease perspective
The initial screen of ligands that were found to bind the CBS domains of various

proteins largely includes adenine moieties modulating the enzyme activities (AMP, ADP,
ATP, S-adenosylmethionine, NAD*, diadenosine polyphosphates). The ability of CBS
modules to bind single and double-stranded nucleic acids and their association with
polyribosomes have also been reported (McLean JE et al., 2004; Mortimer SE et al., 2008
and Aguado-Llera D et al., 2010). Adding to the repertoire of ligands, recent studies have
found GMP, GDP, and GTP to bind to eukaryotic IMPDHs (Ashbya gossypium and human)
and inhibit the enzyme activity (Buey RM et al., 2015). Further, another study demonstrated
that both adenylate and guanylate nucleotides bind CBS domains of L. donovani IMPDH and
L. major GMPR and potentially modulate enzymatic activity (Smith S et al., 2016). Earlier
studies have shown that deletion of the CBS subdomain of IMPDH leads to the disruption of
coordinated regulation of the adenine and guanine nucleotide pools in E. coli (Pimkin M and
Markham GD, 2008, Pimkin M et al., 2009). Intriguingly, ATP binding and allosteric
activation of human IMPDH2 was abolished by a mutation (R224P) in the second CBS motif
which corresponds to retinitis pigmentosa causing mutation in IMPDH1 (Scott JW et al.,
2004 and Bowne SJ et al., 2002). Role of CBS domain has been indicated in the regulation of
translation and transcription (Cornuel JF et al., 2002; McLean JE et al., 2004; Mortimer SE
and Hedstrom L, 2005; Bowne SJ et al., 2006; Mortimer SE et al., 2008; Park JH and Ahn
SH, 2010). However, molecular and the mechanistic basis of regulation by CBS domain is
yet to be understood.

Ligands binding to CBS domain also include metal cofactors like Mg?* and Zn?* ions
(Hattori M et al., 2007 and Sharp M et al., 2008) and huge structural rearrangement of CBS
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domains has been well documented in case of Mg?" transporters (MgtE). In the Mg?* free
form, CBS domains remain apart from each other by a 40° rotation compared to that of the
bound form providing a gating mechanism for ion conductance (Hattori M et al., 2007 and
Hattori M et al., 2009). Conformational flexibility is also displayed by nucleotide binding in
the CBS domain of Clostridium perfringens pyrophosphatase (CBS_PPase) and Mj0100 (a
protein of unknown function from M. jannaschii) (Tuominen H et al., 2010 and Lucas M et
al., 2010).

Such ligand-induced conformational studies on IMPDH/GMPR family of proteins
remained unclear for a long time largely due to the disordered nature of CBS domains. It has
been observed that removal of CBS domain facilitates crystallization (Hedstrom L, 2009).
Till date, about 91 X-ray crystal structures of IMPDH are found deposited in PDB, of which,
65 correspond to CBS deletion constructs. However, the CBS domain is found to be
completely mapped in only 8 of the total 26 full-length IMPDHSs. The report suggesting an
octameric association of IMPDH from P. aeroginosa, observed dimer of tetramers being
stabilized by interactions between the Bateman modules in the MgATP-bound structure
(PDB 4DQW). Their analysis of macromolecular assembly using PISA (Krissinel E and
Henrick K, 2007) revealed similar octameric association to be present in all the PDB
deposited IMPDH structures except for human IMPDH1. Cryo-EM experiments of human
IMPDHL1 revealed the presence of two types of complementary octamers with 69 % having
concave structures (have CBS pointing outward) and 31 % with convex assembly with CBS
subdomains involved in tetramer interface. In the presence of MgATP, these complementary
octamers pile up into individual fibers. The aggregation of these fibers in the autosomal
dominant mutant, D226N of human IMPDH1, is proposed as an indication for the onset of
the autosomal dominant retinitis pigmentosa (adRP10) (Labesse G et al., 2013). However,
polymerized filaments and non-assembled octamers of human IMPDH2 were found to have
comparable catalytic activity, substrate affinity, and GTP sensitivity (Anthony SA et al.,
2017). In contrast, Cryo-EM and X-ray crystal structure analysis of A. gossypium IMPDH
found that ligands (ATP, GDP, and GTP) bound to the regulatory Bateman domain induces
different enzyme conformations with significantly distinct catalytic activities. GDP and
GTP were found to inactivate ATP-induced AgIMPDH octamers (Buey RM et al., 2015;
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Buey RM et al., 2017). Since IMPDH forms the rate-limiting step of GTP biosynthesis and
IMP being a precursor for ATP formation, regulation of IMPDH becomes crucial for
maintenance of balance among purine nucleotides (Weber G et al., 1992).

Several hereditary diseases have been linked with mutations in the CBS domains such
as retinitis pigmentosa (RP) and Leber congenital amaurosis (LCA) (mutations in human
IMPDH1) (Kennan A et al., 2002; Bowne SJ et al., 2006), homocystinuria (CBS) (Shan X et
al., 2001), familial hypertrophic cardiomyopathy with Wolff-Parkinson-White syndrome
(mutations in AMP-activated protein kinase (AMPK)) (Blair E et al., 2001; Gollob MH et
al., 2001 and Gollob MH et al., 2001), congenital myotonia (mutations in chloride channel,
CIC-1), Dent’s disease (mutations in chloride channel, CIC-5) (Lloyd SE et al., 1997),
osteopetrosis (mutations in chloride channel, CIC-7) (Cleiren E et al., 2001; Kornak U et al.,
2001), and Bartter syndrome (mutations in chloride channel, CIC-Kb) (Konrad M et al.,
2001).

4.2 Experimental Procedure
4.2.1 Chemicals and reagents

Phusion DNA polymerase was purchased from Thermo-Scientific, USA. Restriction
enzymes and T4 DNA ligase were from NEB and were used according to the manufacturer’s
instructions. Primers were custom synthesized at Sigma-Aldrich, India. All chemical reagents
were of high quality and obtained from Sigma-Aldrich, USA or Merck, USA. Media components
were from HiMedia laboratories, India. PFCBS has been cloned into a T7 expression vector supplied
in the NEB PURE kit. In-house generated IMPDH deletion strain of E. coli (AguaB¥(DE3))

was used for protein expression.

4.2.2 Cloning, expression, and purification

CBS subdomain of P. falciparum IMPDH was PCR amplified using the following set

of primers.

Fp_S’GTACATATGTTTATCTTTGATCCGTATACC3’
Rp_5’GTACTGCAGTCAGTGGTGGTGGTGGTGGTGCTCGAGAATGCGGTTTTTATG
CATATC 3.
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The DNA fragment was cloned into a modified T7 expression vector (PUREXxpress kit, NEB,
USA) between restriction sites Ndel and Pstl resulting in a C-terminal (His)s-tag and the
clone was confirmed error-free by DNA sequencing. The protein was expressed in
BL21(DE3) strain of E. coli deficient of IMPDH, AguaB¥ (DE3). Cells were grown at 37 °C
to an Aesoonm Of 0.6 prior to induction with 0.1 mM IPTG for 14 h at 25 °C. The cells were
harvested by centrifugation at 6000g for 10 min at 4 °C and resuspended in lysis buffer
containing 100 mM potassium phosphate, pH 8.0, 10 % glycerol, 100 mM KCI, 2 mM DTT,
and 0.1 mM PMSF and lysed using a French press. After removal of the cellular debris, the
supernatant was applied to Ni-NTA affinity matrix (Thermo-scientific, USA) and incubated
for 2 h at 4 °C. Unbound sample was collected and the matrix was washed with 20 column
volumes of lysis buffer followed by elution of protein with 250 mM imidazole, pH 8.0.
Fractions were collected, pooled according to purity after examination on SDS-PAGE and
concentrated using 10 kDa molecular weight cutoff centrifugal filter units (Merck Millipore,
USA). The sample was then subjected to size-exclusion chromatography on Superdex 200
column of dimension 1.6 cm x 60 cm (GE healthcare, USA). Fractions were analyzed for
purity by 10 % SDS-PAGE (Laemmli UK, 1970), pooled, concentrated and quantified by the
method of Bradford (Bradford MM, 1976). The identity of the recombinant protein was
confirmed through Western blot using anti-PfFIMPDH antibodies generated in-house.

4.2.3 Analytical size-exclusion chromatography
Analytical size-exclusion chromatography was performed on a Superdex 300 column

(1 cm x 30 cm) attached to an AKTA basic HPLC system. The column was equilibrated with
50 mM Tris HCI pH 7.4 and 100 mM KCI and calibrated with the standards apoferritin (443
kDa), B-amylase (200 kDa), alcohol dehydrogenase (150 kDa), bovine serum albumin (66
kDa), carbonic anhydrase (29 kDa) and cytochrome ¢ (12.4 kDa). PfCBS at 50 uM and 100
uM concentrations in a volume of 100 pl each were injected separately into the column and

eluted at a flow rate of 0.5 ml min™t with detection at 220 nm.
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4.2.4 Circular dichroism spectroscopy
Circular dichroism (CD) spectra of PfCBS were recorded on a J-810

spectropolarimeter (Jasco Corporation, Tokyo, Japan) using a 1 mm path length quartz
cuvette. Far-UV CD spectra were recorded between 260 to 195 nm with a bandwidth of 2 nm
and at a scan speed of 50 nm min using 30 uM of PfCBS in 5 mM potassium phosphate, pH
8.0 at 25 °C. Each spectrum was an average of three scans with data pitch of 0.5 nm and
appropriate blank spectra were subtracted. The resulting data were converted from

millidegree [0]obs to molar ellipticity [6]m using equation 4.1.
[6]m = [0]obs * Molecular weight/10cl ---------------------- Equation 4.1

where [0]obs IS the ellipticity in millidegrees after correction for buffer components, ¢ is

protein concentration (in mg/ml) and I is the optical path length of the cell (in cm).

4.2.5 Fluorescence spectroscopy
Intrinsic tyrosine fluorescence measurements were recorded on Hitachi F-2500

spectrofluorimeter (Hitachi high-technologies corporation, Tokyo, Japan). Spectra were
recorded in 20 mM Tris HCI, pH 8.0 at 25 °C. 10 uM protein samples in the presence or
absence of ligands were excited at 278 nm and emission was monitored from 280 nm to 500
nm at a scan speed of 1500 nm mint. Excitation and emission bandwidths were set to 2.5 nm
and 5 nm, respectively. Baseline corrections were done by subtraction of the buffer spectrum.
Fluorescence quenching was used to determine the dissociation constants of PfCBS
complexed to various ligands. Varying concentrations of the ligands were titrated with the
protein solution. Samples were incubated at room temperature for 2 min before the spectra
were recorded and subtracted from appropriate buffer blanks. Inner filter effect from ligands
was corrected using equation 4.2.

Feorr = Fobs antilog [(AextAem)/2]  ---------mm-mmmmmmmmmmeee- Equation 4.2

where, Feorr and Fops are the corrected and measured fluorescence intensities, respectively.
Aex and Aem are the absorbance of the ligands at excitation and emission wavelengths,

respectively. Binding constants were determined by plotting the corrected change in
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fluorescence intensity at a Amax Of 304 nm versus the concentration of ligand. The data were

fit to one site binding equation (Equation 4.3)
AF = (AFmax X)/ (Kg + X)  =mmmemmmmmmmmmmmmm - Equation 4.3

where, AF is the observed change in fluorescence intensity, AFmaxis the maximum change in
fluorescence in the presence of a ligand, X is a concentration of ligand and Kgq is the

dissociation constant for PFfCBS complexed with the ligand.

4.3 Results and discussion
4.3.1 Sequence analysis

Gene sequence of PfIMPDH retrieved from the PlasmoDB database has been
compared with various IMPDH/GMPR family of proteins. Insertion of a CBS domain (CBS
motif 1 and motif 2) within the core catalytic (B/a)s barrel has been identified through
multiple sequence alignment (Fig. 3 and Fig. 5). A detailed description of sequence identity
and similarity of this gene in comparison with other IMPDH/GMPR family of proteins is
provided in the previous chapters. Sequence conservation and the archetypal nucleotide
binding motifs of CBS domain from PfIMPDH have been identified through multiple
sequence alignment using Clustal Omega (Sievers F et al., 2011; Sievers F and Higgins DG,
2018) and rendered using ESPIRPT 3.0 (Robert X and Gouet P et al., 2014) (Fig. 3).
Presence of CBS domains and mycophenolic acid (MPA) binding site were believed to be the
major differentiating factors of IMPDH from a GMPR (Hedstrom L, 2012). However,
identification of L. donovani GMPR (Smith S et al., 2016) followed by characterization of T.
brucei and T. congolense GMPR carrying CBS domains and also inhibited by MPA (Bessho
T et al., 2016; Sarwono AEY et al., 2017) strongly suggest the possibility of misannotation
due to the presence of identical catalytic site residues, substantial sequence similarity and
structural features. Hence, a comparative sequence alignment of PfCBS with characterized
GMPRs carrying CBS subdomain was also examined (Fig. 4).

A very few examples are available on ligand binding of CBS domain among the
various IMPDH/GMPR proteins such as P. aeroginosa, A. gossypium, human, L. donovani, T.
brucei and T. congolense (Labesse G et al., 2013, Buey RM et al., 2015; Smith S et al., 2016;
Bessho T et al., 2016; Sarwono AEY et al., 2017). A thorough understanding of ligand
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binding and allostery through both kinetic and structural analysis has been reported for IMPDH
from P. aeroginosa (PaIMPDH) and 4. gossypium (AgIMPDH) (Labesse G et al., 2013; Buey
RM et al., 2015; Buey RM et al., 2017). PaIMPDH in the uncomplexed-state, is reported to
display an octameric organisation of subunits. Nevertheless, binding of Mn?"-ATP was found to
activate PaIMPDH and further stabilize the dimer of tetramer through the CBS domains. In
contrast, guanylate nucleotides, specifically GDP/GTP were found to bind the CBS domain of
AgIMPDH and were able to induce octamerization and allosterically inhibit the enzyme activity.
An elaborate description of ligand binding and allostery is included in Chapter 5. However,
ligand binding pockets within CBS domains observed in PAIMPDH and AgIMPDH and the key
residues interacting with Mn**-ATP and GDP are found to be largely conserved in PfCBS (Fig. 3
and Table 1). Also, contact analysis of GTP binding residues (within 4 A) in GMPR from T.
brucei (PDB 5X80) was performed using the PyMOL molecular graphics system, version 1.7.4
Schrodinger, LLC. The residues from canonical binding sites of CBS domain were found to
make key contacts with GTP similar to that observed in Mn**-ATP bound PaIMPDH structure
(Fig. 4 and Table 2).
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Figure 3. Multiple sequence alignment of PfCBS with the subdomain from other IMPDHs which
include Ag-Ashbya gossypium, Ld-Leishmania donovani, Pa-Pseudomonas aeruginosa, Tf-
Tritrichomonas foetus, Th-Trypanosoma brucei, HI- Human type 1, HIl-Human type 2, Ba-Bacillus
anthracis, Vc-vibrio cholera, Cg- Cricetulus griseus, Sp-streptococcus pyogenes. Secondary
structural elements of AgIMPDH (PDB 5TC3) and SpIMPDH (PDB 1ZFJ) from PDB are included
on the top and bottom of the sequence alignment, respectively. The sequences were aligned using
Clustal Omega (Sievers F et al., 2011; Sievers Fand Higgins DG, 2018) and rendered using
ESPRIPT v3 (Robert X and Gouet P et al., 2014). Canonical nucleotide binding sites h-x-x-h-P and
G-h-h-T/S-x-x-D in both the motifs are enclosed in green boxes while common linkers are in black
boxes. a-helices and S-strands are rendered as large squiggles and arrows, respectively. TT and TTT
correspond to beta and alpha turns, respectively. Indicated in black asterisk are the non-canonical
binding sites for GDP identified in AgIMPDH (PDB ID 5TC3). Shaded in red are identical residues
while indicated in red with a grey box are similar.
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Figure 4. Multiple sequence alignment of PfCBS with the subdomain from other GMPRs that
include Tb-Trypanosoma brucei, Ld-Leishmania donovani, and Tc-Trypanosoma congolense.
Secondary structural elements of ToOGMPR (PDB 5X80) from PDB are included on the top of the
sequence alignment. The sequences were aligned with Clustal Omega (Sievers F et al., 2011; Sievers
F and Higgins DG, 2018) and rendered using ESPRIPT v3 (Robert X and Gouet P et al., 2014).
Canonical nucleotide binding sites h-x-x-h-P and G-h-h-T/S-x-x-D in both the motifs are in green
boxes while common linkers are in black boxes. a-helices and f-strands are rendered as large
squiggles and arrows, respectively. TT and TTT correspond to beta and alpha turns, respectively.
Residues that contact (within 4 A) GTP in the ThGMPR structure (PDB 5X80) are indicated in black
asterisk and underlined. Shaded in red are identical residues while indicated in red with a grey box
are similar.

Table 1. Key residues in PalMPDH that contact Mn?*ATP (PDB 4DQW). Three structural blocks
from each CBS motif comprising of the nucleotide binding residues of PaCBS and corresponding
residues in PfCBS are indicated in black and blue colors, respectively along with their specific role in
the interactome.

Motif 1/Motif 2

PaCBS/P{CBS

Interactions

(G-h-h-T/S-x-x-D)
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Table 2. Key residues in AgIMPDH that contact GDP (PDB 5TC3). Three molecules of GDP were
found in each motif. Two of these sites correspond to canonical binding sites described earlier while
the third GDP binds elsewhere. Three structural blocks comprising of the nucleotide binding residues
of AgCBS and corresponding residues in PfCBS are indicated in black and blue colors, respectively.
Underlined residues in bold correspond to the specificity determining positions (SDP). Indicated in a
blue triangle, black square and pink circle represent the residues involved in binding of GDP1, GDP2,
and GDP3, respectively. GDP3 binds to non-canonical binding cleft formed by a6-a7 helices and a2-
a3 loop. Residues K240 and K245 beyond motif 2 also bind GDP3.

Motif 1/Motif 2 AgCBS/PfCBS Interactions
9
Ee m = A
'3:23;; 115 KYENGFINAPV 125 Residues
96 RFENGFIFDPY 106 interacting with
GDP 1
13}
(h'i'(‘_’f(‘_‘hﬁ,) 145 FAGFP 149
126 YKSYP 130 a
Residues
Block 3 AAA interacting with
(G-hh-T/S%x-D) 162 GIITSRD 168 SDP5

143 GIITGVD 149
4 GDP3 binds to the

Block 1’ A A A L4 e
(linker) 183 MTKDVITG190 195NLEEAN 200 | cleft formed by the
164 MTTDVVTGI171 176NLSDAN 181 | a6 -a7 helices and
the a2—-a3 loop.
Block 2’ ey
h h-P 204 KNTKKGKLP 212 @ )
(xR 185 CDEKKSVLP 193 Other residues
include
Block 3’ K240 and K245.

e mEe® @m
222 SMLSRTDLMKN 232

(G-h-h-T/S-x-x-D) 203 ALVCRNDMHKN 213

4.3.2 Cloning, expression, and purification
The codon harmonized gene segment for PFCBS subdomain was cloned into modified

T7 expression vector obtained with NEB PUREXxpress kit between Ndel and Pstl restriction
sites resulting in C-terminal (His)s-tag. DNA sequencing of the insert confirmed the clone

error-free and identical to the entry in PlasmoDB.

IMPDH deletion strain of E. coli, AguaBX(DE3) transformed with the PfCBS

expression plasmid and induced with 0.1 mM IPTG at 25 °C resulted in hyperexpression of
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PfCBS with most of the protein in the soluble fraction (Fig. 5). The cell lysate applied to Ni-
NTA matrix and eluted with 0.25 M imidazole has yielded significantly pure protein. As a
final clean up procedure, Ni-NTA eluates were pooled, concentrated and applied on to the
preparative grade size-exclusion chromatography (Superdex S-200, GE Healthcare, USA)
which resulted in a highly homogenous sample of PfCBS. The purity as judged by SDS-
PAGE was found to be 95-98 % and the identity of the protein was confirmed by Western
blot using anti-PfFIMPDH antibodies raised in mouse (Fig. 5). The yield of soluble PfCBS
protein was about 15-20 mg/L of bacterial culture. Unlike the full-length PFIMPDH or the
core catalytic domain, PfCBS was found to be highly soluble. Recombinant PfCBS protein
was found to be stable in solution up to a concentration of 35 pM (~ 5 mg/ml) while any
further increase in concentration led to immediate precipitation. PROSO Il analysis described
in Chapter 3 has predicted that the solubility of CBS domain with a C-terminal (His)e-tag is
significantly higher (0.645, soluble) than an untagged construct (0.364, insoluble). These
observations indicate that the insolubility feature of recombinant PFIMPDH is plausibly due

to its core catalytic domain.
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Figure 5. Schematic representation of PFIMPDH protein constructs and purification of PfCBS. a)
Constructs examined in the current thesis are the full length (1-510 residues), the core catalytic
domain (1-100-GSGG-216-510 residues) and CBS subdomain (101-215 residues). Codon harmonized
PfCBS gene with a C-terminal (His)s-tag cloned into T7 expression vector obtained from
PURExpress kit, NEB was used for protein expression in AguaB*(DE3) strain of E. coli. b) Western
detection. Lane 1, Ni-NTA eluate; Lane 2, eluate from size-exclusion column; M, Pre-stained protein
molecular weight marker, Abcam, USA. Protein was detected by Coomassie Blue staining (left panel)
and confirmed by Western blotting using anti-PfIMPDH antibodies raised in mouse (right panel).
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4.3.3 The subunit association of PfCBS
The subunit assembly of the purified recombinant PFCBS was examined by analytical

size-exclusion chromatography on a pre-calibrated Superdex 300 column. The
experimentally determined molecular mass of PfCBS by extrapolating elution volume from
the standard plot indicated PfCBS to exist as a monomer in solution (Fig. 6). The elution
profile remained stable under varying protein concentrations (Fig. 6) and with the inclusion
of 1M KCI. Till date, the only other reports available on CBS domains examined in isolation
are from human and L. donovani. Molecular mass of CBS subdomain from human IMPDH2
as determined from analytical size-exclusion chromatography was found to be 24 kDa,
between the expected molecular weight of a monomer (16.7 kDa) and a dimer (32 kDa) of
the protein while subunit assembly of LdCBS (of IMPDH and GMPR) was not reported
(Nimmesgern E et al., 1999 and Smith S et al., 2016).
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Figure 6. Oligomeric state of PfCBS. a) Elution profile of PfCBS from analytical size-exclusion
chromatography. Elution profiles indicated in blue and black lines correspond to PfCBS at 50 uM
and 100 pM, respectively. Grey dashed line corresponds to cytochrome C (12. 4 kDa) used as a
standard. b) The standard plot of retention volume (elution volume, Ve/void volume, Vo) versus log
molecular weight (My). Standards used were apoferritin (443 kDa), p-amylase (200 kDa), alcohol
dehydrogenase (ADH, 150 kDa), bovine serum albumin (BSA, 66 kDa), carbonic anhydrase (29 kDa)
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and cytochrome C (12.4 kDa). Size exclusion chromatography was carried out using a superdex 300
column (1 cm x 30 cm). Buffer conditions are as described in the Methods section. Ve/Voand log Mol
Wt. corresponding to PfCBS are indicated in pink dotted line and pink sphere on standard plot,
respectively. c) Tabulation of molecular mass. Experimentally observed elution volume corresponds
to a molecular mass of 12 kDa similar to that of theoretical monomer mass (14 kDa) indicating the
existence of PfCBS as a monomer in solution.

4.3.4 Circular dichroism
Secondary structural features of purified recombinant PfCBS were examined by CD

spectroscopy. The far UV-CD spectral pattern measured from 260 nm-195 nm was found to
be largely disordered similar to that of human IMPDH2 with one (negative) signature at 203
nm and another spectral signature at 215 nm (Nimmesgern E et al.,1999) (Fig.7). The
composition of secondary structural elements was calculated using deconvolution algorithm
available at the web server www.bestsel.elte.hu. (Micsonai A et al., 2015 and Micsonai A et
al., 2018). The a-helical, B-sheet and other random structures of PfCBS were found to be
largely similar as in CBS domain of human IMPDH2 with the only exception of B-turns
being half the number in hIMPDH2 (Fig. 7). This supports the fact that despite the sequence
variation the overall fold of CBS domain across various proteins of unrelated function
remains identical (Erefio-Orbea J et al., 2013). Near UV-CD spectrum of PfCBS could not be
measured due to the poor aromaticity (no tryptophan, 3 tyrosine, and 6 phenylalanine) and

lack of solubility/stability beyond a concentration of 35 pM (=5 mg mi™).
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Figure 7. Far-UV circular dichroism spectrum of PfCBS. a) CD spectrum of 30 uM PfCBS in 5
mM potassium phosphate, pH 8.0. Cuvettes of 0.1 cm path length were used. The x-axis indicates the
wavelength (nm) vs molar ellipticity of PfCBS on the y-axis. b) Comparison with CBS subdomain of
human IMPDH2. The x-axis indicates the wavelength (nm) vs difference in molar extinction
coefficient Ae (M cm™) on the y-axis. The secondary structure of PfCBS was found to be similar to
that of human IMPDH2 CBS (taken from Nimmesgern E et al., 1999) with one (negative) signature at
203 nm and another spectral signature at 215 nm. The solid black line, grey line, and the dotted line
indicates the spectra of the full length, core domain and CBS subdomain of human IMPDH2,
respectively. ¢) The composition of secondary structural elements in the CBS domain. Percentage
of each secondary structural element of PfCBS was calculated using the deconvolution tool available
online (Micsonai A et al., 2015 and Micsonai A et al., 2018) and compared with that of CBS domain
from hIMPDH2 (Nimmesgern E et al., 1999).
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4.3.5 Fluorescence spectroscopy
The aromatic amino acid composition of PfCBS includes six tyrosines and three

phenylalanines with tryptophan being absent. Intrinsic tyrosine fluorescence measurements
were performed in the presence or absence of various purine nucleotides to determine the
binding affinity. Upon excitation at 278 nm, the wavelength of maximum fluorescence
intensity (Amax) was found to be 304 nm which remained unchanged across apo and
complexed forms of the enzyme. However, the addition of purine nucleotides resulted in
quenching of fluorescence at emission maximum (Amax) indicative of binding. The difference
in fluorescence intensity vs. ligand concentration has been plotted and the binding constants
(Kq) were determined through non-linear regression of data, fit to one site binding equation
(Equation 4.3).

Presence of free phosphate ions has been reported to quench tyrosine fluorescence
(Alev-Behmoaras T et al., 1979). Control fluorescence measurements of PfCBS performed
with dipotassium hydrogen phosphate (HPO4>) displayed no change in the intensity of
intrinsic tyrosine fluorescence up to 400 uM (Fig. 8). Addition of substrates (NAD", IMP)
and products (XMP, and NADH) of IMP dehydrogenase reaction caused no change in
fluorescence (Fig. 8). However, both adenylate and guanylate nucleotides (except GMP)
guenched fluorescence in a concentration-dependent manner indicative of binding to PfCBS
with a strong affinity (Fig. 9 and Table. 3). NAD" has been reported to bind CBS domains of
various proteins (Baykov AA et al., 2011), however, no significant binding event was
observed with CBS domain of PfIMPDH. Similar nucleotide binding experiments for LdCBS
have been reported by Smith S et al., 2016 using intrinsic tyrosine fluorescence as the probe.
No binding was observed for IMP while ATP, GMP, and GTP were found to bind LdCBS
(both IMPDH and GMPR) with ~2-3 fold lower affinity than PfCBS (Table. 3).

In conclusion, Plasmodium falciparum has retained evolutionarily conserved CBS
domain as part of PFIMPDH gene. PfCBS domain identified through sequence alignment and
homology search was found to carry the characteristic protein fold similar to that of human
CBS (IMPDH?2). Presence of archetypal binding motifs and the ability to bind both the
purine nucleotides indicate the probable role of PfCBS as an internal sensor for modulation

of purine nucleotide metabolism in the malarial parasite.
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Figure 8. Binding of substrates and products of IMPDH to PfCBS. Intrinsic tyrosine fluorescence
of PfCBS was measured with excitation at 278 nm and emission spectra recorded from 280 nm to 500
nm. Ligand binding was monitored as a change in the intensity of the intrinsic fluorescence at an
emission maximum of 304 nm. The spectra were corrected for buffer components and inner filter
effect by the ligands. 10 uM or 15 uM of PfCBS was used for each measurement. @) Intrinsic tyrosine
fluorescence emission profile of PfCBS at varied protein concentrations. b) Effect of phosphate on
tyrosine fluorescence. Presence of phosphate ions up to 400 uM did not interfere in the tyrosine
fluorescence measurements. Panel c, d, e, and f correspond to fluorescence measurements made in
the presence of substrates and products of IMP dehydrogenase. No significant change in
fluorescence intensity was observed in the presence of IMP, NAD*, XMP, and NADH indicating the
absence of ligand binding to the protein. Binding experiments were performed in two technical
replicates containing two biological replicates each. Representative plots from one technical
replicate are shown. Each data point represents the mean fluorescence intensity. Error bars
represent the standard deviation of the data (n=2).
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Figure 9. Ligand binding studies on PfCBS. 15 pM PfCBS in the presence of varying
concentrations of adenine (a, b, ¢) and guanine (d, e and f) nucleotides was excited at 278 nm and
emission spectra were recorded from 280 nm to 500 nm. Ligand binding was monitored as changes in
the intrinsic tyrosine fluorescence at an emission maximum of 304 nm. The resultant spectra were
corrected for buffer components and inner filter effect by the ligands. No binding event was observed
in the presence of GMP while binding of GDP, GTP, AMP, ADP, and ATP resulted in fluorescence
quenching. The difference in the fluorescence intensity upon addition of the ligands was plotted on
the y-axis vs. concentration of ligand on the x-axis. Data were analyzed through non-linear
regression, fit to one site binding equation using Graph Pad version 5, Kqvalues were determined
and are tabulated in Table 3. Binding experiments were performed in two technical replicates
containing two biological replicates each. Representative plots from one technical replicate are
shown. Each data point represents the mean fluorescence intensity. Error bars represent the standard
deviation of the data (n=2).

Table 3. Nucleotide binding affinity of PfCBS in comparison with that of CBS subdomains from
Leishmania donovani IMPDH and GMPR. *data is taken from Smith S et al., 2016. PfCBS
displayed a much higher affinity for the purine nucleotides as compared to that of LdCBS. The
standard deviation of the data is provided (n=2).

Kd (UM)
Ligand ofCBS LdCBS* LdCBS*
(IMPDH) (GMPR)
AMP 46 + 14
Not determined
ADP 2715 Not determined
ATP 16 +4 148 + 19
GMP No binding 92+6 333+ 27
GDP 49+9 Not determined Not determined
GTP 19+4 89 +11 188 + 19
NAD*
NADH
No binding No binding Not determined
IMP
XMP
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4.4 Conclusion

CBS domain of the P. falciparum protein PFIMPDH has been identified through
multiple sequence alignment with various IMPDH/GMPR family of proteins and
characteristic nucleotide binding motifs have been mapped. PfCBS was found to be highly
soluble unlike the core catalytic domain and has been purified to homogeneity. Recombinant
PfCBS was found to be a monomer in solution. The secondary structure composition
obtained through the far-UV CD spectrum was comparable to that of CBS domain from
human IMPDH2. PfCBS protein was found to bind both adenine and guanine nucleotides
except GMP as evidenced by changes in intrinsic tyrosine fluorescence measurements upon

ligand binding while neither substrates nor products affected the fluorescence intensity.
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Chapter 5. Biochemical and kinetic characterization of inosine 5°-
monophosphate dehydrogenase from Methanocaldococcus
jannaschii

This part of the work is focussed on understanding the functioning of inosine 5'-
monophosphate dehydrogenase (IMPDH) from Methanocaldococcus jannaschii (Mj), a
hyperthermophilic archaeon. Gene sequence encoding full-length MjIMPDH and the core
catalytic domain MjIMPDH®BS were cloned into E. coli expression system carrying a C-
terminal (His)e-tag. Both the enzymes were found to be highly soluble and purified to
homogeneity. Deletion of CBS subdomain does not affect the enzyme activity. Both the
constructs displayed optimal activity with a very weak dependence on monovalent cations,
unlike various other characterized IMPDHs. MjIMPDH and MjIMPDHA®BS exhibited similar
kinetic features with maximal activity displayed at pH 8.0/70 °C and no drop in activity was
observed up to 95 °C. Examination of subunit assembly in solution revealed the existence of
MjIMPDH as octamers and higher order oligomers while the CBS deletion construct was
found to be a tetramer which remained stable under all tested conditions. Saturation kinetics
and product inhibition studies were performed to determine the kinetic parameters. This
chapter also summarizes the effect of various purine nucleotides and the role of CBS domain
in regulation of NAD*-dependent IMP specific dehydrogenase activity.

5.1 Purine biosynthesis in M. jannaschii
Purine biosynthesis in M. jannaschii can occur through the de novo route (Bult CJ et

al., 1996; Selkov E et al., 1997; Ownby K et al., 2005; Brown AM et al., 2011) or by salvage
of adenine and guanine (Armenta-Medina D et al., 2014; Miller DV et al., 2016). Formation
of 5-phospho-a-D-ribosyl-1-pyrophosphate (PRPP) from a-D-ribose-5-phosphate (R5P) and
ATP is the first committed step in purine de novo synthesis followed by a series of enzymatic
conversions to yield inosine 5’-monophosphate (IMP).

M. jannaschii lacks the enzyme adenine phosphoribosyltransferase (APRT), thus
direct condensation of adenine with PRPP to produce adenosine 5’-monophosphate (AMP) is
not possible. The alternate route includes conversion of adenine to adenosine by a purine

nucleoside phosphorylase; then subsequent phosphorylation to AMP by an adenosine kinase
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(AK). However, the purine nucleoside phosphorylase, annotated as a methylthioinosine
phosphorylase, in M. jannaschii utilizes inosine to form hypoxanthine but not adenosine as a
substrate (Miller DV et al., 2016) and no adenosine kinase homolog has been identified in
the M. jannaschii genome (Armenta-Medina D et al., 2014). These findings suggest that
adenine is not directly salvaged in M. jannaschii but proceeds through deamination of
adenine to hypoxanthine by adenine deaminase (Ade) followed by condensation with PRPP
by hypoxanthine (guanine) phosphoribosyltransferase (MjHGPRT) to form IMP. MjHGPRT
is found to exhibit equal specificity for hypoxanthine and guanine while no detectable
activity was observed with adenine as a substrate. Also, no inosine kinase (IK) homolog in
the M. jannaschii genome has been identified for the direct formation of IMP from inosine
(Miller DV et al., 2016). Source of adenine remains unknown, yet predicted sources include
exogenous adenine taken up by the cells and thermal decomposition of DNA under extreme
temperature or pressure conditions (Boonyaratanakornkit BB et al., 2007). Therefore, IMP
obtained from either de novo or salvage route becomes the central metabolite of AMP and
GMP biosynthesis. On one arm adenylosuccinate synthetase (ADSS) catalyzes the formation
of succinyl AMP from IMP followed by the action of adenylosuccinate lyase (ASL) to form
AMP, while on the other arm inosine 5’-monophosphate dehydrogenase (IMPDH) catalyzes
the conversion of IMP to xanthosine 5-monophosphate (XMP) followed by catalysis of
XMP to GMP by the enzyme GMP synthetase (Fig. 1). MJADSS and MjGMPS have been
well characterized earlier from our laboratory (Mehrotra S and Balaram H, 2007 and Ali R et
al., 2012; Ali R et al., 2013). MJASL activity has been confirmed while detailed
characterization is not available (White RH, 2011).

Inosine 5’-monophosphate dehydrogenase (IMPDH, EC 1.1.1.205) catalyzes the
oxidation of IMP to XMP with the concordant reduction of nicotinamide adenine
dinucleotide (NAD™) to NADH. The reaction is a branch point between the adenine and
guanine nucleotide biosynthesis, and a rate-limiting step of GMP biosynthesis (Fig. 1).
IMPDH is crucial for DNA and RNA synthesis, signal transduction, and other processes
involved in cell proliferation (Allison AC et al., 2000). A detailed description of IMPDH
family of proteins is provided in Chapter 1. Biochemical investigations on M. jannaschii

IMPDH are presented in the current chapter.
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ADE
D-Ribose-5P
PNP
1 —.> Hypoxanthine
l HGPRTase
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IMPDH
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— e
HGPRTase
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Figure 1. Purine nucleotide biosynthesis in Methanocaldococcus jannaschii. Adenine is salvaged to
form hypoxanthine by the action of adenine deaminase (ADE). Hypoxanthine is also formed from
inosine by purine nucleoside phosphorylase (PNP). Hypoxanthine is further acted upon by
phosphoribosyltransferase (HGPRTase) to yield inosine 5’-monophosphate (IMP). The conversion of
D-ribose-5-phosphate to PRPP includes the first step in the de novo path and subsequent steps are
indicated in brown arrows to yield IMP. IMP which is also obtained through de novo path forms the
central metabolite to yield adenosine 5’-monophosphate (AMP) and guanosine 5’-monophosphate
(GMP). IMP dehydrogenase (IMPDH) and GMP synthetase (GMPS) on one arm yield GMP while on
the other by the sequential action of adenylosuccinate synthase (ADSS) and adenylosuccinate lyase
(ASL) forms AMP. HGPRTase could directly phosphoribosylate guanine to GMP. Indicated in blue
are the enzymes involved in the salvage of purines. The enzyme under study, IMPDH is highlighted in
red while all other enzymes are indicated in black.

5.2 Experimental procedure
5.2.1 Chemicals and reagents

Restriction enzymes, Tag DNA polymerase, and T4 DNA ligase were from NEB and
were used according to the manufacturer’s instructions. Phusion DNA polymerase was
purchased from Thermo-Scientific, India. Primers were custom synthesized at Sigma-
Aldrich, India. All chemical reagents were of high quality and obtained from Sigma-Aldrich, USA or
Merck, USA. Media components were from HiMedia laboratories, India. IMP, NAD" and other
biochemicals were of the highest quality available from Sigma-Aldrich, USA.
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5.2.2 Cloning, expression and purification

MjIMPDH gene (MJ1616) was PCR amplified from M. jannaschii genomic DNA
using gene-specific primers (Table 1). The gene was cloned into pET21b+ expression vector
(Novagen, USA) between restriction sites Ndel and Xhol resulting in a C-terminal (His)e-tag fusion and
the clone was confirmed error-free by DNA sequencing. Core catalytic domain was amplified using full-
length MjIMPDH as a template. Using oligonucleotide primers, T7 promoter, and p2, N-terminus was
amplified (PCR 1). C-terminus was amplified with T7 terminator and p1 (PCR 2) (Table 1). N- and C-
termini were fused by overlap PCR (PCR 3) using T7 primers (promoter, terminator) (Table 1). The clone

for catalytic domain carrying C-terminal (His)s-tag was confirmed error-free by DNA sequencing.

Table 1. Oligonucleotide primers used for amplification of MjIMPDH and MjIMPDHAS

S. No. Forward primer and sequence Reverse primer and sequence
1 5’GTCCATATGTTTTTAAAAAAACTAA | SSGTACTCGAGTTTACCCAGTGGATAATT
TTGAGGCAAAGAAG3’ CGGAGC3’
p2
5 T7 promoter SCTACCTTTTTTATCCCTTGCAGCTTGA
5TAATACGACTCACTATAGGG?’ GGATAACCGCCGGATCCAATAACTACTT

CATCAGCTTTTTTAACTGCCTG3’

pl
5’>CAGGCAGTTAAAAAAGCTGATGAA
3 GTAGTTATTGGATCCGGCGGTTATCC
TCAAGCTGCAAGGGATAAAAAAGGT

T7 terminator
5’GCTAGTTATTGCTCAGCGG3’

AG3’
4 T7 promoter T7 terminator
STAATACGACTCACTATAGGG3’ 5’ GCTAGTTATTGCTCAGCGG3’

The MjIMPDH(His)e protein was expressed in BL21(DE3) strain of E. coli lacking the
endogenous enzyme, AguaB*(DE3) (generation of the strain and its validation is described in
Chapter 2). Cells were grown at 37 °C to an Asoonm Of 0.6 prior to induction with 0.05 mM
IPTG for 12 h at 16 °C. The cells were harvested by centrifugation at 6000g for 10 min at 4
°C and re-suspended in lysis buffer containing 50 mM Tris HCI, pH 7.0, 10 % glycerol, 2
mM DTT, 0.1 mM PMSF and lysed using a French press. After removal of the cellular debris
by centrifugation, the supernatant was subjected to thermal precipitation at 70 “C for 30 min.
The lysate was then centrifuged at 28000g to remove the precipitated E. coli proteins,
followed by 0.01 % PEI treatment to remove nucleic acids. This solution containing

MjIMPDH(His)s was purified by anion-exchange chromatography on a Q-sepharose column
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using a gradient of lysis buffer containing 1 M KCI. Fractions were collected, examined by
SDS-PAGE, pooled according to purity and precipitated with ammonium sulfate at 90 %
saturation. The precipitate was dissolved in lysis buffer and purified by size-exclusion
chromatography on Superdex 200 column of dimension 1.6 cm x 60 cm (GE healthcare,
USA). Fractions were analyzed for purity by SDS-PAGE (Laemmli UK, 1970), pooled,
concentrated and quantified by the method of Bradford (Bradford MM, 1976). The identity
of the recombinant protein was assessed by Western blotting using anti-(His)s antibody
(Sigma-Aldrich, USA). Expression and purification procedures of MjIMPDHA®S remained
identical to that of MjIMPDH with a minor change that included 50 mM Tris HCI, pH 8.4 for
anion exchange and 50 mM Tris HCI, pH 8.0 for size-exclusion chromatography and final

storage.

5.2.3 Circular dichroism

Circular dichroism (CD) spectra of MjIMPDH and MjIMPDHBS were recorded on
a J-810 spectropolarimeter (Jasco Corporation, Tokyo, Japan) using a 1 mm path length
quartz cuvette. Far-UV CD spectra were recorded between 260 to 195 nm with a bandwidth
of 2 nm and a scan speed of 200 nm min™ using 5 uM of each protein in 10 mM Tris HCI,
pH 8.0 at room temperature. Each spectrum was an average of three scans with data pitch of
0.5 nm and appropriate blank spectra were subtracted. The resulting data were converted

from millidegree [0]obs to molar ellipticity [6]m using equation 5.2.
[0]m = [0]obs * Molecular weight/10cl ---------------------- Equation 5.2

where [0]obs is the ellipticity in millidegrees after correction for buffer components, ¢ is

protein concentration (in mg/ml) and I is the optical path length of the cell (in cm).

5.2.4 Fluorescence spectroscopy

Fluorescence measurements were recorded on Hitachi F-2500 spectrofluorimeter
(Hitachi high-technologies corporation, Japan). Spectra were recorded in 50 mM Tris-HClI,
pH 8.0, 100 mM KCI and 1 mM DTT at room temperature. 5 uM protein samples were

excited at 295 nm and emission was monitored from 298 nm to 500 nm at a scan speed of
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1500 nm mint. Both excitation and emission bandwidths were set to 5 nm. Baseline

corrections were done by subtraction of the buffer spectrum.

5.2.5 Analytical size-exclusion chromatography

Analytical size-exclusion chromatography was performed on a Superdex 300 column
(1 cm x 30 cm) attached to an AKTA basic HPLC system. The column was equilibrated with
50 mM Tris HCI, pH 7.4 and 100 mM KCI and calibrated with the standards apoferritin (443
kDa), B-amylase (200 kDa), alcohol dehydrogenase (150 kDa), bovine serum albumin (66
kDa), carbonic anhydrase (29 kDa) and cytochrome ¢ (12.4 kDa). Various fractions of
MjIMPDH and MjIMPDHABS from the preparative grade size-exclusion chromatography, at
multiple concentrations in a volume of 100 pul each were injected separately into the column

and eluted at a flow rate of 0.5 ml min* with detection at 220 nm.

5.2.6 Dehydrogenase assay

The standard assay conditions included 50 mM TAPS, pH 8.0, 100 mM KCI, 3 mM
EDTA, 1 mM DTT, 0.1 mM IMP, 0.2 mM NAD" and 1 pg of either MjIMPDH or
MjIMPDHABS in 250 ul volume unless otherwise mentioned. The reaction mix was pre-
incubated at 70 °C for 5 min before initiation with IMP. All the assays were carried out at 70
°C on a Hitachi-U 2010 spectrophotometer fitted with a water circulated cell holder. The
enzymatic activity was measured by the increase in absorbance at 340 nm with the formation
of NADH as a function of time (e= 6.22 mM™ cm™). With acetylpyridine adenine
dinucleotide (APAD™) as the substrate, production of APADH (reduced form) was monitored
at 363 nm (= 9.1 mM*cm™).

For the determination of kinetic constants, IMP was varied between 1 uM to 500 uM
and NAD" between 3 uM to 5000 uM, while their fixed saturation concentrations were 0.1
mM and 0.2 mM, respectively. The data were fitted to either Michaelis-Menten equation
(equation 5.3) or substrate inhibition (equation 5.4) and analyzed by nonlinear regression
using GraphPad Prism, version 5 (GraphPad Software Inc., USA). The effect of monovalent
(Na*, K*, Li*, Rb*, Cs*, NH4") and divalent metal ions (Mg?*, Ca?*) were examined using
100 mM concentration of each with no EDTA included in the reaction mixture. The effect of

products and various purine nucleobases, nucleosides, and nucleotides on dehydrogenase
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activity was monitored keeping concentrations of IMP, NAD" and KCI fixed at 5 uM, 20 uM
and 100 mM, respectively. All assays were performed twice in duplicates and the standard
deviation of the data is represented.

V =Vmax[S] /Km + [S] Michaelis-Menten Equation 5.3

V = Vmax[S] /Km + [S] (1+[S)/Ki) Substrate inhibition Equation 5.4

where v and Vmax are the initial and maximum velocity, respectively. S is the variable
substrate concentration, Km is the Michaelis constant for the variable substrate, and Ki is

the inhibition constant.

5.2.7 pH dependence

The effect of pH on the activity of MjIMPDH and MjIMPDHA®BS was examined at
fixed substrate concentrations of 100 mM KCI, 0.2 mM NAD® and 0.1 mM IMP. 50 mM
mixed buffer containing MES (pH 5.5-6.7), HEPES (pH 6.8-8.2), CAPS (pH 9.7-11.1) and
Glycine-NaOH (pH 8.8-10.6) was used for activity measurements with pH adjusted at 70 °C.
Spline fit of the data was achieved using GraphPad Prism, version 5 (GraphPad Software
Inc., USA).

5.2.8 Temperature dependence

The effect of temperature on the activity of MjIMPDH and MjIMPDHABS was
monitored at fixed substrate concentrations of 100 mM KCI, 0.2 mM NAD™" and 0.1 mM
IMP. 50 mM TAPS, pH 8.0 prepared at various temperatures ranging from 25 °C to 95 °C
was used for activity measurements. Spline fit of the data was achieved using GraphPad
Prism, version 5 (GraphPad Software Inc., USA).

5.3 Results and discussion
5.3.1 Sequence analysis

Genome analysis of M. jannaschii reveals that at the molecular level archaea more
closely resemble eukaryotes (Bult CJ et al., 1996). The archaeal genome is about 70 % AT-
rich while that of the protozoan parasite P. falciparum is about 80 % (Bult CJ et al., 1996;
Gardner MJ et al.,, 2002). IMP dehydrogenase from the hyperthermophilic archaea M.

jannaschii is similar in polypeptide length (496 amino acids) to that of eukaryotic
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counterparts including human (Isoform | and II), Tritrichomonas foetus and P. falciparum
which have 514, 503 and 510 amino acid residues, respectively. An alignment of MjIMPDH
with the P. falciparum enzyme clearly shows a consensus of >70, with 47 % similarity and
35 % identity (Fig. 2). MjIMPDH has been compared with various other characterized
IMPDHSs and was found to share an average of 50 % sequence identity and 63 % similarity
with prokaryotic IMPDHs (Mycobacterium tuberculosis, Bacillus anthracis, Borrelia
burgdorferi, Escherichia coli, Bacillus subtilis and Pseudomonas aeruginosa) and an average
of 35 % identity and 50 % similarity with the eukaryotic counterparts (Ashbya gossypium,
Leishmania donovani, Human I, 11, Cryptosporidium parvum, Tritrichomonas foetus and
Plasmodium falciparum) while Pyrococcus horikoshii, an archaeon shares 63 % identity and
75 % similarity. C. parvum and B. burgdorferi are the two known examples with no CBS
domain in IMPDH. However, IMPDH from the eukaryotic protozoan parasite, C. parvum
shares 50 % identity with MjIMPDH. Five structural features involved in the determination
of ligand binding and catalysis which include catalytic cysteine loop, phosphate binding loop,
finger loop, C-terminal loop, and mobile flap loop are identified in MjIMPDH through
multiple sequence alignment (Fig. 3). The catalytic loop, mobile flap, and C-terminal loop all
display varying degrees of flexibility and disorder in various X-ray crystal structures of
IMPDH deposited in protein databank (PDB) (described in Chapter 1). The key catalytic
residues cysteine, threonine, arginine, and tyrosine and the residues that interact with IMP are
highly conserved and largely invariant. The residues that interact with the adenine ring of
NAD™, however, vary to a large extent and are frequently difficult to identify in sequence
alignments (Hedstrom L, 2009). Comparison of conservation of critical residues identified in
T. foetus IMPDH through X-ray crystallographic studies and kinetic analysis with that of

proteins annotated as IMPDH from M. jannaschii and P. falciparum are tabulated (Table 2)
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Table 2. Tabulation of key residues involved in ligand binding and catalysis.

MjIMPDH | PfIMPDH | TfIMPDH? Interaction?

C306, T308, | C314, T316, | C319, T321,

R405, Y406 | R413,Y414 = RA4L8, Y419 Key catalytic residues
D339 D347 D358 H-bonds to the ribose hydroxyls of IMP

S304, Y386 | S312, Y394 | S317, Y405 | H-bonds to the phosphate of IMP via their hydroxyl

groups.

(G341, G362 | G349, G370 | G360, G381 | jnteract with the phosphate of IMP via main chain NH
G390 G398 G409 forms an H-bond to the purine ring via its NH
S363 N378 R382 interacts with the phosphate of IMP

M389, E423 | M397, Q435 | E408, E431 main chain atoms H- bond with the purine ring
D247 D257 D261 The carboxyl group H-bonds with the ribose hydroxyls

of the nicotinamide portion of NAD".

G299, G301 | G307, G309 | G312, G314 | The only other conserved interaction includes H-bonds

with the carboxamide of NAD*.
The carboxamide can also make an alternative H-bond
R309 Q317 R322 with the side chain but Q and G are also found at this
position.
The OH group interacts with the phosphates of NAD".
C248, A249 | S258,S259 | S262 5263 | Neither of these residues is conserved. Position 262
usually contains a T or C that preserves this
interaction. Position 263 is often an A.
E423 Q435 E431 Variability plays a role in catalysis and drug
selectivity.

@ Hedstrom L, 2009.

M. jannaschii lives under conditions of high temperature and pressure whereas P.

falciparum does not experience temperatures greater than 41°C during its life cycle. The
cellular machinery of the two organisms is adapted to function at their optimal growth
temperature. However, enzymes which are biological catalysts are sensitive to the
environmental conditions. Structural similarity of the active site and conservation of the
catalytic residues exist between mesophilic and thermophilic counterparts. The increased
conformational rigidity serves to stabilize thermophilic proteins at extreme temperatures
(Fields PA, 2001). Studies on the archaeal enzyme are aimed at understanding kinetic and
regulatory features of the thermophilic IMPDH.
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Figure 2. Sequence alignment of the annotated IMP dehydrogenase from the mesophilic protozoan
parasite P. falciparum and the thermophilic archaeon M. jannaschii. The sequences were aligned
using Clustal Omega (Sievers F et al., 2011; Sievers F and Higgins DG, 2018) and rendered using
ESPRIPT v3 (Robert X and Gouet P, 2014). The red shaded regions indicate the identical residues
while residues represented in red highlight similarity among the sequences compared. CBS domain is
demarcated in the green line. The segments involved in the catalysis are in black boxes which include
catalytic cysteine loop, phosphate binding loop, finger loop, and the C-terminal loop. Residues that
constitute mobile flap are underlined in blue.
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Figure 3. Multiple sequence alignment of IMP dehydrogenases from various sources. The sequences of
IMPDHs from various sources that include Ag-Ashbya gossypium, Ld-Leishmania donovani, Mtb-
Mycobacterium tuberculosis, Human IMPDH isoforms (I and 1lI), Ba-Bacillus anthracis, Bb-Borrelia
burgdorferi, Cp-Cryptosporidium parvum, Ec-Escherichia coli, Bs-Bacillus subtilis, Tf-Tritrichomonas
foetus, Ph-Pyrococcus horikoshii, Mj-Methanocaldococcus jannaschii, and Pa-Pseudomonas aeruginosa
were aligned with Clustal Omega (Sievers F et al., 2011, Sievers F and Higgins DG, 2018) and rendered
using ESPRIPT (Robert X and Gouet P, 2014). The consensus of >70 was found across sequences
analyzed. The secondary structure of IMPDH from a eukaryote, A. gossypium (PDB 5TC3) and a
prokaryote, P. aeruginosa (PDB 4DQW) are shown at the top and bottom of the sequence alignment,
respectively. a-helices and p-strands are rendered as large squiggles and arrows, respectively. TT and
TTT correspond to beta and alpha turns, respectively. The red shaded regions indicate identical residues
while residues printed in red, highlight similarity among the sequences compared. CBS domain is
underlined by a green line. The segments involved in the catalysis are indicated in black boxes which
include the catalytic cysteine loop, phosphate binding loop, finger loop, and the C-terminal loop.
Residues that constitute mobile flap are highlighted in a blue box.
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5.3.2 Cloning, expression, and purification of MjJIMPDH and MjIMPDH"¢BS

The gene coding for MjJIMPDH was cloned into pET 21b+ expression vector between
Ndel and Xhol restriction sites resulting in a C-terminal (His)e-tag. Overlap PCR to amplify the
core catalytic domain introduced a linker sequence “GSGG” joining the two parts of the TIM
(B/a)s barrel (Fig. 4). DNA sequencing of both the constructs confirmed the clones error-free
and the full-length sequence was identical to the entry in NCBI gene database.

Rosetta(DE3)pLysS strain of E. coli was used as expression host in the initial protein
expression experiments and the protein was found to be highly soluble, unlike PFIMPDH, despite
the high sequence similarity and completely conserved catalytic core segments (Fig. 2). Attempt
to purify protein on Ni-NTA affinity chromatography, however, lead to very poor yields with
most of the soluble protein in the unbound fraction. Proteins belonging to the IMPDH/GMPR
family are reported to exist as tetramers or octamers along with the presence of higher order
multimers (Hedstrom L, 2009) (described in Chapter 1). The large size of protein could plausibly
be burying hexa-histidine tag that makes it inaccessible for binding to the Ni-NTA affinity
matrix. However, purification procedures including anion exchange chromatography and size-
exclusion chromatography yielded pure homogenous preparation of protein as judged by
Coomassie-stained SDS-PAGE. Enzymatic activity, however, showed enormous variation across
different batches of purified protein possibly due to co-purification of E. coli IMPDH.
Construction of deletion strain of BL21(DE3) lacking IMPDH, AguaBX(DE3) (discussed in Chapter
2) helped immensely in the reproducibility of purity and thereby activity. Further, MjIMPDHA¢BS
was not subjected to Ni-NTA chromatography but similar purification procedures that were
found efficient in the purification of the full-length enzyme were employed.

Due to the presence of rare codons in M. jannaschii IMPDH gene, deletion strain was
always co-transformed with pLysS plasmid from Rosetta(DE3) coding for tRNA synthetases for
rare codons. Induction with 0.05 mM IPTG at 16 °C for 12 h resulted in hyperexpression of both
MjIMPDH and MjIMPDH“®®S proteins with most of it in the soluble fraction (Fig. 4).
MjIMPDH applied to anion exchange on Q-sepharose matrix was consistently found to elute

between a gradient of 250 mM to 350 mM KCI (Fig. 4). However, on the preparative
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grade size-exclusion chromatography, about 50 % -70 % of the total protein across various
batches was found to be in a higher order oligomeric state with the elution volume
corresponding to void volume of the Superdex S200 column (Fig. 4). The purity of the
protein after anion exchange chromatography followed by size-exclusion chromatography
was found to be 95-98 % as judged by Coomassie-stained SDS-PAGE (Laemmli UK, 1970)
(Fig. 4). The yield of MjIMPDH protein was about 35-40 mg L of culture (=28 mg of
aggregate and ~12 mg of octameric species). A similar methodology was employed in
obtaining MjIMPDHACBS protein with a yield of 40-50 mg L. However, higher order
oligomers were not observed upon CBS deletion on the preparative grade size-exclusion
chromatography.

Interestingly, the recombinant M. jannaschii proteins, in the absence or presence f-
mercaptoethanol and without prior heating, were found to migrate at molecular weights
corresponding to higher order oligomers when resolved on SDS-PAGE (Fig. 4). However,
they were found to migrate at their respective expected monomer mass (54 kDa and 43 kDa,
respectively) upon heat treatment (Fig. 4). This could probably indicate the existence of
multimers in vivo. In support of the oligomeric association in vivo, indirect evidence through
mass spectrometry of cross-linked cell lysates in P. aeruginosa (Navare AT et al., 2015) was
observed. Wherein bridging of K157 from one monomer to other (K’157) with the linker
length of 35 A indicative of an octamer was found which otherwise would have been 100 A in
case of a tetramer. Also, octameric species of A. gossypium IMPDH have been identified
through cross-linked HA-tagged protein constructs, resolved on SDS-PAGE and confirmed
by Western blot (Buey RM et al., 2015). The identity of the recombinant M. jannaschii
proteins was confirmed by Western blot using anti-(His)s antibodies (Sigma-Aldrich, USA)
(Fig. 4). Far-UV CD spectra of MjIMPDH and MjIMPDHACES were found to be similar and
indicated ordered secondary structure (Fig. 5). Emission maximum of intrinsic Tryptophan
fluorescence across the two proteins was also found to be similar (Fig. 5). The far-UV CD
and intrinsic fluorescence measurements indicate that removal of CBS domain does not

perturb the (B/a)s barrel of core catalytic domain (Fig. 5).
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Figure 4. Expression and purification of MjIMPDH and MjIMPDH“®%. a) Schematic
representation of MjIMPDH protein constructs. Constructs examined in this thesis are full length
(1-496 residues) and core catalytic domain (1-97-GSGG-208-496 residues). Both the proteins carry a
C-terminal (His)s -tag. b) Anion-exchange chromatogram on Q-sepharose HP (GE healthcare,
USA). The cell lysate was subjected to thermal precipitation followed by PEI treatment for nucleic
acid removal. Thereafter, anion-exchange chromatography was performed and bound proteins were
eluted using a gradient of the lysis buffer containing 1 M KCI. The salt gradient is represented on the
right y-axis while elution volume and UV absorbance (280 nm) on the x-axis and the left y-axis,
respectively. ¢) Elution profile on preparative grade size-exclusion chromatography. d) Purified
fractions of MjIMPDH (55 kDa) and MjIMPDHA®S (43 kDa) examined by SDS-PAGE. e) The
SDS-PAGE analysis of the purified protein with and without boiling. 740 mM S-me was used as the
reducing agent and protein samples were resolved on 12 % SDS-PAGE with and without boiling. Left
panel represents Coomassie stained SDS-PAGE while the right panel indicates the identity of the
proteins confirmed by Western blot using anti-(His)s antibodies. Lane 1, 1a- MjIMPDH*“® with and
without boiling, respectively; lane 2, 2a MjIMPDH with and without boiling, respectively. M is the
pre-stained protein molecular weight marker (Abcam, USA). MjIMPDH and MjIMPDH“® resolved
to respective monomer mass of 55 kDa and 43 kDa, respectively upon heat treatment. A fraction of
the full length and CBS deletion proteins found to exist as higher-order oligomers when not subjected
to heat are indicated in black and blue asterisks, respectively.
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Figure 5. a) Far-UV CD spectra and b) intrinsic tryptophan fluorescence spectra of MjIMPDH
and MjIMPDH*“®®, respectively. Solid black, dotted black and dotted green lines indicate spectra of
MjIMPDH (5 uM of octameric species), MjIMPDH (5 uM of multimeric species), and 5 uM of
MjIMPDHA®B% respectively. All the spectra were acquired in 5 mM Tris HCI, pH 8.0 and were
subtracted from that of the buffer blank. CD measurements were recorded from 260 nm to 195 nm
using the cuvettes of 0.1 cm path length. Molar ellipticity (6u) is on the y-axis with corresponding
wavelength (2) on the x-axis. b) Intrinsic tryptophan fluorescence. Excitation was at 295 nm and
fluorescence emission spectra were recorded from 298 nm to 500 nm with a scan speed of 1500 nm
min™. The excitation and emission slit widths were kept at 5 nm. Fluorescence intensity in the
arbitrary units (a.u.) is on the y-axis and the corresponding wavelength (1) on the x-axis.

5.3.3 The quaternary structure of MjIMPDH/MjIMPDHACBS

Elution of full-length MjIMPDH was found to be spread out with two distinct peaks
on a preparative grade size-exclusion chromatography commencing almost at the void
volume of the column while removal of CBS domain resulted in a single but broad peak (Fig.
4). The subunit assembly of both the recombinant proteins was examined by analytical size-
exclusion chromatography on a pre-calibrated Superdex 300 column. The calculated
molecular mass of MjIMPDH and MjIMPDHABS is 54382 Da and 42194 Da, respectively.
Individual fractions of MjIMPDH obtained from preparative grade size-exclusion column
when examined on analytical size-exclusion column yielded protein species with molecular
weights of 1400 kDa, 1081 kDa, and 430 kDa as determined from molecular weight protein
standards (Fig. 6). This confirms the presence of various higher order assemblies of
MjIMPDH with the least molecular weight corresponding to an octameric species. Presence
of higher order oligomers has been considered as aggregates and ignored until recent reports
on Pseudomonas aeruginosa IMPDH (Labesse G et al., 2013) which reanalyzed and

identified such association in all the IMPDHSs characterized to date. They have also observed
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the formation of fibers upon association of two complementary octamers (concave and
convex, described in Chapter 1) found in Human IMPDH1. However, the elution volume of
MjIMPDHABS confirmed the presence of only one species that corresponded to a tetramer
(Fig. 6). The elution profile for all examined fractions remains unchanged under all tested
conditions (presence of 1 M KCI or 50 uM of NAD" or 50 uM IMP).

Through solution studies (analytical size-exclusion chromatography; analytical
ultracentrifugation, AUC; small angle X-ray studies, SAXS; electron microscopy, EM, and
Cryo-EM) P. aeruginosa IMPDH was found to be octamer in solution and activated by
MgATP while CBS deletion yielded a tetramer insensitive to MgATP (Labesse G et al.,
2013). A. gossypium IMPDH apo- and GMP bound forms were shown to be tetramer in
solution and the presence of GDP and GTP induced dimerization of tetramers. Removal of
CBS domain from AgIMPDH, however, yielded only tetramers in any tested condition (Buey
RM et al., 2015). Another study has categorized bacterial IMPDHs into class | which are
cooperative enzymes for IMP, activated by MgATP, and octameric while, class Il enzymes
follow Michaelis-Menten kinetics for both substrates and are tetramers in their apo- state or
in the presence of IMP, and get shifted to octamers in the presence of NAD" or MgATP
(Alexandre T et al., 2015). The octameric association observed in three-dimensional
structures include V. cholera IMPDHA®BS (PDB 4QNE), P. aeruginosa IMPDH (PDB
ADQW), PaIMPDHACBS (PDB 5AHL and 5AHM), and A. gossypium (PDB 4287, 5SMCP and
5TC3). The significance of such assemblies in the cellular context is not understood yet and
may play a role in metabolic regulation through protein associations or perform moonlighting
functions which are yet to be discovered.
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Figure 6. Subunit association of MjIMPDH and MjIMPDH"®®S, a) The standard plot of elution
volume, Ve on the x-axis versus log molecular weight on the y-axis. Standards used were
apoferritin (443 kDa), p-amylase (200 kDa), alcohol dehydrogenase (150 kDa), bovine serum
albumin (66 kDa), carbonic anhydrase (29 kDa) and cytochrome oxidase (12.4 kDa) and are
represented in black spheres. Brown and blue spheres correspond to higher order oligomers
(fractions correspond to elution volumes of 43 ml and 50 ml, respectively collected from preparative
grade size-exclusion chromatography column, refer to Fig. 4c) of MjIMPDH (1421 kDa and 1085
kDa) while green and pink spheres represent the octameric form (fraction corresponds to elution
volume of 60 ml on preparative grade size-exclusion chromatography column, refer to Fig. 4c) of
MjIMPDH (433 kDa) and tetrameric form of MjIMPDHAC®® (154 kDa), respectively. b) Analytical
size-exclusion chromatography (SEC) profile on Superdex 300 column (1 cm x 30 cm). 6 UM of
MjIMPDH fraction collected from the preparative grade size-exclusion column at elution volumes of
50 ml and 60 ml and 100 pM of MjIMPDHABS were examined by analytical SEC. The dotted black
line and solid black line correspond to elution profiles of a higher order multimer (1085 kDa) and
octameric form (433 kDa) of MjIMPDH, respectively. MjIMPDHA®S exists as a tetramer in solution
(154 kDa) represented in red. Buffer containing 50 mM Tris HCI, pH 7.4 and 100 mM KCI was used
to equilibrate the column and elute protein samples. c) Tabulation of experimental, theoretical mass
values and respective oligomeric forms of both the constructs. Presence of 1 M KCI or ligands (50
UM IMP or 50 uM NAD™) did not alter the respective subunit assemblies. Also, the elution profile of
each protein remains unperturbed upon any change in concentration (data not shown).
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5.3.4 Dehydrogenase activity

The NAD"* dependent dehydrogenase activity of MjIMPDH/MjIMPDHACES was
monitored at 340 nm as the formation of NADH from NAD* with an absorption coefficient
of 6.22 mM™ cm™. The higher order oligomers observed for the full-length protein when
tested for the activity were found to display 80-90 % activity of the octameric species.
Hence, for all the activity measurements only the octameric fraction was used. Optimum pH
for the enzyme assay was determined by estimating the specific activity under different pH
conditions, with pH calibrated at 70 °C. Both MjIMPDH and MjIMPDHA®S exhibited
similar catalytic properties with maximum dehydrogenase activity at pH 8.5 (Fig. 7).
Majority of the IMP dehydrogenases examined till date display a pH optimum of 8.0
(Hedstrom L, 2009), with few bacterial enzymes at pH 9.0 (Alexandre T et al., 2015).
Steady-state saturation kinetics was performed for MjIMPDH at pH 8.0, pH 8.5 and pH 9.0.
Catalytic efficiency (kea/ Km) of the full-length enzyme was found to vary (with pH) with
NAD" or APAD" as a substrate while no significant change was observed with IMP as the
variable substrate. Kea/ Km value of 2.4 uM™* min™ at pH 9.0 has increased to 5.4 pM ™ min'?
at pH 8.0 with NAD" as the variable substrate while the efficiency increased from 0.86 pM*
mintat pH 9.0 to 3 pM ™ min™at pH 8.0 in the presence of APAD". Therefore, all subsequent
assays were performed at pH 8.0.

Intriguingly, dehydrogenase activity of M. jannaschii enzymes was observed even in
the absence of a metal ion cofactor although all reported IMPDHSs displayed activation of at
least 100 fold in the presence of K*ions (Hedstrom L, 2009). No significant activation or
inhibition of enzyme activity was observed in the presence of any tested cation (Na*, Li™,
Rb*, Cs*, Mg" and Ca") and inclusion of a monovalent cation (K*) in the enzyme assays
resulted in only a marginal increase in the dehydrogenase activity (Fig. 7). Being a
thermophilic enzyme, no drop in activity was observed up to 95 °C (Fig. 7). All IMPDHs
characterized till date are found to be activated ~100-fold by K* ions and similar monovalent
cations. The specificity of K™ ion activation varies considerably among IMPDHs from
different sources. lons with a similar size which include K*, NHs™ and Rb* are always found

to activate, while smaller ions such as Li*, Na* activate some IMPDHs, inhibit some, and
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have no effect on others. Human IMPDH2 was found to be activated by K*, NH4", Na*, TI", and
Rb" ions but Li" ion had no effect (Xiang B et al., 1996). Both E. coli and B. burgdorferi
IMPDHs are known to be activated by K*, NH4", and Cs" ions but inhibited by Na“ and Li" ions
(Zhou X et al., 1997). Na" ion was reported to have no effect on C. parvum IMPDH (Riera TV et
al., 2012). However, it has been shown that IMPDH from T. foetus, B. subtilis, and Sarcoma 180
cells retained only a basal level of activity in the absence of K* ion (Verham R et al., 1987,
Anderson J and Sartorelli A, 1968; Wu T and Scrimgeour K, 1973). Stability of the tetramer is
not affected by the monovalent cation though it was observed to prevent the formation of higher
order aggregates (Zhou X et al., 1997; Heyde E and Morrison J, 1976; Xiang B et al., 1996). The
Cys loop of a monomer and the C-terminal segment from an adjacent monomer form monovalent
cation binding site. These residues are not conserved and therefore, predicted to account for the
differences in monovalent cation specificity and other catalytic properties among enzymes from

different sources (Hedstrom L, 2012)
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Figure 7. Metal ion requirement, temperature and pH dependence of MiIMPDH and MjIMPDH"%*,
a) Effect of monovalent and divalent cations (100 mM) on the enzyme activity. No significant activation
or inhibition was exhibited by any of the examined cations (Na*, K*, Rb*, Cs", Li*, Mg’ and Ca**) under
standard assay conditions. b) Temperature dependence. No drop in activity was observed up to 95 °C, a
characteristic feature of a hyperthermophilic enzyme. A zoomed in image of the plot at lower
temperatures from 37 °C to 60 °C is presented at the bottom. ¢) pH dependence examined at 70 °C. 50
mM mixed buffer containing MES (pH 5.5-6.7), HEPES (pH 6.8-8.2), CAPS (pH 9.7-11.1) and Glycine-
NaOH (pH 8.8-10.6) with pH adjusted at 70 °C was used to assay the dehydrogenase activity. Optimum
pH for maximal enzyme activity was found to be 8.5. Standard assay conditions are as mentioned in the
materials and methods section. All the experiments were performed in two technical replicates containing
two biological replicates each. Representative plots from one technical replicate are shown. Each data
point represents the mean specific activity value. Error bars represent the standard deviation of the data

(n=2).
5.3.5 Saturation kinetics

The kinetic parameters of MjIMPDH and MjIMPDHA“BS determined in the presence or
absence of a monovalent cation (K" ion) from the saturation kinetics for each substrate are found
to be similar and are summarized in Table 3. MjJIMPDH exhibits Michaelis-Menten kinetics for

IMP as a substrate which displayed the highest affinity for the enzyme as evident from the low
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K values (4.6 = 0.3 uM) (Fig. 8, Table 3) while NAD", exhibited substrate inhibition (Km 13.5 +
0.7 uM and K; 1678 + 52 uM) (Fig. 8, Table 3).

Majority of the characterized IMPDHs follow Michaelis-Menten kinetics for the substrate
IMP while, NAD" is known to exhibit substrate inhibition. However, no substrate inhibition was
observed for IMPDHs from L. donovani, P. aeruginosa, L. pneumophila, N. meningitidis, B.
thailandensis, B. anthracis, K. pneumonia, and S. aureus (Dobie F et al., 2007; Labesse G et al,
2013; Alexandre T et al., 2015). Sigmoidal behavior with respect to IMP was observed in class |
bacterial enzymes which include L. pneumophila, N. meningitidis and P. aeroginosa (Alexandre
T et al., 2015; Labesse G et al, 2013). NAD" at high concentration traps E-XMP* intermediate
causing inhibition, which further leads to the ordered release of products (NADH followed by
XMP) (Hedstrom L, 2009). Acetylpyridine adenine dinucleotide (APAD™) was found to be an
alternate substrate of the M. jannaschii enzyme with less pronounced substrate inhibition and
lowered affinity as compared to NAD" (Fig. 8, Table 3). However, catalytic efficiency remains
similar across both NAD" and APAD" indicating that hydride transfer is not rate-limiting as
reported in the literature (Hedstrom L, 1999).

Absence of K' ions in the assay mixture resulted in only a minor drop in activity with
NAD" or IMP as variable substrate. All IMPDHs reported till date require a monovalent cation to
exhibit optimal/maximal enzyme activity. There exists no example in the literature of an IMPDH
with kinetic parameters determined in the absence of a monovalent cation. We on the other hand,
could determine these parameters for MjIMPDH without K" ions in the assay mix. Further,
addition of K" ions in the enzyme reaction, resulted in 1.3 to 1.5 and 1.5 to 2-fold increase in the
Vmax and Km values, respectively for the natural substrate (Fig. 8, Table 3). Nevertheless, this is
only a minor change in the overall catalytic activity of MjIMPDH unlike all other reported
IMPDHs till date, that exhibit a 100-150-fold increase in enzyme activity in the presence of K*
ions. It is reported that only ~5 % and <1 % of the maximal activity was observed in the absence
of a monovalent cation for E. coli and Human type II IMPDHs, respectively (Pimkin M and
Markham GD, 2009). In the absence of K ions, the kcat value for IMPDH from 7. foetus was
found to be lowered by about 100fold and 8-fold increase in Km value for NAD" while the Kn
values for IMP remained similar. Further, substrate inhibition by NAD" was not observed in the
absence of K' ions (Gan L et al., 2002). A comparison of the kinetic parameters from various
characterized IMPDHs is presented in Table 4.
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Figure 8. Steady-state kinetics of MjIMPDH and MGIMPDH"“®S. Shown here are the substrate
saturation plots with concentrations of variable substrates on the x-axis and the corresponding specific
activity (nmol mg” min”) on the y-axis in the absence or presence of KCl. a) and b) Michaelis-Menten
plots with varying concentrations of IMP. ¢) and d) Substrate inhibition by NAD". e) and f) APAD" as
an alternate substrate. g) and h) Substrate titration plots for P. aeruginosa IMPDH as reported by
Labesse G et al., 2013 (copyright permission © 2013 Elsevier Ltd. Published by Elsevier Inc.) Inhibition
effect was much less pronounced with APAD" as a substrate, a common observation among various
IMPDHs. Reaction mixture contained 50 mM TAPS pH 8.0 at 70 °C, 100 mM KCI, 3 mM EDTA, 1 mM
DTT and 1 ug of enzyme in a total volume of 0.25 ml. Fixed saturating concentrations of IMP, NAD", and
KCl used were 0.1 mM, 0.2 mM, and 100 mM, respectively. Data were fit to the equation for rectangular
hyperbola (Michaelis-Menten model or substrate inhibition) using GraphPad Prism, version 5. Steady-
state kinetic parameters determined from substrate saturation plots are tabulated in Table 3a and 3b. All
the experiments were performed in two technical replicates containing two biological replicates each.
Representative plots from one technical replicate are shown. Each data point represents the mean
specific activity value. Error bars represent the standard deviation of the data (n=2).

Table 3. Steady-state kinetic parameters of MjIMPDH (a) and the core catalytic domain,
MIMPDH"BS (b). All assays were performed as described in materials and methods section. The
standard deviation of the data is provided (n=2). n.a refers to not applicable.

a) MjIMPDH IMP NAD* APAD*
KCl -- + - + - e
(nmol :;“é’i’{min_l) 958 £ 6 1232+16 1030+ 18  1495+42  1333+21 1787+ 146
Km (M) 3.0+£0.3 4.6+0.3 282+1.1 13.5+0.7 44 + 4 367
Ki (uM) n.a 1523+93  1678+52  4448+158 1441 +283
Keat (mint) 52+04 67.0+0.9 56.0+£09 81.2+23 724+1.1 97 +8
kcat/Km
(UM minc) 17.5+1.8  14.6+0.7 2.0+0.1 6.0+0.1 1.7+0.2 27403
b) MjIMPDHACBS IMP NAD* APAD*
KCl1 -- + -- + - dL
(nmol zl“;‘_’i min) 1408 + 6 1546+ 14  1749+29  1948+19  2217+11 2518 + 40
Kwm (uM) 34+03 43+0.3 33+£2 18.0+2.1 65+2 24.0+0.7
Ki (uM) n.a 1046 +21  1258+43  3851+36 3938+ 745
keat (min™) 504+03 66006 740+1.1  82.0+08 940+06  106.0+1.7
kcat/Km
(uM- minc) 174+1.6 155+07  23+0.1 47405 1.5+0.1 4.6+0.1
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Table 4. Comparison of kinetic parameters from other studied IMPHs.

Organism Ka™P (M)  KmNAP*(uM) Ki NAP* (uM) keat™P (s71)
Human | 18+£2.2 46 +2.8 n.d 1.5+0.1
Human 11 93+1.0 32+£34 590 + 202 1.3+£0.0

B. burdorferi 29+8 1100 + 160 2300+ 390 2.6+0.3P

C. parvum 20+3 110+ 20 2900 + 700 1.3+£0.2

E. coli 61 2000 2800 13

P. aeruginosa 1760 + 109 139+ 14 n.a 2.13+0.07¢

L. donovani 33+£2 390 £ 30 n.a 0.7+0.1
M. tuberculosis 120 +2 1900 + 500 6300 £+ 1900 2.2+0.02
A. gossypium 90.2+5.6 279.8 £24.7 3600 £ 500 2.46 +0.04
A. gossypium “BS 118+ 13.1 386.6 + 38.7 4500 = 1200 3.06 £ 0.06

T. foetus 1.7+04 150 + 30 6800 + 1800 1.9+0.2

T. brucei 30 £1-2 1300 =300 3000 + 800 0-28

L. pneumophila 297 £ 30 998 + 96 n.a 1.79 £ 0.07
N. meningitidis 315+ 18 269 + 22 n.a 1.41 £0.03
B. thailandensis 52+4 355+ 27 n.a 2.56 £ 0.04
B. anthracis 120+ 15 2209 £ 232 n.a 5.04 +£0.27
K. pneumoniae 58+ 14 1175 £ 103 n.a 11.6+0.9
S. aureus 196 + 8 2350 £ 215 n.a 10.1 +£0.12
M. jannaschii 4.6+03 13.5+0.7 1678 £52 1.1 +0.01

n.a refers to not applicable (no substrate inhibition). n.d refers to not determined. Kinetic parameters of
IMPDH from various organisms include Carr SF et al., 1993 (human), “ Value is taken from Wang W and
Hedstrom L, 1997; Zhou X et al., 1997 (B. burgdorferi); * Keu with NAD" as a variable. Umejiego NN et
al., 2004 (C. parvum); Kerr KM and Hedstrom L, 1997 (E. coli); Labesse G et al., 2013 (P. aeruginosa);
“ refers to Viax value;, Dobie F et al., 2007 (L. donovani); Rostirolla DC et al., 2014 (M. tuberculosis);
Buey RM et al., 2015 (A. gossypium), Digits JA and Hedstrom L, 1999 (T. foetus); Bessho T et al., 2013
(T. brucei); Alexandre T et al., 2015 (L. pneumophila, N. meningitidis, B. thailandensis, B. anthracis, K.
pneumoniae, S. aureus) this study (M. jannaschii).
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5.3.6 Product inhibition

Inhibition kinetics was analyzed by non-linear analysis of the global fit of the data using
equations for the competitive, noncompetitive or uncompetitive mode of inhibition.

V =Vmax[S] /{Km (1+I/K;) + [S]} competitive inhibition Equation 5.5
V =Vmax[S] /{Km (1+I/K;) + [S] (1+I/Ki)} = noncompetitive inhibition Equation 5.6
V =Vmax[S] /{Km+ [S] (1+I/K;)} uncompetitive inhibition Equation 5.7

In a bi-bi reaction, the nature of product inhibition (competitive, noncompetitive and
uncompetitive) depends on the kinetic mechanism exhibited by the enzyme. It is known that
IMPDH does not adopt a ping-pong mechanism and could follow either ordered or random
substrate binding. In addition, the kinetic mechanism could be either rapid equilibrium or steady
state. Product inhibition studies of MjIMPDH carried out with XMP and NADH had shown
XMP as a competitive inhibitor of IMP binding and noncompetitive of NAD" binding. NADH
was found to be a noncompetitive inhibitor of both IMP and NAD" binding. XMP was found to
be a more potent inhibitor (K; 4.9 = 0.04 uM) than NADH (K; 58 + 2 uM) (Fig. 9, Table 5) (refer
to Appendix E for secondary plots).

XMP is unequivocally reported to be a competitive inhibitor of IMP binding across
various IMPDHs (Hedstrom L, 2009). A study on human IMPDH has shown NADH as an
uncompetitive inhibitor of IMP and mixed type inhibitor of NAD" (Carr SF et al., 1993), while
other studies on human, 7. foetus, C. parvum and M. tuberculosis IMPDHs indicate NADH to be
a noncompetitive inhibitor of both the substrates (IMP and NAD") (Xiang B et al., 1995; Digits
JA and Hedstrom L, 1999; Guillen SYV et al., 2004; Umejiego NN et al., 2004; Rostirolla DC et
al., 2014). This noncompetitive behavior (with respect to both the substrates) arises from NADH
binding to E-IMP and E-XMP* complexes (Hedstrom L, 2009). A competitive inhibitor that
competes for NAD" binding has not been reported till date.
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Figure 9. Product inhibition kinetics of MjIMPDH. Global fit of the data and corresponding double
reciprocal Line-weaver Burk plots are represented with XMP and NADH as inhibitors with respect to
substrates (IMP). At each fixed concentration of inhibitor, one substrate was varied while the other was
kept at a sub-saturating concentration (at K, value). Fixed sub-saturating concentrations of NAD"™ and
IMP were 20 uM and 5 uM, respectively. Assay conditions are as described in the materials and methods
section. a) and b) Inhibition plot for XMP versus IMP as the variable substrate (competitive inhibition).
e) and f) Inhibition plot for NADH with respect to IMP (noncompetitive inhibition). All the experiments
were performed in two technical replicates containing two biological replicates each. Representative
plots from one technical replicate are shown. Each data point represents the mean specific activity value.
Error bars represent the standard deviation of the data (n=2).
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Table 5. Product inhibition constants of MjIMPDH determined from the global fit of the
data and from the secondary plots of slope and intercept versus inhibitor concentration [I].
(refer to Appendix E for secondary plots). Reaction mix contained 100 mM KCI. Varied
concentrations of IMP and NAD" were (2.5 uM, 3.57 uM, 6.25 uM and 25 pM) and (10 uM,
14.3 uM, 25 uM, and 100 uM), respectively. The standard deviation of the data is presented
(n=2).

K; from K;ifrom the K; from the
Type of
Inhibitor global fit | secondary plot of secondary plot of
inhibition
(uM) slope vs [I] (uM) | intercept vs [I] (WM)
XMP_IMP Competitive 4.9+0.04 7.2+0.8 -
NADH_IMP | Noncompetitive 58+2 78 + 8.5 73+8

5.3.7 Modulation of enzyme activity - the role of CBS domain

Various purines including nucleobases (adenine, guanine, xanthine, inosine, and
hypoxanthine), nucleosides (adenosine and guanosine), nucleotides (AMP, ADP, ATP, GMP,
GDP, and GTP) and known inhibitors like mycophenolic acid (MPA) were tested as effectors of
MjIMPDH activity (refer to Appendix E). In an initial screen, among all tested compounds
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(at 0.5 mM) only nucleotides (except ATP) and MPA were found to significantly inhibit both the
full length and the core catalytic domain. No activators of the M. jannaschii enzyme were found.
Initial velocity measurements of MjIMPDH in the presence of added inhibitors were analyzed
through non-linear regression by a global fit of the data using the equation for competitive
(equation 5.5), non-competitive (equation 5.6) and uncompetitive inhibition (equation 5.7).
Linear regression of the data was performed to verify the pattern of inhibition determined from
the global fits. Secondary replots of intercept and slope from the double reciprocal plots are
provided in the Appendix E at the end of the thesis. Inhibition constants were calculated from the
global fit of the data and from secondary plots of slope and intercepts (Fig. 10, Fig. 11, and Table
6)

AMP was found to be noncompetitive inhibitor of IMP binding while ADP was
noncompetitive with respect to IMP. AMP was found to be a more potent inhibitor than ADP
while ATP was found to be a non-effector (Fig. 10, Table 6). Guanine nucleotides were found to
be more potent inhibitors than adenine nucleotides. Among guanine nucleotides, the order of
inhibition observed was GMP followed by GDP and GTP, all of which were found to be
noncompetitive in nature against IMP (Fig. 11, Table 6). Inhibition by nucleotides is found to be
highly effective only in the presence of CBS domain (Fig. 10, Fig. 11, Fig. 12 and Table 6). No
nucleotide was found to bind to the active site, while removal of CBS resulted in AMP
competing for the IMP binding site albeit with a weaker affinity (increase in Ki value by 10-
fold). However, upon of deletion of CBS domain, GMP continued to be a noncompetitive
inhibitor of IMP binding but with affinity lowered by 100-140 fold (Table 6). This study
highlights the feedback inhibition of MjIMPDH through the regulatory CBS domain by both the
purine nucleotides (adenine and guanine) indicating a key role for this domain in the control of
metabolic flux balance. A similar observation is reported for GDP and GTP inhibition of
AgIMPDHA®®S which also displayed noncompetitive inhibition (Buey RM et al., 2015). A
pictorial representation of the inhibition kinetics observed in MjJIMPDH is shown in Figure 13.

There is no extensive literature available on modulation of IMPDH activity by various
purine nucleotides. Until recently, only ATP and GMP were mainly tested as the effectors of
IMPDH activity. GMP was found to inhibit IMPDHs from B. burgdorferi (Zhou X et al., 1997),
C. parvum (Umejiego NN et al., 2004) and E. coli (Kerr KM and Hedstrom L, 1997). Both GMP
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and GTP were reported to inhibit L. donovani enzyme while no effect of ATP was observed
(Dobie F et al., 2007). M. tuberculosis IMPDH was also found to be inhibited by GMP
(Rostirolla DC et al., 2014) but no effect of AMP, ATP, and GTP was observed. The two recent
studies on P. aeruginosa and A. gossypium IMPDH discuss features of allostery and associated
subunit organization (Labesse G et al., 2013; Buey RM et al., 2015; Buey RM et al., 2017).
PaIMPDH was observed to be present as octameric in solution and allosterically activated by
MgATP (Labesse G et al., 2013). Also, modulation of the catalytic activity by Mg?*-ATP has
been reported for Class I enzymes that includes IMPDHs from Pseudomonas aeruginosa,
Legionella pneumophila subsp. and Pneumophila, Neisseria meningitidis (Alexandre T et al.,
2015). Study on AgIMPDH highlighted that adenine moieties had no effect on enzyme activity
while guanine moieties (GDP and GTP) inhibited eukaryotic IMPDHs (4. gossypium, Human
type I and type II) but not prokaryotic enzymes (E. coli and B. subtilis). However, GMP was
found to be a weak competitive inhibitor of both prokaryotic and eukaryotic IMPDHs. The study
also indicates the glutamate residue within “RIEK” motif is strictly conserved in prokaryotic
IMPDHs and coordinates Mg?" to the y-ATP to enhance catalytic activity. “RIEK” motif is
found replaced by “KKGK” motif in eukaryotes with glycine interacting specifically with a-
phosphate of GDP and similar to GTP inhibits catalysis independent of Mg?". However,
MjIMPDH has an “RVER” motif in place of “RIEK” and despite the presence of the glutamate,
the enzyme was found insensitive to Mg?"-ATP up to 5 mM concentration. However, potent
inhibition was observed by guanine moieties despite the lack of glycine (independent of Mg?").
MjIMPDH shares high sequence identity (50%) with prokaryotic IMPDHs, but displays features
like guanine inhibition which are reported to be present only in eukaryotic IMPDHs. This study
highlights the feedback inhibition of MjIMPDH through the regulatory CBS subdomain by both
the purine nucleotides (adenine and guanine) indicating a key role in the control of the metabolic

flux balance (Fig. 14).
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Figure 10. Effect of adenine nucleotides on dehydrogenase activity of MiIMPDH. Global fit of the data
and corresponding double reciprocal Line-weaver Burk plots are shown. At each fixed concentration of
inhibitor, one substrate was varied while the other was kept at the concentration required for half-
maximal activity (at K, value). Sub-saturating concentrations of NAD"™ and IMP used were 20 uM and 5
UM, respectively. A detailed description of assay conditions is provided in the materials and methods
section. a), and b) Plots indicating AMP as a non-competitive inhibitor against IMP. e), and f) Plots
representing ADP as non-competitive against IMP. No modulation of dehydrogenase activity by Mg”*-
ATP was observed up to 5 mM. All the experiments were performed in two technical replicates containing
two biological replicates each. Representative plots from one technical replicate are shown. Each data
point represents the mean specific activity value. Error bars represent the standard deviation of the data
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Figure 11. Effect of guanine nucleotides on dehydrogenase activity of MjIMPDH. Global fit of the data
and corresponding double reciprocal Line-weaver Burk plots are shown. At each fixed concentration of
inhibitor, one substrate was varied while the other was kept at the concentration required for half-
maximal activity (K»). Sub-saturating concentrations of NAD" and IMP were 20 uM and 5 uM,
respectively. A detailed description of assay conditions is provided in the materials and methods section.
a), and b) Plots indicating GMP as a non-competitive inhibitor against IMP. e), and f) Plots showing
GDP as noncompetitive against IMP binding. i), and j) Data showing Mg’*-GTP as a non-competitive
inhibitor against IMP binding. All the experiments were performed in two technical replicates containing
two biological replicates each. Representative plots from one technical replicate are shown. Each data
point represents the mean specific activity value. Error bars represent the standard deviation of the data

n=2).
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Figure 12. Modulation of IMP dehydrogenase activity by AMP and GMP- the effect of deletion of CBS
domain. Global fit of the data and corresponding double reciprocal Line-weaver Burk plots are shown.
At each fixed concentration of inhibitor, one substrate was varied while the other was kept at the
concentration required for half-maximal activity (K»). Sub-saturating concentrations of NAD" and IMP
were 20 uM and 5 uM, respectively. A detailed description of assay conditions is mentioned in the
materials and methods section. a), and b) Plots indicating AMP as a competitive inhibitor of IMP which
in the presence of CBS was found to be non-competitive. e), and f) Plots representing GMP as non-
competitive against IMP binding which in the presence of CBS was found to be noncompetitive. All the
experiments were performed in two technical replicates containing two biological replicates each.
Representative plots from one technical replicate are shown. Each data point represents the mean
specific activity value. Error bars represent the standard deviation of the data (n=2).

19

3



Chapter 5 Studies on MjIMPDH

(This page is left blank intentionally)

19



Chapter 5 Studies on MjIMPDH

Table 6. Modulation of M. jannaschii IMP dehydrogenase activity by purine nucleotides as
determined from the global fit of the data and from the secondary plots of slope and intercepts
versus inhibitor concentration [I]. (refer to Appendix E for secondary plots). Varied concentrations of
IMP and NAD" were (2.5 uM, 3.57 uM, 6.25 uM and 25 pM) and (10 uM, 14.3 uM, 25 uM, and 100
uM), respectively. The standard deviation of the data is presented (n=2).

MjIMPDH K from Kifrom the K from the
Type of lobal fit secondary secondary plot
Inhibitor variable inhibition g (uM) plot of slope of intercept vs
substrate K vs [I] (uM) [1] (uM)
AMP_IMP 89+ 14 88 +22 82+ 13
Noncompetitive
ADP_IMP 565 +32 605 £ 54 579 £91
ATP No effect
GMP_IMP 0.37£0.02 0.31+0.06 0.32+£0.06
GDP_IMP Noncompetitive 2.6+04 35+£04 5+24
GTP_IMP 18.7+£0.14 245+£0.7 25+1.4
MjIMPDHACBS
AMP_IMP Competitive 1027 £0148 1725 +£318 -
GMP_IMP Noncompetitive 42+ 7 42 £ 15 43+ 17

Only the most potent inhibitor of MjIMPDH among adenine and guanine nucleotides was tested for its
effect on MjIMPDHACBS,
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Figure 13. Binding of purine nucleotides and inhibition of MJIMPDH and MJIMPDH“®S - q
schematic representation. The catalytic domain is shown as a green rectangle while CBS domain as a
blue circle. NAD" and IMP binding sites are shown vacant in white and when occupied in orange. Mode
of inhibition and corresponding inhibition constant are indicated. Black shaded triangle, hemisphere,
square, asterisk, and hexagon represent ligands AMP, ADP, GMP, GDP, and GTP, respectively.
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Figure 14. Feedback regulation of MjIMPDH by purine nucleotides. In the current study, guanine
nucleotides were found to be more potent inhibitors of IMPDH activity than adenine nucleotides.
Nucleobases (guanine, adenine, xanthine, and hypoxanthine) and nucleosides (guanosine, adenosine, and
inosine) at 0.5 mM were found to have no significant effect on MjIMPDH activity (refer to Appendix E).
Order of inhibition potency was GMP (solid black line) >GDP (discontinuous black line) >GTP (dotted
grey line) >AMP (solid grey line) >ADP (discontinuous grey line). Inhibition by AMP and GMP was
relieved to an extent of 50 and 140-fold, respectively upon deletion of the CBS domain.

5.3.8 Functional complementation assay

MjIMPDH was examined for its ability to the rescue growth of impdh deletion strain of
E. coli, AguaBX(DE3). Intriguingly, heterologous expression of MjIMPDH that yielded high
levels of soluble protein could not complement the growth deficiency of the purine auxotroph on
M9 minimal medium agar plates grown at 42 °C. However, IMPDH from 7. foetus used as a
positive control was found to support the growth deficiency (discussed in Chapter 2). The turn
over number (kcat) for MjIMPDH measured at 37 °C, 45 °C and 70 °C was found to be 0.027 s,
0.064 s'and 1.0 s, respectively. A 15-fold drop in enzyme activity was observed at 45 °C as
compared to the activity measurements performed at 70 °C. The turnover number (kcat) for T.
foetus IMPDH (used as positive control in the growth rescue experiments) at 25 °C is reported to
be 2.0 s, while MjIMPDH at 70 °C was found to be 1.0 s™\. Although extremely high levels of
expression of recombinant MjIMPDH was observed, drop in catalytic rates at lower temperatures
and modulation of the enzyme activity by purine nucleotides (independently or in combination)
could have led to the no growth phenotype of impdh™ deletion strain of E coli on M9 minimal
medium.

Also, bacterial cells are known to synthesize the alarmone, guanosine tetraphosphate
(ppGpp) in response to nutritional stress. ppGpp is known to directly/indirectly target and inhibit
the activity of RNA polymerase, GMP Kinase, HGPRT, and IMPDH in E. coli, Bacillus subtilis,
Streptococcus griesus and Thermus thermophilus (Lecoq K et al., 2000; Kasai K et al., 2006;
Brittner AN et al., 2014; Liu K et al., 2015). Further, in the current study, we found adenine
nucleotides as potent inhibitors of MjIMPDH with inhibition constants varying between 100 uM
to 400 uM. Therefore, probable differential inhibition of MjIMPDH as compared to 7. foetus
enzyme within the bacterial cells by either ppGpp or adenine nucleotides could have plausibly

resulted in no rescue of the deletion strain.

19

7



Chapter 5 Studies on MjIMPDH

5.4 Conclusion

In conclusion, recombinant MjIMPDH protein was found highly soluble and octameric in
association. Presence of higher order oligomers in large proportion was observed similar to other
characterized IMPDHs although its cellular significance remains unknown. Deletion of CBS domain led
to the formation of a tetramer with no compromise in enzyme activity. M. jannaschii enzyme was found
to obey Michaelis-Menten kinetics for IMP while NAD™ displayed substrate inhibition similar to other
known IMPDHs. This study stands as the first example of an IMPDH which is feebly dependent on a
monovalent cation (K¥) for its activity. It is found to be sensitive to both the purine nucleotides (except
ATP), with more potent inhibition exhibited by guanine nucleotides. Deletion of CBS domain relieves
inhibition by the purines significantly thereby acting as a sensor to maintain balance in the nucleotide
metabolism. MjIMPDH shares high sequence identity with prokaryotic IMPDHs but displays features like
guanine nucleotide inhibition which is reported to be present only in eukaryotic IMPDHs. Further
investigations on to the three-dimensional structure in apo- and complexed- forms would unveil the

mechanism of enzyme modulation in detail.

Perspectives of the current study

Current thesis work is focused on understanding the working mechanism of IMP dehydrogenase,
a key enzyme in purine nucleotide metabolism and a potent drug target. IMPDHs from two different
organisms namely mesophilic protozoan parasite Plasmodium falciparum and hyper-thermophilic
archaeon Methanocaldococcus jannaschii were chosen as experimental models. Enzyme in its purest
form stands as a prerequisite for a thorough structural and biochemical analysis. Intriguingly, we failed to
purify recombinant PfIMPDH despite extensive efforts put in optimizations while recombinant
MjIMPDH could be purified to its homogeneity. This study highlights in-detail the challenges posed by
the parasite enzyme. Protein folding, multimerization, and sequence derived unknown complexities
independently or in combination could stand as possible reasons for the failure. On the other hand, with
high level of sequence conservation (including the catalytic pocket) and over all identical structural fold,
MjIMPDH could still be hyperexpressed, and purified to homogeneity for further enzymatic studies. This
study is the first report on the biochemical characterization of an archaeal IMPDH from M. jannaschii
that shares high sequence identity (50%) with prokaryotic IMPDHs but displays features like guanine
nucleotide inhibition that are reported to be present only in eukaryotic IMPDHs. Further investigations
focused on the three-dimensional structure analysis in apo- and complexed- forms should unveil the

mechanistic insights of enzyme modulation in detail.”
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Conclusions and future directions

We have examined the gene PF3D7_0920800 annotated as IMPDH from the
mesophilic malarial parasite Plasmodium falciparum for its subcellular localization in the
intraerythrocytic stages of the parasite and functionality using heterologous expression hosts
(E. coli and S. cerevisiae). Indirect immunofluorescence microscopy has revealed the
subcellular localization of IMPDH to be largely cytoplasmic with a partial nuclear signal in the
parasite during intra-erythrocytic asexual stages of the life cycle. Also, similar to immature
cytoophidia of human IMPDH, small distinct foci of PFIMPDH have been observed across
various stages of the parasite. Experiments focussed on generating parasites (P. falciparum and
P. berghei) with endogenous GFP tag, followed by microscopic examination and pull-down
assays could be the possible future directions in the understanding of these structural elements
of PfIMPDH. Functional identity of PfIMPDH could not be established through genetic
complementation assay owing to either the lack of sufficient soluble and therefore functional
enzyme (in E. coli) or lack of mRNA translation (in S. cerevisiae). Various efforts including
codon harmonization of gene sequence in obtaining recombinant PFIMPDH protein in soluble
form was not fruitful. For the first time, soluble and detectable level of PFIMPDH protein on
Coomassie-stained SDS-PAGE was achieved with E. coli S-30 extract. An attempt to isolate
the in vitro synthesized protein remained unsuccessful largely due to protein multimerization
or protein aggregation or strong association with the ribosomal machinery. However,
recombinant PfCBS protein was purified to homogeneity and was observed to bind both
adenine and guanine nucleotides (except GMP) in vitro as evidenced by changes in intrinsic
tyrosine fluorescence upon ligand binding. This may act as an intracellular sensor for purine
nucleotides thereby maintaining homeostasis of the malarial parasite. Bias in amino acid
composition as compared to other recombinantly expressed and biochemically characterized
IMPDH/GMPR family of proteins and prediction of aggregation-prone regions could form the
basis for generating mutants of PFIMPDH with possibly improved solubility.

MJ1616 from the hyperthermophilic archaeon, Methanocaldococcus jannaschii has
been established as a bonafide IMPDH. Recombinant MjIMPDH protein was found to be
highly soluble and octameric in association. Presence of higher order oligomers in large
proportion was observed similar to other characterized IMPDHs although its cellular

significance remains unknown. Deletion of CBS domain led to the formation of a tetramer with

199



Conclusions and future directions

no compromise in enzyme activity. MjIMPDH displayed very weak dependence on K* ions for
its activity. M. jannaschii enzyme was found to obey Michaelis-Menten kinetics for IMP while
NAD* displayed substrate inhibition similar to other known IMPDHs. Products of the enzyme
reaction, XMP and NADH were found to inhibit MjIMPDH. The enzyme was found to be
sensitive to both the purine nucleotides (except ATP), with more potent inhibition exhibited by
guanine nucleotides. Inhibition by nucleotides was found to be highly effective only in the
presence of CBS domain. No nucleotide was found to bind to the active site, while removal of
CBS resulted in AMP competing for the IMP binding site albeit with weaker affinity. This
study highlights the feedback inhibition of MjIMPDH through the regulatory CBS domain by
both the purine nucleotides (adenine and guanine) indicating a key role for this domain in the
control of metabolic flux balance. This study is the first report on the biochemical
characterization of an archaeal IMPDH from M. jannaschii that shares high sequence identity
(50%) with prokaryotic IMPDHSs but displays features like guanine nucleotide inhibition which
is reported to be present only in eukaryotic IMPDHSs. Further investigations that focus on the
three-dimensional structure analysis in apo- and complexed- forms would unveil the
mechanism of enzyme modulation in detail.
Ongoing Studies

With the expression and purification conditions established, the structure of
MjIMPDHABS has been solved by X-ray crystallography by another member of the group in
the laboratory. Detailed analysis of this structure is currently underway. Octameric and the
higher order multimeric forms of MjIMPDH have been examined by transmission electron
microscopy (TEM). Changes in the dimensions of the protein structure in the presence of
guanine nucleotides observed through TEM further confirm the modulation of enzyme activity
by these nucleotides. Lastly, our attempts at crystallizing the highly soluble CBS domain of

PfIMPDH was not successful due to protein precipitation.
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Figure B1. Subcellular localization of IMPDH in P. falciparum. Pearsons correlation coefficient
(PCC) for the nuclear overlap of PfIMPDH fluorescence signal in a single z-stack of the confocal
image was determined using JACoP tool (Just Another Co-localization Plugin) (Bolte S and
Cordeliéres FP, 2006) on Fiji image processing program (Schindelin J et al., 2012).
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Table C1. Various oligonucleotides used in the current study.

Expression
Primer Sequence (5’ to 3°)
Vector
PfIMPDH_F TCACCATGGCTAGCGGATGGAAAGCT pET21b+,
pET28b+,
PfIMPDH R TCACTCGAGTGTAGTAAACTTTTTGTTGTTGAA
- pTrc99a
Duet IMP_R TCAGTCGACGCTTTGTTAGCAGCCGGATCTCAGTG
Duet GMP_F GGCAGATCTAGAAGGAGAGGAATATGACAAGATTTTGG pDUET
Duet GMP_R TCAGGTACCTCATTCGAATTCAATCGTTGCTG
MjGAT_F GATCCATATGATTGTTATCTTAGACAACGGAGGG
GTAGGATCCGCCCTGAAAATACAGGTTTTCGCCTTCAAATTTG | pET21b+
MjGAT_R_Fusion
TAACCACAAACTTTACAAAAG
PbIMPDH_F GTAGGATCCATGGCAAATGGATGGGATGC pET21b+,
PbIMPDH_R GCT CTCGAG CTTTTTGGTGTTAAATATGAGATTGTCGCTG pET22b+,
CATAATAATATGAGTATAGAAGATCAAATTGAAGAGGTGAAA
PfK86D F
- AAG
PfK86D R CTTTTTCACCTCTTCAATTTGATCTTCTATACTCATATTATTATG
PfS172H_F CTGATGTTGTTACAGGGCATTATCCCATAAATTTATCTG
PfS172H R CAGATAAATTTATGGGATAATGCCCTGTAACAACATCAG
PfS310G_F GTTTTACGTATTGGTATGGGTGGTGGTTCAATTTGTACAACAC
PfS310G_R GTGTTGTACAAATTGAACCACCACCCATACCAATACGTAAAAC
PfA325G F ATGTGCTGTAGGTAGAGGTCAAGGAACAGCTGTTT PROSO I
PfA325G R AAACAGCTGTTCCTTGACCTCTACCTACAGCACAT mutants in
PfH218K K221H | GCATAAAAATAGAATATTTCCCAAAGCGTCTCATAGTCAAAAT | pET21b+
F AAACAATTAATTG
PfH218K K221H | CAATTAATTGTTTATTTTGACTATGAGACGCTTTGGGAAATATT
R CTATTTTTATGC
GATATTTAGTTGATGAAAGGGTTAATGAATATACAGATGAAA
PfIMP_K420V_F
- - ATATTG
CAATATTTTCATCTGTATATTCATTAACCCTTTCATCAACTAAA
PfIMP_K420V_R
- - TATC
PETIMY F GGTGAAGCGGTTTGAGAACGGCGGATCCGGCGGTTTTCCACAT | Expression
- GCTAGCAAAAGCCAG plasmid from
PETIMY R CTGGCTTTTGCTAGCATGTGGAAAACCGCCGGATCCGCCGTTC | NEB

TCAAACCGCTTCACC

PURExpress
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Table C2. Molecular weights and isoelectric points of various proteins in the current study.

Protein Molecular mass (kDa) pl
PfIMPDH (His)s 57 7.8
PbIMPDH (His)s 57 8.0

PfIMPDHA®BS (His)e 43 6.95
PfCBS (His)s 14 7.61

M I (His)s 57 7.29

M _1II (His)s 57 7.29
MjGAT_ PfIMPDH (His)s 79 7.26
MjGAT_PfIMPDHABS (His)s 65 7.02
DnaK 70 4.83

Dnal 41 7.98

grpE 22 4.68
M;jIMPDH (His)s 54 6.41
MjIMPDHABS (His)s 42 7.09

Table C3. Screening of multiple biochemical parameters aimed at improving the
solubiltiy of recombinant PfFIMDPH.

Buffers used Screen for buffer conditions Observations
e pHrange 5.5 to 12.0

e 50 mM to 150 mM ionic

' strength Ab Pl .

g}rlljsggt’e * 10%to20% Glycerol ) solzf)rll::: efr(e)lc‘[Ii)onl\/H)DH "

- e 0 mM KClI to 500 mM KCl ] ' )
(Na /K", (or NaCl) o Insufficient soluble protein to
Bicarbonate, proceed for purification.
HEPES, TAPS, e O0mMto5mMEDTA . _ )
CHAPS, e 0.1mM ol mM PMSF . Whlle refoldlng failed to '
Bis-Tris, Bicine, e 0.2mM to2mM DTT (or yield active solub1§ protein
Tricine, and TCEP) or largely resulted in

Glycine. precipitation.

e (0 M to6M Guanidium HCI
e 0OMto8M Urea
e 4°Cand?25°C
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IMP dehydrogenase from Plasmodium berghei

Transfection of P. berghei

Glycerol stock of P. berghei Anka parasites was injected into a healthy four-week-
old BalBc mouse through the retro-orbital path. Parasitemia was monitored through tail
snip performed at regular intervals. Giemsa stained blood smears were observed under the
microscope using 100 x oil immersion objective. Blood was drawn through retro-orbital
plexus using a capillary upon reaching 30-50 % parasitemia and collected into 0.5 ml of
heparin (200 U.ml ™). Further, to enrich schizonts, blood was layered on 60 % Nycodenz
made in 1 x PBS and centrifuged at 400 g for 10 min. Schizonts were carefully collected
and washed twice with incomplete RPMI medium. Parasite pellet was re-suspended in 90
pl of Amaxa P5 nucleofection solution, 3.5 ug of plasmid DNA in a volume of 10 pl was
added and loaded into the cuvette. Nucleofection was performed using the pre-set program
U-033 with Amaxa 2D nucleofector. Immediately after the pulse, 50 pl of incomplete
RPMI medium was added, mixed well and injected into two fresh mice. Three days post-
nucleofection, parasites were observed under a microscope and drug pressure was applied.
7 mg of pyrimethamine was dissolved in 1 ml of DMSO and further diluted in 100 ml
acidified water with pH adjusted to 3.5. This drug-containing water was fed to the mice ad
libitum. Giemsa stained smears were examined once every three days and blood was drawn
once the parasitemia reached about 30 %. Glycerol stocks were made with 0.2 ml of
harvested blood mixed in 0.3 ml of 30 % glycerol and stored in liquid nitrogen. For further
experiments, harvested blood was treated with 1 x erythrocyte lysis buffer (155 mM NH4ClI,
10 MM KHCOs and 0.1 mM EDTA) for 5 min at 4 °C and centrifuged at 500 g for 10 min.
The supernatant was discarded, and the harvested cells were used for either Western blot
or DNA isolation immediately or stored at -80 °C until further use.
DNA isolation

Parasite pellet was re-suspended in 350 pl of TNE buffer (10 mM Tris HCI, pH 8.0,
0.5 mM EDTA and 100 mM NacCl). 10 pl of 10 mg/ml RNase A and 50 ul of 10 % SDS
were added to a final volume of 0.5 ml. This was incubated at 37 °C for 10 min followed
by pronase treatment for 1 h (10 pl of 10 mg/ml stock solution). 1 ml of Tris-saturated
phenol was added to the sample and mixed gently by inverting. The sample was then

centrifuged for 5 min at 10,000 g and the supernatant was carefully removed and treated
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with 1 ml of 1:1 phenol-chloroform solution and centrifuged for 5 min at 10,000g. The
supernatant was collected and treated with 1 ml of chloroform-isoamyl alcohol solution
and centrifuged at 10,000 g for 5 min. The extracted supernatant was mixed with 1/10 vol
of 3 M sodium acetate (pH 4.5) and 1 ml of absolute ethanol. The sample was mixed by
inverting gently in order to precipitate DNA, centrifuged at 10,000 g for a min and the
supernatant was discarded. DNA pellet was washed once with 70 % ethanol, air dried and
re-suspended in 50 pl nuclease free water. PCR was performed using the cloning primers
to confirm transfectants.
Protein extraction

Parasite pellet was re-suspended in 100 ul of parasite lysis buffer (10 mM Tris HCI,
pH 8, 0.4 M NaCl, 1 mM EDTA and 1 % SDS) along with 0.5 volumes of acid treated glass
beads and subjected to multiple rounds of freeze-thaw and vortexed intermittently. The
lysate was centrifuged at 13,000g for 30 min, resolved on 12 % SDS-PAGE and electro-
transferred onto PVDF membrane for detection using either anti-(His)s antibody or anti-
PfIMPDH antibody.

TEV/PbIMPDH 22b/PbIMPDH TEV/PbIMPDH 22b/PbIMPDH
a) S P TSECHC;Mj M S P b) S P TSECHC,b,Mj M S P

Q 3

E{f '. .

Bl 1

s»“ R “
(

Figure D1. Expression and solubility analysis of PbIMPDH in AguaB*(DE3) strain of E. coli. a)
Chloroform stained gel was visualized under UV light using the Bio-Rad gel doc system (Kazmin
D et al., 2002). Lanes S and P correspond to the soluble and insoluble fractions collected after
lysis; TSE was osmotic shock fluid extracted using 25 mM Tris HCI, 0.3 M Sucrose and 2.5 mM
EDTA; CHCI; was the periplasmic fraction extracted with chloroform; Mj represents MjIMPDH
(55 kDa) used as positive control for antibody detection, M- Pre-stained Prism Ultra protein
ladder, Abcam, USA. b) Western detection and confirmation of PbIMPDH using anti-(His)s
antibody used at 1.6000 dilutions. Goat secondary anti-mice antibody conjugated to HRP was used
at 1.4500 and developed using AEC as substrate.

245



a-PfIMPDH

o-PfHGPRT

o-PfIMPDH

PfCBS

Figure D2. Episomal expression of PboIMPDH in P. berghei. Wt_Pb represents wild type parasite
lysate; M- Pre-stained Prism Ultra protein ladder, Abcam, USA; PbCEN_IMPDH corresponds to
episomal expression of P. berghei IMPDH; anti-PfIMPDH antibody was used to probe PbIMPDH
expression. PfCBS (14 kDa) served as a positive control for Western detection. Mouse RBC was
used as a negative control. Presence of HGPRT was probed as an internal control using rabbit
anti-PfHGPRT antibody. anti-P. falciparum antibodies cross-reacted with their respective P.
berghei homologs. Western blot developed using AEC as a substrate for HRP conjugated to goat
anti-rabbit secondary antibody.

Conclusion

Recombinant PbIMPDH was found to be completely insoluble similar to that of P.
falciparum IMPDH and thus unable to rescue the growth of guaB or guaC deletion strain
of E. coli on M9 minimal medium (discussed in Chapter 2). Episomal expression of
PbCENS5_PbIMPDH in mice infected with P. berghei was confirmed by Western blot.
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Figure E1. Effect of various nucleobases, nucleosides and MPA on the enzyme activity of
MjIMPDH and MjIMPDH*®S, All the molecules were examined at a concentration of 0.5 mM
with IMP and NAD™ kept at sub-saturating levels. NAM refers to nicotinamide mononucleotide. No
enzyme activity was observed in the presence of 0.5 mM mycophenolic acid (MPA) while purine
nucelobases, and purine nucleosides displayed no effect.

a) XMP_IMP b) XMP_NAD* c) NADH_IMP d) NADH_NAD*
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Figure E2. Slope and intercept replot of product inhibition on MjIMPDH. a), and c) IMP as a
variable. b), and d) NAD" as a variable.
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Figure E3. Slope and intercept replot of adenine and guanine nucleotide inhibition on
MjIMPDH. a), ¢), e), g), and i) IMP as a variable. b), d), f), h) and j) NAD" as a variable.

0.03 0.04
0.02 i 0.03
* Intercept
-0.08

d)

GMP_IMP

* Slope

= Intercept

AMP (mM)

AMP (mM)

0.02 0.12

GMP (mM)

GMP_NAD*

* Slope

# |ntercept

-0.08 -0.03 0.02 0.07 0.12
GMP (mM)

Figure E4. Slope and intercept replot of AMP and GMP inhibition on MjIMPDH*“BS, a), and c)

IMP as a variable. b), and d) NAD" as a variable.
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Figure E5. Product inhibition kinetics of MjIMPDH. c) and d) Inhibition plot for XMP against NAD*
as the variable substrate (noncompetitive). g) and h) Inhibition plot for NADH with respect to NAD*
(noncompetitive inhibition).

Table E1. Product inhibition constants of MjIMPDH determined from the global fit of the data
and from the secondary plots of slope and intercept versus inhibitor concentration [I]. (refer to
Appendix E for secondary plots). Reaction mix contained 100 mM KCI. Varied concentrations of IMP
and NAD" were (2.5 uM, 3.57 UM, 6.25 uM) and (10 uM, 14.3 uM, 25 uM, and 100 uM), respectively.
The standard deviation of the data is presented (n=2).

N Type of Ki frorr_l Kifrom the Ki from the
Inhibitor inhibition global fit | secondary plot of _ secondary plot of
(uM) slope vs [1] (uM) | intercept vs [1] (UM)
XMP_NAD* 95+0.7 11+14 11.5+0.7
Noncompetitive
NADH_NAD* 60 + 10 77+ 30 74 £ 30
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Figure E6. Effect of adenine nucleotides on dehydrogenase activity of MjIMPDH. ¢) and d) Plots
indicating AMP as a non-competitive inhibitor against NAD* binding. g) and h) Plots representing
ADP as uncompetitive with respect to NAD".
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Figure E7. Effect of guanine nucleotides on dehydrogenase activity of MjIMPDH. g) and h) Plots
showing GDP as noncompetitive against NAD* binding. k) and I) Data showing Mg?*-GTP as a non-
competitive inhibitor against NAD".
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Figure E8. Modulation of IMP dehydrogenase activity by AMP and GMP- the effect of deletion of
CBS domain. ¢) and d) Plots indicating AMP as uncompetitive of NAD* which in the presence of CBS
was found to be non-competitive with respect to both the substrates. g) and h) Plots representing GMP
as non-competitive against NAD™ binding which in the presence of CBS was found to be noncompetitive
of IMP binding and uncompetitive against NAD™.

Table E2. Modulation of M. jannaschii IMP dehydrogenase activity by purine nucleotides as
determined from the global fit of the data and from the secondary plots of slope and intercepts
versus inhibitor concentration [1]. (refer to Appendix E for secondary plots). Varied concentrations
of IMP and NAD* were (2.5 uM, 3.57 uM, 6.25 puM) and (10 uM, 14.3 uM, 25 pM, and 100 uM),
respectively. The standard deviation of the data is presented (n=2).

MjIMPDH K, from Kifrom the Ki from the
Type of . secondary secondary plot
— - L global fit .
Inhibitor_variable inhibition ) plot of slope of intercept vs
substrate H vs [1] (UM) [1] (uM)
AMP_NAD"* Noncompetitive 46 + 3.5 112 £ 45 65+ 18
ADP_NAD* Uncompetitive *405 + 64 - 376 £47
GMP_NAD* Uncompetitive *0.25 £ 0.04 - 0.38 £ 0.05
GDP_NAD* 4+0.8 42+05 41+04
Noncompetitive
GTP_NAD* 129+1 1842 19+£2
MjIMPDHACBS
AMP_NAD* Uncompetitive *2290 * 226 - 2950 + 353
GMP_NAD* Noncompetitive 34+3 32+8 32+5

*refers to aK; values for the uncompetitive mode of inhibition. Only the most potent inhibitor of
MjIMPDH among adenine and guanine nucleotides was tested for its effect on MjIMPDHAES,
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