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"Proteins hold the key to the whole subject of the molecular basis of biological reactions."
— Linus Pauling. "Signs of Life."

The thesis presents studies carried out on two enzymes, L-tartrate dehydratase and inosine 5°-
monophospahte dehydrogenase. Each chapter has been divided into five sections. The first section
introduces the topic to the reader, the second one describes the experimental procedures used. The
next three sections consist of results and discussion, a summary of the overall study and future

directions.

L-tartrate dehydratase (L-TTD) catalyzes the stereospecific conversion of L-tartrate to
oxaloacetate. It shares high sequence similarity with class-1 fumarate hydratases (FHs) which has
often led to misannotation in the databases. Despite this high similarity, the two enzymes catalyze
reactions on opposite stereoisomers. Understanding of the enzyme chemistry and catalysis in class-
| FH and L-TTD is limited, with biochemical characterizations of the enzymes from only a few
organisms e.g.,, FH from Pelotomaculum thermopropionicum (Shimoyama et al., 2007),
Methanocaldococcus jannaschii (Bellur et al., 2023) and Pyrococcus furiousus (van Vugt-Lussenburg
etal., 2009), and L-TTD from Pseudomonas putida (Kelly & Scopes, 1986), Escherichia coli (Reaney
et al., 1993), and a L-tartrate fermenting anaerobic bacteria (Schink, 1984). Recent studies on class-I
FH (Bellur et al., 2023; Patricia R. Feliciano et al., 2016) have led to a better understanding of the
enzyme's biochemical function, whereas L-TTD has limited studies with regard to structure and

catalysis. Tight stereospecificity for substrates, a key property of enzymes, is crucial in

Xi



pharmaceutical and chemical industries, because of their potential in synthesizing enantiopure

compounds.

A multiple sequence alignment of class-1 FH and L-TTD revealed that both enzymes share
identical active site residues, despite catalyzing reactions of opposite stereospecificity. To the best
of our knowledge, this is the first example of two proteins catalyzing reactions on opposite
stereoisomers despite having identical active site residues. The only distinguishing feature between
the two proteins was found to be a “KGXGS” motif in class-1 FHs present as a “AGGGC” motif
in L-TTD. The enzyme-substrate binding in the case of L-TTD could not be explained due to the
lack of a structure. Thus, Chapter 1 discusses how L-TTD shows this unique change in
stereospecificity and sheds light on the molecular basis of enantioselectivity in the two classes of
enzymes. Sequence alignment shows that other than the “KGXGS”/ “AGGGC” motif, the C-
terminal tail is also unique to and conserved in L-TTDs. Gel filtration experiments showed L-TTD
to be present as a heterotetramer (dimer of heterodimer). Further studies revealed that the presence
of 4Fe-4S cluster bound to the protein. Crystallisation was attempted under various conditions;
however, no crystals of good quality were obtained. Due to lack of experimentally determined
structure, AlphaFold predicted structures were used for active site analysis. However, no
difference was found in the orientation of the active site residues that could explain this changed
specificity as compared to class-1 FHs. Analysis of the quaternary structure points at a possible
role played by the C-terminal tail in reorienting the active site residues, which hints at a possible
reorientation mechanism. Moreover, consideration of the “enantiomer superposition model”

shows that only a minor reorientation is needed for binding the cognate substrate in the active site.

Inosine-5’-monophosphate dehydrogenase (IMPDH) (EC 1.1.1.205) catalyzes the oxidation of
inosine 5’-monophosphate (IMP) to xanthosine 5’-monophosphate (XMP) with simultaneous
reduction of NAD" to NADH, which is the first committed step in the guanine nucleotide biosynthesis
pathway. The reaction controls the major branchpoint between adenine and guanine nucleotide
biosynthesis and is a rate limiting step in guanosine 5’-monophosphate (GMP) biosynthesis. The
enzyme has a core catalytic domain composed of (o/f)s barrel and regulatory cystathionine-p-synthase
(CBS) domain, also known as Bateman domain (Bateman, 1997). It is found to exist as a tetramer or
an octamer, which shows polymerization into filaments called cytoophidia in eukaryotes (Anthony et
al., 2017; Burrell et al., 2022; M. C. Johnson & Kollman, 2020). The CBS domain allosterically
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regulates the enzyme, and this mode of regulation differs significantly between prokaryotes and
eukaryotes. Prokaryotic IMPDHSs have two nucleotide binding sites that only bind ATP, while
eukaryotic IMPDHs have an additional non-canonical site that can bind GDP and GTP in addition
to ATP. IMPDH is divided into two classes i.e., class-1 and class-11, based on their dependence on
ATP for catalytic activity. A conformational switch exists in IMPDH wherein bacterial IMPDH
requires ATP to achieve full catalytic activity, while eukaryotic IMPDH is inhibited by GDP and
GTP (R M Buey & Fernandez-Justel, 2017). Although ATP does not cause any change of activity
in eukaryotic IMPDHSs, human IMPDHs have been shown to form filamentous structures in the
presence of ATP (Anthony et al., 2017; M. C. Johnson & Kollman, 2020).

Due to the lack of understanding of archaeal IMPDHSs, Methanocaldococcus jannaschii IMPDH
(MjIMPDH) was studied in the laboratory. Despite high sequence similarity to prokaryotic
IMPDHs, it shows behaviour similar to eukaryotic IMPDHs. Moreover, preliminary studies
detected the presence of filamentous structures upon addition of Mg-ATP, which were previously
reported in IMPDHSs of eukaryotic origin only. Chapter 2 discusses how transmission electron
microscopy (TEM) has been used to characterize quaternary organization in IMPDHSs. Despite
repeated trials, filaments were not observed upon addition of ATP or GTP. Gel filtration
chromatography of MjIMPDH shows two peaks on the chromatogram, of which the larger could
not be stoichiometrically defined previously and hence assigned as higher order oligomers
(Prasoona, 2019). Present studies using TEM show that the early eluting fraction on size-exclusion
chromatography correspond octamers in a relaxed and expanded state compared to the later
octamer fraction. This study indicates the presence of two different conformational states of
MjIMPDH that require further structural characterization using single particle cryo-EM.
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Chapter 1

Towards understanding stereospecificity and
substrate selectivity in L-tartrate dehydratase

The enzyme L-tartrate dehydratase (L-TTD) is a unique enzyme of the iron-sulfur cluster
hydrolyase family with high sequence identity to class-I fumarate hydratase (FH) which leads to
misannotation across databases. The two enzymes show complete conservation of the active site
residues as well. However, they have been found to catalyze reactions on opposite sterecisomers,
making them the first example of two enzymes having identical active site residues while showing
substrate specificity for opposite stereoisomers. The key differentiating feature between the two
enzymes has been found to be a conserved motif whose sequence is “KGXGS” in class-I1 FHs and
“AGGGC” in L-TTD. In addition, L-TTD has a conserved C-terminal extension that is not found
in class-1 FHs. From our experiments, we see that L-TTD exists as heterotetramer (dimer of a
heterodimer), with an iron-sulfur cluster. Crystallisation was attempted under different conditions;
however, no protein crystals were obtained. Due to unavailability of solved structures, analysis of
AlphaFold predicted structures was performed. The AlphaFold predicted structures show no major
difference in orientation of active site residues from that of class-1 FH that could explain the altered
preference of substrate stereospecificity in L-TTD. This points towards a possible reorientation
mechanism and flexible binding of the substrate which has been discussed at the end of the chapter.
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1.1 Introduction

1.1 Introduction

1.1.1. Substrate specificity and selectivity in enzymes

Enzymes are biological catalysts that accelerate chemical reactions by lowering the activation
energy required for the reaction to occur. Enzymes are highly specific for their substrates, meaning
that each enzyme catalyzes a specific reaction with a specific substrate or group of substrates. This
specificity is due to the unique three-dimensional structure of the enzyme's active site, which binds
to the substrate and facilitates the chemical reaction. There are several types of substrate
specificities that enzymes can exhibit, including absolute specificity, group specificity, and

stereochemical specificity.

Absolute specificity refers to the ability of an enzyme to catalyze the reaction of only one specific
substrate. For example, the enzyme lactase is specific to lactose and will only catalyze the
hydrolysis of lactose into glucose and galactose (Fernandez et al., 1995). Other examples of
enzymes with absolute specificity include urease, which catalyzes the hydrolysis of urea (Fishbein,
1969).

Group specificity refers to the ability of an enzyme to recognize and act on a specific functional
group within a substrate. For example, the enzyme chymotrypsin recognizes and cleaves peptide
bonds adjacent to aromatic amino acid residues. This means that chymotrypsin can cleave peptide
bonds in substrates that contain an aromatic amino acid residue but not in substrates that do not

contain this group (Fersht et al., 1973).

Stereochemical specificity refers to the ability of an enzyme to distinguish between stereoisomers
of a substrate. Stereoisomers are molecules that have the same molecular formula and connectivity
but differ in the spatial arrangement of their atoms. Enzymes that exhibit stereochemical specificity
are called stereospecific enzymes. Example of stereospecific enzymes are L- and D-lactate
dehydrogenases, which catalyze the conversion of their respective lactic acid enantiomer to

pyruvate (Dennis & Kaplan, 1960).




1.1 Introduction

In addition to these types of substrate specificity, enzymes can also exhibit kinetic specificity,
which refers to the ability of an enzyme to preferentially catalyze one reaction pathway over
another, and promiscuous specificity, which refers to the ability of an enzyme to catalyze reactions
with multiple substrates, albeit with lower catalytic efficiency (Lizbeth Hedstrom, 2001).

In conclusion, enzymes exhibit a wide range of substrate specificities, allowing them to catalyze
specific reactions with high efficiency and selectivity. Understanding the different types of
substrate specificity exhibited by enzymes is critical for understanding their function and designing

novel enzymatic processes for various applications, such as biotechnology and pharmaceuticals.

1.1.2. Stereospecificity in enzymatic reactions

The concept of chirality was first discovered by Louis Pasteur in 1864, who observed that some
organic molecules exist in two mirror-image forms that cannot be superimposed onto each other
(Pasteur, 1858). This property arises when a carbon atom with tetrahedral sp® hybridization has
four distinct substituents, leading to the formation of two enantiomers that are non-superimposable
mirror images of each other. The presence of chirality in biological molecules is crucial, as it
allows for the formation of highly specific and stable molecular interactions. For instance, proteins
are only composed of L-amino acids, demonstrating the importance of homochirality for their
structure and function. Enzymes are now extremely selective catalysts that can only catalyze
reactions on a single sterecisomer as a result of this. In actuality, a separate enzyme is needed for
the anti-enantiomer. This is significant for a number of reasons. Firstly, many pharmaceuticals and
natural products appear as stereoisomers, and they can all have various pharmacological
properties. Second, in order to guarantee that the right products are produced, enzymes must be
able to differentiate between the stereoisomers that can arise as intermediates in biochemical

pathways.

Dealing with stereoisomers, which are molecules with the same chemical composition and
connectivity but different spatial arrangements, is one of the difficulties enzymes encounter.
Different physical, chemical, and biological characteristics of stereoisomers can have a significant
impact on how well enzymes engage with them. Molecules that vary in their spatial arrangement

despite sharing the same chemical formula and connectivity are known as stereoisomers.
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Enantiomers and diastereomers are the two major categories of sterecisomers. Enantiomers are
mirror images of each other and cannot be superimposed on each other, while diastereomers are
stereoisomers that have more than one chiral center. Despite having the same chemical formula,
stereoisomers can have very different characteristics. Enantiomers, for instance, have distinct
optical properties depending on which way they rotate plane-polarized light. Because they can
interact differently with enzymes and other biomolecules, enantiomers can also have distinct

biological characteristics.

Enzymes recognize and distinguish between stereoisomers using a variety of complex processes.
One process is called steric hindrance, in which the enzyme active site can only hold one specific
stereoisomer because of its three-dimensional structure. The enzyme active site interacts more
favorably with one stereoisomer than the other owing to variations in charge distribution in an

additional mechanism called electrostatic interactions.

Hydrogen bonds, metal coordination, and induced fit are additional processes of enzyme
stereoselectivity. While metal coordination entails the binding of a metal ion to a specific
stereoisomer, hydrogen bonding happens when the enzyme active site is able to form hydrogen
bonds with particular functional groups on the stereoisomer. When an enzyme binds to a particular
stereoisomer, the active site goes through a conformational shift, which improves binding and
catalysis (Koshland, 1958).

There are several different types of enzymes that are involved in stereocisomerism. When it comes
to NAD-dependent dehydrogenases, two different-folded enzymes that have their catalytic sites
reversed, catalyze reactions on the L- and D-isomers (Lamzin et al., 1994).When it comes to
glycosyl hydrolases, nature has created many kinds of enzymes with utterly unique 3D folds that
invert the catalytic base with respect to the substrate, allowing them to recognize and catalyze on
anomeric carbons with opposing chiralities (McCarter & Stephen Withers, 1994).

Lipases, however, are a singular exception in that they can catalyze processes involving either
enantiomer, though they tend to favor one over the other (Lamzin et al., 1995). The active site's
chirality in lipases causes the enzyme to favor one enantiomer while being indifferent to the other.

The most frequent way for enzymes to deal with stereoisomers is through the evolution of different
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enzymes with unique active site architectures that can catalyze reactions on opposing

stereoisomers.

An enzyme's stereo-specificity originates from the active site's three-dimensional structure, which
allows it to perfectly suit the substrate in alignment with the catalytic residues (Lizbeth Hedstrom,
2001). This guarantees that the enzyme can recognize particular processes and catalyze them with
high selectivity and efficiency. In general, studying enzymes and their capacity to deal with
stereoisomers is crucial for comprehending their role and developing novel enzymatic procedures

for a range of biotechnology and pharmaceutical applications.

1.1.3. Significance of enzyme stereospecificity

Biologically active molecules can exist in different forms called enantiomers, which have distinct
physiological properties. It is crucial to create procedures for synthesizing only the desired
enantiomer because some of these enantiomers, unfortunately, can have toxic side effects.
Currently, over fifty percent of all clinically used small molecule drugs are chiral small molecules
(Shen et al., 2016). Enzyme-catalyzed reactions offer a more selective way to make chiral
compounds than traditional organic synthesis does (Wombacher et al., 2006). The method of
selectively producing one enantiomer over the other is known as chiral synthesis. This is
significant because the stereochemistry of a molecule often dictates the biological action of a drug.
When compared to pure enantiomers, a mixture of enantiomers known as a racemic mixture may
exhibit distinct biological activities. For instance, fluoxetine, an antidepressant, is sold as a
combination of enantiomers, but only one of them is actually active, and the other one may have
negative adverse effects (Robertson et al., 1988). Thalidomide, a 1960s drug used to treat morning
sickness and insomnia, serves as an illustration of the significance of asymmetric synthesis
(Wombacher et al., 2006). The S-enantiomer was discovered to be teratogenic and to cause severe
birth defects like shortened flipper-like limbs, even though the R-enantiomer was successful as a

therapeutic agent.

Asymmetric synthesis, chiral catalysis, and chiral chromatography are just a few techniques that
can be used to create chiral compounds. Asymmetric synthesis is the process of selectively adding

a chiral core to a molecule during synthesis in order to produce a particular enantiomer. A chiral
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catalyst is used in chiral catalysis to speed up a chemical process that produces a particular
enantiomer. Enantiomers are separated using chiral chromatography based on how they interact

with a chiral stationary phase.

For the development of novel pharmaceuticals and the building of more effective industrial
processes, it is essential to understand the stereochemistry of enzyme-substrate interactions. Chiral
synthesis is important in biochemistry, especially in the research of biological systems and the
development of drugs. Enantiopure medicines with greater effectiveness and fewer side effects can

be made by selectively producing one enantiomer over the other.

Full control of stereogenic centers in catalyst-controlled reactions remains a challenging task
despite recent advancements in asymmetric synthesis (Xu et al., 2019). However, the increasing
use of enzymes to make stereospecific products has accelerated the synthesis of chiral molecules,
offering intriguing opportunities to develop novel therapeutically effective medications (Mu et al.,
2020).

1.1.4. Methodologies for switching stereospecificity

Due to their capacity to promote effective reactions with high yields in an eco-friendly manner,
biocatalysts have grown in popularity in the field of chemistry. The importance of stereoselectivity
in pharmacology has led researchers to concentrate on figuring out the structural and mechanistic
underpinnings of enzyme-mediated events (Chan et al., 2019). The stereoselective characteristics
of enzymes have been altered through a variety of techniques, including de novo enzyme

engineering, computational rational designing, chemical modification, and in vitro evolution.

One of the earliest techniques for changing the stereospecificity of enzymes was chemical
modification, which modifies the enzyme's amino acid residues covalently to change the enzyme's
structure and activity. The active region of an enzyme can be modified chemically to add new
functional groups or to change the reactivity of a particular amino acid residue. Numerous
enzymes, including aspartate aminotransferase and horseradish peroxidase (HRP), have been
shown to change their stereospecificity when chemically altered with N-bromosuccinimide (NBS)

(Nagashima et al., 1986). As a consequence of NBS treatment, side chains of specific amino acid
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residues in the enzyme's active site undergo selective bromination. This selective bromination

modifies how the enzyme interacts with its substrate and switches the enzyme's stereospecificity.

One approach included creating an enzyme from scratch to catalyze a Diels-Alder reaction, which
produced four stereocenters and two carbon-carbon bonds (Siegel et al., 2010). Only two of the 84
predicted enzyme constructs, however, were able to exhibit Diels-Alderase activity in an
experimental setting, highlighting the challenges associated with pure de novo design. On the other
hand, rational enzyme engineering makes use of contemporary computational techniques and
methods to help control the stereospecificity of an enzyme's catalytic properties. These methods
provide insights into the atomic interactions between the enzyme and the substrate and can predict
the allosteric effects of mutations at sites other than the active site (Chan et al., 2018; Reetz, 2011).
Numerous in silico approaches, such as, Poisson-Boltzmann surface area continuum solvation
(Genheden & Ryde, 2015), free energy perturbation (Jorgensen & Thomas, 2008), and
thermodynamic integration (Ruiter & Oostenbrink, 2016) have been developed to assess relative
binding energies. Rational designing frequently requires the conversion of significant polar
residues into hydrophobic ones in order to limit the size of the active site pocket and constrain

substrate orientation to achieve stereospecificity.

The most effective scientific approach to increase stereoselectivity is directed evolution. This
approach includes repeated cycles of protein expression, mutagenesis, and screening for the
desired property. The stereospecificity of several enzymes, including esterases and epoxide
hydrolases, has been changed through directed evolution. This technique has been used to create
enzymes that can catalyze reactions that no enzyme from nature is capable of.

Chemistry is paying increased attention to biocatalysts due to the wide range of applications,
including the catalysts' capacity to promote highly efficient, higher-yield reactions that follow an
environmentally acceptable approach. Due to the significance of stereoselectivity in
pharmacology, research into the structural and molecular underpinnings of the phenomena the
enzyme mediates has been extensive. In this field of study, a variety of tools and techniques,
including de novo enzyme engineering, computational rational designing, and in vitro evolution,

have been utilized to control the stereoselective features of enzymes.
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In order to achieve stereospecificity, critical polar residues in known enzyme active sites are
mutated into hydrophobic ones, which alter the size of the active site pocket and limit substrate
orientation. In terms of experiments, directed evolution has the best chance of increasing
stereoselectivity. Recursive rounds of mutagenesis are used in this procedure, then protein
expression and screening for the required attribute (Li & Reetz, 2016). By using this method,
enzymes have evolved to be able to catalyze processes that no other enzymes known to nature can
(Hammer et al., 2017).

1.1.5. The curious case of opposite stereospecificity in class-I
fumarate hydratase and L-tartrate dehydratase: enzymes
with high sequence similarity

Class-I fumarate hydratases (FH, fumarases) bear striking similarity to L-tartrate dehydratase (L-
TTD), with both being members of the iron-sulfur cluster hydrolyase family and having high
sequence similarity. L-TTD catalyzes the stereospecific conversion of L-tartrate to oxaloacetate.
It has been observed only in prokaryotes and remains yet to be identified in archaea and eukaryotes.
Studies on L-TTD are limited with the enzyme from Pseudomonas putida (Kelly & Scopes, 1986),
Escherichia coli (Reaney et al., 1993), and an L-tartrate fermenting anaerobic bacteria (Schink,
1984) examined biochemically. To date, no structure of the enzyme has been determined. Class-
I FHs on the other hand can be divided into single and two-subunit type enzymes based on the
number of genes encoding the functional protein. Two-subunit class-1 FHs are found only in
archaea and prokaryotes but not in eukaryotes. Recent work has shed some light into the catalytic
mechanism of single- and two-subunit class-1 FHs (Bellur et al., 2023; Patricia R. Feliciano et al.,
2016). From previous literature as well as earlier experiments carried out in the group, it was found
out that these two groups of enzymes, L-TTD and class | FH have completely opposite substrate
specificity. Class-1 FHs use L-malate and D-tartrate as substrates, whereas L-TTD uses L-tartrate
and D-malate. Planar and achiral fumarate was discovered to be a substrate for both enzymes,
while both classes of enzymes were inhibited by the competitive inhibitor meso-tartrate. L-malate
inhibited L-TTD, whereas L-tartrate was found to have no affinity for MjFH (Bellur et al., 2023).
However, L-tartrate inhibited E. coli class-1 FH (Flint, 1994), showing that there are minute
differences between single-subunit and two-subunit class-1 FHs. Thus, class-1 FH and L-TTD

function differently in spite of having such a high degree of sequence similarity. This suggests that
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small variations in the architecture of enzyme active sites must have contributed to the specificity

of enzymes in this family of Fe-S cluster hydrolyases.

Both L-TTD and two subunit class-l1 FHs, exist as tetramers (dimer of two heterodimers). Each
heterodimer is composed of two subunits, o and B. In the case of single subunit class-1 FHs, the
two subunits are joined by a linker, and the domains are referred to as the N-terminal domain
(NTD) and C-terminal domain (CTD). L-TTD and Class-1 FH exhibit very high sequence
similarity, because of which there are incorrect annotations in RCSB and UniProt databases. The
structure of the B-subunit of MjFH (PDB ID: 5DNI) deposited in the RCSB database annotates the
protein to be a putative L-TTD B-subunit (Bellur et al., 2023). The structure of the MjFH B-subunit
is listed along with the tartrate dehydratase B-subunit in the UniProt database.

Class-1 FH catalyzes conversion of D-tartrate to oxaloacetate, while L-TTD catalyzes the reaction
to convert L-tartrate to oxaloacetate, showing that the two enzymes have opposite stereospecificity
(Kronen et al., 2015; van Vugt-Lussenburg et al., 2009, 2013). Multiple sequence alignment of
Class-1 FH and L-TTD shows that active site residues are fully conserved. The residues involved
in substrate binding and catalysis as deduced in Leishmania major FH and Methanocaldococcus
jannaschii FH are identical in L-TTD. Class-1 FHs and L-TTDs are a particularly unique set of
stereospecific enzymes with active sites containing identical residues but catalyzing reactions on

opposite stereoisomers.

Previous analysis of the sequences of the two enzymes led to the identification of a motif, the
sequence of which is specific to class | FH and L-TTD (Fig. 1.4). A highly conserved motif,
"KGXGS", present in class-1 FH, is replaced by "AGGGC" in L-TTD (Fig. 1.4) (Bellur, 2022) .
Phylogenetic analysis revealed that two-subunit class-1 FHs and L-TTD share a common ancestral
origin, suggesting a possible horizontal gene transfer (HGT) event during evolution. Switching the
“AGGGC” motif in E. coli L-TTD to the “KGXGS” motif in class-1 FHs led to complete loss of
protein expression highlighting a possible structural role for this motif (Bellur, 2022). However,
when residues from L-TTD motif and those neighboring it were used to replace the corresponding
residues in MjFH, they failed to develop any ability to bind L-tartrate and only led to decreased
enzyme activity on L-malate. This showed that the motif is not solely responsible for the unique

stereospecificities.
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1.1.6. A closer look at catalysis in class-1 FHs

It still remains unclear how the active site of L-tartrate dehydratase shows a change of
stereospecificity compared to class-1 FHs. Furthermore, there are sequence misannotations in
databases due to a lack of information on the sequence features that distinguish class-1 FH and L-
TTD. In a small number of organisms, single-subunit class-I FHs have been biochemically
characterised (de Padua et al., 2017; Patricia R. Feliciano et al., 2012; Jayaraman et al., 2018;
Kronen et al., 2015; Shibata et al., 1985; Van Kuijk & Stams, 1996; van Vugt-Lussenburg et al.,
2013). So far, three two-subunit Class-1 FHs, from Pyrococcus horikoshii (van Vugt-Lussenburg
et al., 2009), Pelotomaculum thermopropionicum (Shimoyama et al., 2007), and
Methanocaldococcus jannaschii (Bellur et al., 2023) have been biochemically characterized.
Aconitase, a well-studied Fe-S cluster hydrolyase, and class-I FHs are two major sources of
information on understanding the mechanism of catalysis in L-TTD. (Flint & Allen, 1996). A
significant advancement in understanding the molecular mechanism of the L-tartrate dehydratase
reaction has been made with the recent reporting of the structures of a substrate and inhibitor-
bound class-1 FH from Leishmania major (LmFH) and apo Methanocaldococcus jannaschii FH
(MjFH). (Bellur et al., 2023; Patricia R. Feliciano et al., 2016; Patricia R. Feliciano & Drennan,
2019).

1.1.6.1. Fe-S cluster hydrolyases

Enzymes classified as hydrolyases [EC 4.2.1.x], facilitate the removal of a water molecule from a
carbon-carbon bond, resulting in the conversion of an alcohol to a vinyl group. Within this class,
enzymes can be categorized based on whether they contain metal, lack metal, or utilize Fe-S cluster
for catalytic activity. Various hydrolyases use Fe-S cluster for catalysis, such as aconitase,
homoaconitase, isopropyl malate isomerase, fumarate hydratase , maleate hydratase, mesaconase,
tartrate dehydratase, dihydroxy-acid dehydratase, phosphogluconate dehydratase, serine
dehydratase, and quinolinate synthase. (Flint & Allen, 1996). Aconitase, fumarate hydratase,
serine dehydratase, and quinolinate synthase are the only enzymes of the hydrolyase class that
have been thoroughly explored from the context of structure and catalytic mechanism. The

majority of our knowledge of the catalysis used by this class of enzymes comes from research on
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aconitase. The cluster is largely engaged in activating the substrate hydroxyl group by serving as

a Lewis acid to make it a better leaving group.
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Figure 1.1. Proposed reaction mechanism for class-1 FH. (Reprinted with permission from Flint,
D. H., & Allen, R. M. (1996)) Three cysteine residues hold the Fe-S cluster to the protein. The fourth
iron in the cluster is the labile iron, Fea. Fe, produces a tetradentate structure with a hydroxyl group
in the absence of a substrate. Upon binding the substrate malate, the hydroxyl group on the substrate
and its carboxylate group, bind to Fe, to create a hexadentate structure. The Fe-S cluster functions
as a Lewis acid by pulling the lone pair of electrons on the -OH group of the substrate to facilitate
cleavage. The proton from the C3 carbon of malate is abstracted by a catalytic base, resulting in the
synthesis of fumarate and the release of a water molecule.

A serine residue works as a catalytic base in aconitase to remove a proton from the substrate, while
an ion pair formed by an aspartyl and a histidyl residue eliminates the substrate's hydroxyl group
(Zheng et al., 1992). Based on the catalytic mechanism adopted by aconitase, a similar mechanism
was proposed to occur in class-1 FH as shown in Fig. 1.1 (Patricia R. Feliciano et al., 2016; Flint
& Allen, 1996) . Apart from the fact that aconitase is primarily a dehydratase and FH is a hydratase,
there are a number of differences between the two that indicate the mechanism may not be quite
the same. More research is needed to identify differences in enzymes from the Fe-S cluster

hydrolyase class.
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1.1.6.2. L. major class-1 FH

The crystal structure of the single-subunit type class-1 FH from Leishmania major has recently
been determined. The crystal structures of the enzyme bound to different substrate analogues as
well as to the inhibitor thiomalate (mercaptosuccinate, MSA) have subsequently been determined,
and the coordinates have been deposited in RCSB (Patricia R. Feliciano et al., 2016). The Fe-S
cluster and the substrate are bound at the active site of the L. major FH (LmFH) structures,

providing crucial information about how active site residues interact with the substrate (Fig. 1.2).

With a threonine residue (Thr467) close to the substrate's C3 carbon (3.2 A) and an aspartate
residue (Asp135) close to the C2 hydroxyl group (2.9 A), a total of 7 residues from the CTD and
5 residues from the NTD are in hydrogen-bonding proximity to the substrate. A 2,000 to 16,000
fold reduction in kcat was observed following mutational investigations of the active site residues
Thrd67 (T467A), Aspl35 (D135A), and the three arginine residues, 173, 421, and 471 (R173A,
R421A, and R471A) that are at hydrogen-bonding distance with the substrate (Patricia R. Feliciano
& Drennan, 2019). The two arginine residues, Arg421 and Arg471, are within hydrogen-bonding
distance of Thr467 (2.5 to 3.0 A), and it has been proposed that either one of them could assist the
side chain hydroxyl of Thr467 in the abstraction of the proton from the C3 carbon of the substrate
L-malate. It has been proposed that in a base-catalyzed reaction, the three residues function as a
catalytic base triad to remove the proton from the substrate. The catalytic acid dyad Asp135 and
His334 which are closest to the substrate's C2-OH group (2.64 A from the carboxyl group of
Aspl35), are thought to contribute a proton to the hydroxyl group and aid in its removal as a water
molecule. It has been proposed that Arg173 is crucial for keeping the substrate in the right position
at the active site for effective catalysis. Some of the other residues that are near the substrate and

at a hydrogen-bonding distance have not been subjected to mutational studies in LmFH.
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Figure 1.2. Active site of LmFH with bound L-malate (512r). Active site includes an iron-sulfur
cluster, bound L-malate, and substrate binding residues. The residues involved in malate binding and
their corresponding distance from the different atoms of malate are shown. Also included is His334
from the neighboring subunit that contacts the side chain carboxyl of Asp135. Image was created
using LigPlot+ (Laskowski & Swindells, 2011). Water molecule at the active site is shown in cyan;
C, N, O, Fe, and S atoms are shown in black, blue, red, pink, and yellow, respectively. Hydrogen-
bonds are shown as green dashed lines with distances highlighted in green.

1.1.6.3. Methanocaldococcus jannaschii class-1 FH

Recently, the structure of a two subunit class-l FH from a hyperthermophilic archaeon
Methanocaldococcus jannaschii has been determined by our group (Bellur et al., 2023). The
apoprotein structure has been determined and it superposes on the LmFH Fe-S cluster and ligand
bound structure with  RMSD of 3.388 A. The catalytic mechanism operating in class-1 FH has
been deciphered through kinetic analysis on site-directed mutants of MjFH and computational
studies involving density functional theory (DFT) and QM/MM calculations. Mutation of the
catalytic acid and base residues (D62V and T80V) caused only a 37-fold and 196-fold reduction
in activity on malate and a 28-fold and 234-fold reduction in activity on fumarate as substrate. This
was not a considerable decrease considering that the catalytic rate enhancement in fumarate
hydratase is of the order of 10%°. This suggested that base-mediated proton abstraction is not the

rate-limiting step for the reaction. However, mutation of the residues that form a hydrogen-bonded
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network with the substrate caused complete loss of activity. This highlights the importance of
binding residues and suggests a critical role for them in transition state stabilization (Bellur et al.,
2023).

It has been proposed that charge polarization at the active site due to non-covalent interactions
form the basis of catalysis. When the substrate binds to the active site, the surrounding residues
polarize it to enable nucleophilic attack and provide electrostatic stabilization for the negative
charge on the carbanionic intermediate form of the substrate approaching the transition state. The
role of electrostatic stabilization has been long discussed to explain the large gain in entropy
observed for binding the altered substrate in transition state rather than in ground state (Bearne &
Wolfenden, 1995). Thus, it was proposed that the affinity of the FH active site for binding the
transition state is much higher than that for the substrate, which leads to catalysis as shown in
Fig.1.3.

—  Transition state stabilization by

1 : :
Double bond primed for M multiple 9Iectrostatnc hy_drogen
Michael addition of water — bonds with enzyme residues
------ P Arg 173 and Arg 421

Transition state
E-S complex

Barrier for fumarase reaction

Fumarate

Malate

Figure 1.3. Mechanism of enzyme catalysis in FH. Reprinted with permission from Bellur, A.
et al (2023). Revisiting the Burden Borne by Fumarase: Enzymatic Hydration of an Olefin.
Biochemistry, 62(2), 476-493. Upon binding to the enzyme's active site, the positively charged
residues on both sides of the substrate raise it to its transition state and strongly charge polarize
it. A water molecule kept in place by the Fe-S cluster attacks the transition state complex, after
which the product is released.
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1.1.7. Objectives

L-tartrate dehydratase has not yet been fully biochemically characterised, so the objectives of this
study were to: (i) biochemically and structurally characterize the enzyme from E. coli; (ii)
understand the mechanism underlying the unusual case of stereospecificity; and (iii) understand

the specificity-offering residues in the two enzymes that can switch stereospecificity.
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1.2. Experimental procedures

1.2.1. Sequence analysis by multiple sequence alignment

Methanocaldococcus jannaschii FH (MjFH), E. coli FH (FumA), and E. coli L-TTD protein
sequences were used as queries in the NCBI BLAST-P tool to get the class-1 FH and L-TTD
protein sequences. Clustal Omega (Goujon et al., 2010) was used for multiple sequence alignment,
and ESPRIPT was used to process the result for visualization. (Goujon et al., 2010; Sievers et al.,
2011).

1.2.2. Chemicals, strains, and molecular biology reagents

Thermo Fisher Scientific Inc. provided Ni-NTA conjugated agarose beads for use in this
experiment. Malic dehydrogenase from pig heart was purchased commercially from Sigma-
Aldrich in the United States (product number M2634). E. coli cultures were grown using Himedia

media from Mumbai, India.

1.2.3. Protein expression and purification

The L-TTD protein was expressed in BL21(DE3)-RIL E. coli cells that also carried a second
plasmid (RIL) that expressed tRNAs for the uncommon codons of arginine, isoleucine, and
leucine. This combination allowed for the transformation and overexpression of the L-TTD
protein. In the lab, the expression construct pETduet LTTD was already available. BL21 (DE3)
RIL E coli cells were transformed with the recombinant plasmid pETduet LTTD and cultured at
37 °C to an O.D. 600 of >1.0 before being induced with 0.3 mM IPTG and grown for an additional
16 hours at 30 °C to overexpress L-TTD. After being pelleted, the cells were lysed using lysis
buffer (50mM Tris HCI, pH 8.0, 5% glycerol, ImM DTT and 1mM PMSF) using French pressure
cell press (Thermo IEC Inc., USA). The lysate was clarified by centrifugation at 30,000 x g for 30
minutes. Without disturbing the pellet, the supernatant was carefully collected, and a 1 mL slurry
of Ni-NTA beads (Qiagen) pre-equilibrated with lysis buffer was added. This was done to facilitate
the binding of His-tagged protein. After the 3 hours of binding at 4 °C, the beads were washed
with 50 mL of lysis buffer to eliminate any remaining unbound proteins, and the Ni-NTA-bound

protein was then eluted with various doses of imidazole. Pure protein-containing fractions were
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pooled and dialyzed in a solution with a pH of 8.0, 50mM Tris HCI, 5% glycerol, and 1ImM DTT.
Following dialysis and pooling, the fractions were loaded onto a Q-Sepharose anion-exchange
column. A linear gradient of NaCl was used to elute the protein in a buffer containing 50 mM Tris
HCI, pH 8.0, 5% glycerol, and 1 mM DTT. SDS-PAGE was used to analyze fractions collected at
NaCl concentrations greater than 200 mM (U.K.Lammli, 1970), pooled according to purity and
dialyzed in dialysis buffer containing 50mM Tris HCI, pH 8.0, 5% glycerol and 1mM DTT. The
protein concentration was estimated by the Bradford method with bovine serum albumin (BSA)
as the standard (Bradford, 1976).

1.2.4. Reconstitution of Fe-S cluster

Following standard protocols, purified protein aliquots kept at -80 °C were reconstituted with Fe-
S cluster (Beinert et al., 1996; Yano et al., 1996). To completely eliminate any traces of oxygen,
the protein solution was incubated for 1 hour in an anaerobic chamber (Coy, USA). The following
processes were all carried out inside the chamber under anaerobic conditions. In a nutshell, 10-50
M of protein was used for reconstitution. The reconstitution procedure was initiated by the addition
of 50-fold excess DTT to the protein solution followed by constant stirring for 30 min. After that,
10-fold molar excesses of sodium sulphide and ferrous ammonium sulphate were added, and the
mixture was agitated for an additional three hours to produce the holoprotein with a completely

reconstituted iron-sulfur cluster.

1.2.5. Enzyme activity

Unless stated otherwise, all procedures for measuring enzyme activity were carried out at 37 °C
using a water-circulated cell holder attached to a Hitachi U2010 spectrophotometer. The coupling
enzyme porcine malate dehydrogenase (MDH), which was purchased commercially, was used to
track activity on tartrate. The reaction was conducted in a final volume of 500 pl using S0 mM
Tris-HCI, pH 7.4, 250 uM NADH, 2.5 pug MDH, and various L-tartrate concentrations. The
coupling enzyme MDH, which turns oxaloacetate into L-malate by using a molecule of NADH,
coupled the conversion of L-tartrate to oxaloacetate to the synthesis of NAD+. The addition of 1.6

ug of E. coli L-TTD started the reaction, which was then carefully observed for about a minute at

18



1.2. Experimental procedures

340 nm (molar extinction coefficient(e) of NADH is 6.22 mM™cm™ at 340 nm) to obtain reliable

slopes.

1.2.6. Analytical gel filtration

Size-exclusion chromatography was used to examine the co-purified protein's oligomeric state on
an analytical Superdex 200 10/300 GL column (10 mm X 300 mm) from GE Health Care Life
Sciences, which was connected to an AKTA Basic HPLC system with a UV900 detector. The
column was equilibrated with Buffer A (50 mM Tris-HCI pH 8.0, 5% glycerol, 1 mM DTT) and
calibrated using molecular weight standards; blue dextran (2000 kDa), B-amylase (200 kDa),
alcohol dehydrogenase (150 kDa), bovine serum albumin (66 kDa), and carbonic anhydrase (29
kDa). The empty volume of the column matches the volume of blue dextran that is eluted. The
ratio of the elution volume to the void volume of these standards was plotted against their log
molecular weight to create a standard curve. 100 pl of pure protein (10 mM) was loaded onto the
column, and the elution was measured simultaneously at 280 nm and 220 nm. The flow rate was
kept at 0.5 ml min. By extrapolating the elution volume from the standard curve, the complex's

molecular weight was determined.

1.2.7. Native mass spectrometry

Native mass spectrometry measurements were performed on an Q Exactive Orbitrap HF mass
spectrometer (ThermoFischer) operating in the positive ion mode with HESI-II ion source. 15 uM
of freshly purified L-TTDaf protein complex (protein sample was not reconstituted with Fe-S
cluster), dialyzed against 10 mM ammonium acetate, pH 7.4 was injected using a Hamilton
syringe connected to a needle at a flow rate of 0.5 pl min™t. The capillary temperature was set at
250 °C with a capillary voltage of 2500/3000 V. The sheath and auxiliary gas flow rate were
maintained at 20 | mintand 10 I min respectively. Data were recorded in positive ion mode with
UV monitoring at 280, 220 and 254 nm.
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1.3. Results and discussion

1.3.1. Sequence analysis

Alignment of class-1 FH and L-TTD sequences from organisms in which they have been
biochemically characterized was carried out after fusing the a- and f-subunits of two-subunit FH
and L-TTD. The multiple sequence alignment of the single-subunit FH, two-subunit FH and L-
TTD reveals good sequence conservation and a domain boundary in single-subunit type FH. Much
of the differences seen between these proteins arise from the N-terminus of the N-terminal domain
which as an extension in the single-subunit FH that is not seen in two-subunit type protein. The C-
terminus stretch of the C-terminal domain also lacks good conservation. Previous analysis had
revealed the conservation of the active site residues in L-TTD and class- FH as well as the
presence of the “KGXGS” motif of class-I FH as “AGGGC” motif in L-TTD (Bellur, 2022). Upon
further analysis of the multiple sequence alignment, it shows that the C-terminal residues are

conserved in L-TTD across multiple organisms and absent in all class-1 FHs as shown in Fig. 1.4.
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Figure 1.4. Multiple sequence alignment of biochemically characterized class | FH and L-
TTD enzymes. KGXGS motif present as an AGGGC motif in L-TTD is highlighted in a green
box in the alignment. The C-terminal segment in L-TTD has been highlighted with a black
underline (extend the line till Leucine of MjFH). Catalytic residues have been marked with a
star with the key residues D62, T80 and H257 (in MjFH) marked with an additional green
triangle above the star. The abbreviations stated above correspond to the following: FH-
fumarate hydratase; FumA- fumarase A; Ec- Escherichia coli; Ss- Shigella sonnei; Pp-
Pseudomonas putida; Lm- Leishmania major; Mpob- Syntrophic propionate-oxidizing bacteria;
Bx- Burkholderia xenovorans; St- Salmonella typhimurium; Hh- Helicobacter hepaticus; Pt-
Pelotomacum thermopropionicum; Af- Archaeoglobus fulgidus; Pyf- Pyrococcus furiosus; Mj-
Methanocaldococcus jannaschii.
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1.3.2. Standardization of protein expression and purification

Previous attempts at structure determination of the L-TTD, were met with failures due to
difficulties in obtaining reproducible crystals. Even after repeated trials under different conditions,
crystals could not be obtained. Upon performing SDS-PAGE analysis of the protein purified using
earlier optimized conditions, it was found that the purity of the protein was insufficient for
crystallization. Hence, to obtain a better quality and quantity of the protein the expression and
purification protocol was re-established. The protein expression conditions, i.e., the growth media,
supplements, incubation time, temperature, induction O.D., and IPTG concentration, were checked
for the one with the highest protein expression. Protein expression was checked in Luria-Bertani
broth and Terrific broth at temperatures of 37 °C, 30 °C, 22 °C, and 16 °C, upon which the highest
expression was found in Luria-Bertani broth at 30 °C as shown in Fig. 1.5 panel A. The O.D. of
induction was screened at 0.45-0.6, 0.6-0.8, and >1.0 O.D. for 8 hours and 16 hours of post-
induction incubation time period. Best protein expression was observed for 16 hours of growth

post-induction at >1.0 O.D (Fig. 1.5 panel D). 0.3 mM IPTG concentration was found to induce
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Figure 1.5. Standardization of conditions for protein expression. A. E. coli growing in Terrific Broth
at 30 °C showed highest protein expression. B. Growth in presence of ferric citrate (L1) and ferric
ammonium citrate (L2) does not show expression comparable to the control without any supplements
(L3). C. 0.3 MM IPTG shows the best expression of both o and f subunits. D. Induction of the secondary
culture at >1.0 O.D. shows the highest expression with 16 hours of post-induction incubation.
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the most protein expression (Fig. 1.5 panel C). Moreover, the addition of supplements like ferric
ammonium citrate or ferric citrate was also attempted, as L-TTD is a Fe-S cluster protein, but they

did not yield significant improvement (Fig. 1.5 panel B).
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Figure 1.6. Standardization of L-TTD purification. A. Elution of L-TTDaf with increasing gradient of
imidazole up to 500 mM with the peak at 200 mM; B. Ammonium sulfate ((NH.).SO.) precipitation (90%
cut) of L-TTDaf failed to purify the protein further as a significant proportion of the protein remains in
the supernatant and does not precipitate; C. Size-exclusion chromatography fails to  remove the
impurities from protein as they co-elute with L-TTD; D. lon-exchange chromatography with increasing
gradient of 0-300 mM NacCl elutes the pure protein with the peak at 225-236 mM; E. L-TTDof run on
SDS-PAGE after purification and concentration; F. Purified L-TTD shows a brown coloration due to
the presence of the iron-sulfur cluster in an oxidized state

Ni-NTA chromatography of the His-tagged protein helps in isolating the protein from the lysate.
However, it is unable to get rid of a number of other protein impurities. Hence, an additional step
of purification was added to the purification protocol. Protocols like gel filtration chromatography
(using a Superdex 200 10/300 GL column) and ammonium sulphate precipitation were attempted.
However, as visible in Fig. 1.6 panel B and C it failed to yield highly pure protein. However, ion-
exchange chromatography (using a Sephadex column) and an increasing gradient of NaCl (0-300
mM NacCl) led to elution of the protein with no other contaminating proteins, as shown in Fig. 1.6

panel D.
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1.3.3. Crystallisation of L-TTDaf

Previous experiments in the laboratory had led to formation of crystals of unreconstituted L-
TTDof once in 1.6 M sodium citrate tri-basic dihydrate, pH 6.5, and 25% PEG 3350 and they
diffracted to around 5 A. However, these crystals were not formed reproducibly. Hence, aforesaid
experiments were performed to increase the purity of the protein to increase the probability of
crystallization. Crystal trays were set up with purified unreconstituted protein. Although crystals
formed in many conditions, diffraction pattern indicated them to be salt crystals (Fig. 1.7).
Attempts to obtain the apoprotein failed as the cluster remains tightly bound to the protein. Hence,
the holoprotein was reconstituted and set up for crystallization inside anaerobic Coy chamber, but
still no protein crystals were obtained.

Crystallizing 4Fe-4S cluster proteins comes with a lot of challenges due to several factors. The
major problems include instability of the cluster, heterogeneity, sample preparation and crystal
packing(Braymer & Lill, 2017; Broderick et al., 2014; Fontecilla-Camps et al., 2007; D. C.

-

Johnson et al., 2005).
A
|
Figure 1.7. Attempts at crystallization and structure solution of L-TTDef. A. Crystals obtained
under the various conditions tried B. Diffraction pattern indicated that the crystals were that of salt.

Iron-sulfur cluster proteins are often sensitive to air, oxygen and changes in pH, temperature,
which generally leads to denaturation of the complex and loss of activity. They can also exist in
multiple states, leading to difficulty in obtaining homogenous crystals. These states can include
different oxidation states of the iron-sulfur cluster or different conformations of the protein.

Heterogeneity often leads to poorly packed crystals unsuitable for diffraction. Sample preparation
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1.3. Results and discussion

of pure and homogenous protein sample for crystallization is a challenge for iron-sulfur cluster
proteins and even if the sample is pure and homogenous, obtaining crystals is difficult due to the

inherent instability of the cluster.

1.3.4. Oligomeric state of L-TTDa

Analytical size- exclusion chromatography was used to determine the complex's oligomeric state.
As illustrated in Figure 1.8, the column was calibrated using proteins of known molecular weight,
and a standard curve was produced using linear regression where Ve is the protein's elution
volume, Vo is the void volume, and Y is the logarithm of the protein's molecular weight. The

volume at which blue dextran elutes, i.e., 7.910 ml, corresponds to the void volume.
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Figure 1.8. Analytical gel filtration to infer oligomeric status of L-TTD. 100 ul of 10 uM protein
solution was injected into an analytical gel filtration column that had been pre-equilibrated with
buffer. The flow rate was kept at 0.5 ml/min, and the column's eluate was constantly observed at a
wavelength of 220 nm. Proteins of a standard molecular weight were used to calibrate the column
(as seen in the inset). Elution volumes of the standard proteins (shown by black dots) were used to
fit the standard curve. The standards used comprised of alcohol dehydrogenase, f-amylase, bovine
serum albumin, and carbonic anhydrase. The protein's elution volume demonstrates that MjFH is
a dimer of a heterodimer (20+2f).
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To determine the elution volume, 100 ul of 10 uM protein solution was injected. The molecular
weight was calculated from the elution volume by interpolation on to the standard curve. The
elution volume of the complex is close to the molecular weight of a complex containing a dimer
of an a+f heterodimer as shown in Table 1.1. Hence, the complex contains two subunits of L-
TTDa and two subunits of L-TTDp.

Table 1.1. Oligomeric state of L-TTDaf

Protein Composition | Elution M.W. M.W. Oligomeric
of  elution | volume (experimental) | (theoretical | state
buffer (ml) (kDa) tetramer)

(kDa)

TTDaf 50 mM Tris- | 12.80 107.15 114.02 (ap) | Dimer of
HCI pH 8.0, heterodimer
5% glycerol,
I1mMDTT

26



1.3. Results and discussion

1.3.5. Stoichiometric analysis of L-TTD by mass spectrometry

The stoichiometry of a and 3 subunits in L-TTD was also examined by native mass spectrometry
on the unreconstituted freshly purified o/f-complex. The source conditions ensure that even non-
covalent interactions are preserved during ionization. There was a mixture of many species

observed in the spectra as shown in Fig. 1.9.
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Figure 1.9. Native mass spectrometry of L-TTDaf complex. Purified L-TTDof was dialyzed against
10 mM ammonium acetate and used for native mass spectrometry. The upper panel shows the complete
spectrum that was obtained. The three prominent peaks in the low m/z range correspond to 11+, 10+,
9+ charge states of MjFHp subunit (enclosed in green circle). The charge state of these peaks was
calculated from their isotope distribution obtained by running the same protein sample at a higher
resolution of 120,000 The peaks in the high m/z region are highlighted by a rectangle. The lower panel
shows a zoom-in of the spectrum containing peaks in the high m/z region. The masses were calculated
by BioPharma Finder provided by ThermoFischer Scientific. The isotope distribution of the peaks in
the higher m/z region was not resolved well-enough for unambiguous charge state assignment.

27
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Three peaks in the lower m/z range of 2062.35, 2268.44 and 2520.52 were unambiguously
assigned a charge state as calculated from its isotope distribution pattern from running the same
protein sample at a higher resolution of 120,000 (Appendix I), which improves the data acquired
at lower m/z range while making the data at higher m/z range noisier. The overall spectra along
with zoomed in images of each of the three peaks are presented in Appendix I, Fig. AL. In high
m/z range, the isotopic peaks were not well resolved and hence this information could not be used
to calculate the charge state of the peaks. Therefore, the m/z value of these peaks (shown in Fig.
1.9)) were compared to all theoretically possible m/z values corresponding to a charge state ranging
from 1 to 40 of protein complexes containing different stoichiometries of L-TTDa, L-TTDf
subunits and the Fe-S cluster. From this analysis, each peak was assigned to the species that has
the closest m/z value to that theoretically estimated and thus, the charge state was inferred
indirectly. A particular species of protein complex was assigned to peaks for which a close match

was found, and the final analysis is schematically presented in Fig. 1.10.
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Figure 1.10. Assignment of different species of protein complex to the various peaks. Numbers in red
are charge value of a peak for which a particular species was assigned. Numbers in black are the m/z
values of the peaks.

The difference between theoretical and experimental mass is given in a tabulated form in appendix
| Table 1. As is evident from the figure, most of the peaks belong to the dimer of L-TTDaf
containing different stoichiometries of iron and sulfur. Most abundant species was L-TTDaf dimer
without any 3Fe-4S cluster. The condition used at the source was gentle enough to retain the

dimeric complex of L-TTDof in the gas phase. Under the same conditions, however, very low
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abundance of the heterotetramer 2 x (L-TTDa + L-TTDP) population was observed. From the
observed peak intensities, it can be concluded that under the conditions used, the L-TTDa + L-
TTDp heterodimer complex is more tightly held than the dimer of heterodimer 2 x (L-TTDo+ L-
TTDp) complex. Put together, under aerobic conditions the native MS results suggest that the
protein has a 3Fe-4S type iron-sulfur cluster, which is bound to the complex. This implies the
presence of a 4Fe-4S cluster in the protein in anaerobic conditions which degrades with exposure

to air which have been investigated in later sections.

1.3.5. Absorption spectra of L-TTDaf

Proteins with Fe-S clusters show a characteristic ligand to metal charge transition (LMCT). The
electronegativity of the ligand determines whether the absorption will be in the visible or
ultraviolet region, e.g., for weakly electronegative ligands like sulfur in iron-sulfur clusters, LMCT
absorption is found as an intense band in the low energy visible region (Bertini, 2007; Solomon et
al., 2006). This leads to the brown coloration of the protein. The LMCT phenomenon and its role
in Fe-S protein coloration are used to understand the properties of Fe-S proteins and their functions

in biological processes.

In this section, all experiments were conducted using reconstituted proteins unless stated
otherwise. Upon incubating the reconstituted L-TTDaf complex in an aerobic environment, we
see time-dependent drop in absorbance in the 360-420 nm region (Fig. 1.11). However, we do not
see any sharp peaks at 360 nm and 415 nm, which is characteristic 4Fe-4S clusters (Duin et al.,
1997). Multiple unresolved S to Fe (11)/ (111) charge transitions lead to the broadening of the peaks
(Duin et al., 1997). This is a common phenomenon previously reported in Thermus thermophilus
NADH-quinone oxidoreductase (NDH1) (Nakamaru-Ogiso et al., 2002) and Azotobacter
vinelandii MfIscA (Mapolelo et al., 2012), both 4Fe-4S cluster containing enzymes. Although the
peaks at 360 nm and 415 nm are not resolved, the time-dependent drop in absorbance at these

wavelengths upon exposure to air, shows the gradual oxidation of the cluster.
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Figure 1.11. Presence of 4Fe-4S cluster in L-TTDaf reconstituted complex. From the blank
subtracted spectra of the reconstituted protein, it was evident that there were no evident peaks around
415 nm corresponding to the presence of 4Fe-4S cluster, which can be due to multiple unresolved
transitions causing peak broadening. Furthermore, upon exposure to air, there was a time-dependent
drop in absorbance around 415 nm but not that corresponding to 280 nm. This shows that the cluster,
as expected, is oxygen sensitive and hence degrades with time, thereby, causing a drop in absorbance
at 415 nm. 415 nm and 360 nm are marked with black lines, with absorbance values indicated for each
time-point (n = 3, shown are spectra from one experiment. Similar spectra were obtained in all 3
experiments. Replicates are shown in Appendix 11, Fig. A.2 and A.3) The entire spectra with continuous
Y-axis are shown in the inset.

One possible way of reducing the rate of oxidation of the Fe-S cluster and the lability of the fourth
Fe atom would be to include a small molecule ligand that binds to the active site and chelates the
labile Fe atom. Earlier studies in the laboratory had shown that mercaptosuccinic acid (MSA) is
an inhibitor of L-TTD and competes with the binding of L-tartrate and D-malate, both substrates
of the enzyme. Hence, MSA was added to the reconstituted protein and the mixture was exposed
to air at room temperature overnight, post which the cluster oxidation state was monitored by UV-
Visible spectroscopy (Fig. 1.12). Upon overnight exposure to air, there is no significant decrease
in the absorbance around 415 nm and we see the spectra at both of the time points (0 h and 16 h)
overlap entirely. This result suggests that inclusion of MSA could yield a homogenous sample of
L-TTD bound to 4Fe-4S cluster and MSA and thereby possibly increase the chances of obtaining
ligand-bound protein crystals. However, it should be noted that as protein crystallization happens
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over many days or even weeks, crystal trays would have to be set up in an anaerobic chamber even

after inclusion of MSA.
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Figure 1.12. MSA binds as an inhibitor and chelates the labile iron atom. Upon spectrophotometric
examination of the reconstituted protein with bound with MSA. Overnight incubation of the
reconstituted protein with 4Fe-4S cluster along with bound MSA shows very little oxidation of the
cluster. (n = 3, shown are spectra from one experiment. Similar spectra were obtained in all 3
experiments. Replicates are shown in Appendix Il, Fig. A.4 and A.5). 415 nm and 360 nm are marked
by black lines.

1.3.6. Circular dichroism spectroscopy of L-TTD

If a molecule is chiral or in a chiral environment in a protein, circular dichroism spectroscopy is
used to study it. The S to Fe (I1)/ (1) charge transition band shows an effect known as Cotton
effect. Circular dichroism has been used extensively to probe into the biochemistry of iron-sulfur

cluster proteins.

As discussed above, due to multiple unresolved S to Fe (I1)/ (111) charge transitions, the UV-visible
spectra show peak broadening. Hence, circular dichroism spectra were recorded to characterize
the cluster. The phenomenon due to S to Fe (I1)/ (111) charge transition called Cotton effect, has
been studied extensively by visible CD spectroscopy for studying iron-sulfur cluster proteins

(Stephens et al., 1978). It involves studying a change in the ellipticity or optical rotation with
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change in the wavelength around the absorption region of the chromophore. In many cases, visible
CD shows greater sensitivity to changes in the cluster environment compared to absorption

spectroscopy (Stephens et al., 1978).
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Figure 1.13. Visible circular dichroism spectra of Fe-S reconstituted L-TTDeag. Comparison of
the CD spectrum of unreconstituted and reconstituted L-77Daf3 . Unlike the unreconstituted protein,
the reconstituted protein exhibits a dichroic pattern. (n = 2)

CD spectra of reconstituted L-TTDafl shows pattern characteristic for Fe-S cluster containing
proteins (Fig. 1.13). The unreconstituted protein shows negative Cotton effect in the 320 nm- 450

nm region. The reconstituted protein, however, shows positive Cotton effect and a dichroic pattern
unlike the unreconstituted protein.

1.3.7. Specificity of interaction between subunits of class-I
FHand L-TTD

According to a prior report, the vast majority of the residues at the class-l1 FH interface are
conserved (Feliciano et al., 2016). Only 10 of the 17 residues at the interface of a and B subunit
between class-1 FH and L-TTD show sequence conservation when L-TTD and class-1 FH

sequences are aligned (Fig. 1.14).
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Given that the majority of the active site residues for the two groups of enzymes are found at the

interface of the a- and B-subunit (N/C-terminal domains for class-1 FH), it will be interesting to

oni
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Figure 1.14. Multiple sequence alignment shows the interface residues between o and f
subunits in class-1 FHs and L-TTD. Conserved residues are marked with green dot while the
ones that are not conserved are highlighted in red.

see how the two subunits interact when they are swapped. MjFHa subunit and E.coli FumA CTD
were found to interact by a Ni-NTA pull down assay from previous experiments in the lab (Bellur,
2022). Hence, it will be intriguing to see whether L-TTDa interacts with FHB or FHa interacts
with L-TTDp upon swapping the subunits. If there is a cross-interaction between these subunits of
the two protein groups, the activity of the complex on different substrates can be checked to

examine the substrate specificity of the chimeric enzymes.

Upon performing pull-down assays using His-tagged MjFHa and untagged L-TTDp using Ni-
NTA beads, the His-tagged subunit MjFHa eluted with 500 mM imidazole whereas untagged L-
TTDP came in the flowthrough. Moreover, pull-down assay was also performed with His-tagged

FHp subunit and untagged L-TTDa subunit in a similar manner, to study the effect of subunit
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swapping. However, both of these assays failed to show any interaction between the two opposing
subunits from MjFH and L-TTD (Fig. 1.15). This shows that subunit swapping does not lead to
formation of any chimeric enzymes in the case of MjFH and L-TTD. This suggests that the dimer
or tetramer of L-TTDap is packed in a different way compared to MjFH. It can be suggested that

the C-terminal tail present in L-TTD plays a critical role in subunit interaction.
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Figure 1.15. Ni-NTA pull down assay for interface analysis of the interacting subunits in class-I
FHs and L-TTD. 4. FHo. does not bind to L-TTDp; B. L-TTDa does not bind to FHp.

1.3.8. Analysis of L-TTDa and L-TTDg structures predicted
by AlphaFold

Due to the inability to obtain crystals and determine the 3D structure of L-TTD, AlphaFold
predicted structure (Jumper et al., 2021; Varadi et al., 2022) was used to gain insights into the
catalytic mechanism. The Alphafold predicted L-TTD a and B subunit structures superposed on to
MjFH a and B (PDB ID: 7XKY) structures with RMSD of 1.104 A and 1.008 A, respectively
(Fig. 1.16 panel A). This reveals the high similarity of the predicted structure with the
experimentally determined structures. Upon superposition of the L-TTDa and  subunit structures
on to the LmFH structure it was observed that the three cysteine residues that bind the Fe-S cluster
in LmFH i.e., Cys133, Cys252, Cys346 superpose well with Cys71, Cys190 and Cys277 in L-
TTDap (Fig. 1.16 panel C). Through a proteome wide analysis of E. coli iron-sulfur cluster
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proteins by a chemoproteomics approach, these 3 cysteinyl residues in E. coli L-TTD have been
established to bind the iron-sulfur cluster (Bak & Weerapana, 2023). This reinforces some level of
confidence on the reliability of the structure predicted by AlphaFold. This structure is also similar
to LmFH structure with an RMSD of 1.95 A and 1.52 A respectively for o and B subunits
respectively, as shown in Fig. 1.16 panel B., indicating that in the absence of experimentally
determined structures, the predicted models could be used for understanding the stereochemical
preferences of MjFH and L-TTD. Subsequent active site analysis was done with the superposed
L-TTD structures obtained from superposition with both LmFH and MjFH structures. The active
site analysis reveals that except a pair of arginine residues (R33 and R82) and a lysine residue

(K102), all other residues within hydrogen bonding distance of the substrate are well superposed

C D
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Figure 1.16. Comparison of class-1 FH structures with AlphaFold predicted structures of L-TTDa
and L-TTDg subunits. A. Superposition of AlphaFold predicted L-TTDa (magenta) and L-TTDp (cyan)
structure over MjFHap structure (yellow) respectively. The two structures align well with a RMSD of
1.104 and 1.008 A. B. Superposition of AlphaFold predicted L-7TDa (magenta) and L-TTDS (cyan)
structure over LmFH structure (green). The two structures align well with a RMSD of 1.95 and 1.52 A,
C. Superposition of cysteine residues (C71, C190 and C277) that ligate Fe-S cluster from L-TTD
predicted structure over cysteine residues (C133, C252 and C346) from LmFH structure. Fe-S cluster
from LmFH structure is retained in the superposed snapshot. D. Superposition of all the active site
residues that hydrogen bond with the substrate (white) from LmFH structure (cyan) with AlphaFold
predicted L-TTD structure (o-subunit: magenta; B-subunit: yellow). Sidechains from two arginine
residues (R33 and R82) and a lysine (K102) residue in L-TTD are directed away from the substrate
while the other residues superpose well.
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with LmFH residues, thus failing to generate any data on the differences between the two proteins, as

shown in Fig. 1.16 panel D.

R111 Q72

Figure 1.17. L-TTDap tetramer built from superposition of AlphaFold predicted structures. A. L-
TTDap tetramer structure obtained from superposition of AlphaFold models on LmFH structure (PDB
ID: 5L2R); B. L-TTDop tetramer structure obtained from superposition of AlphaFold models on MjFH
structure (PDB ID: 7XKY); C. L-TTDaf quaternary structure superposed on the tetramer structure
predicted by David Baker and colleagues by sequence coevolution and homology modelling
(Ovchinnikov et al., 2015). This shows that the quaternary structures obtained by superposition on
Mj/Lm FH structures exhibit overall similarity in fold and subunit position to the one predicted by
Ovchinnikov et al., 2015; D. The alpha carboxyl CO of the C-terminal residue K201 of the -subunit of
one heterodimer contacts (3.84 A) NH of G155 of the “AGGGC” motif present at the catalytic site of
the a subunit of the neighbouring heterodimer. This was evident upon supeposition of the AlphaFold
predicted o and f subunit structures on MjFH structure (PDB ID: 7XKY). E. Schematic diagram
representing the predicted quaternary organization in L-TTD and the interaction of the C-terminus of
the B subunit on heterodimer with the a-subunit of the neighboring heterodimer.

Since L-TTD has been characterised to be a heterotetramer from analytical size exclusion
chromatography, the tetramer structure was generated using superposition of the predicted
structures. For generating the dimers of the TTDop heterodimer, the heterodimers were
individually aligned with LmFH dimer structure and MjFH structure with its crystallographic
symmetry mate. We see that heterotetramer of L-TTDaf shows a compressed structure with (95
A along the first inertia axis) and a relaxed structure (101 A across) depending on the model used
for generating the aligned structure i.e., LmFH and MjFH, respectively (Fig. 1.17 panel A and
B). Thus, the quaternary structure of the heterotetramer, i.e., whether it is compressed or relaxed,

depends on the quaternary structure of the model used for superposition.
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David Baker and colleagues had predicted the structure of L-TTDof tetramer by sequence
coevolution and homology modelling in 2015 (Ovchinnikov et al., 2015). The heterotetramer
model, obtained by superposition of AlphaFold predicted a and B subunit structures on MjFH
structure, shows an overall similarity with the structure predicted by Baker and coworkers
(Ovchinnikov et al., 2015) with an RMSD of 3.880 A (Fig. 1.17 panel C). One key difference in
quaternary organization between the two structures is the compressed nature of subunit assembly
in the L-TTD structure predicted by Baker et al. However, it is interesting to note that the
quaternary organization of L-TTD predicted by Baker and coworkers (Ovchinnikov et al., 2015)

was well before any FH structure was published and is highly similar to that of both Lm and Mj

'r“‘ T” K"”‘

Figure 1.18. L-tartrate, D-tartrate and meso-tartrate docked active site in the structure of L-TTD. A.
In contrast to the bound L-malate (white), the C2-OH group of L-tartrate (yellow) faces away from the
Fe-S cluster and in the opposite direction. B. The D-tartrate (pink) and bound L-malate (white) from
the LmFH structure superpose nicely, with the C2-OH of both substrates coming within hydrogen
bonding range of the Fe-S cluster and catalytic acid D73. C. The C2 hydroxyl group of meso-tartrate

(purple) points in the same direction to the Fe-S cluster as the bound L-malate (white), while the C3-
OH points in the direction of the catalytic base T79 inhibiting catalytic activity.

FH structures.

The heterotetramer structure obtained from superposition with LmFH was selected for analysis of
the active site residues as the cluster and the substrate L-malate are already present in the structure
of the parasite enzyme. Thus, the active site of L-TTD was analysed with the superposed cluster
and substrate (L-malate) from LmFH structure. This showed complete conservation and very
similar organization of all the active site residues. To position the structures of L-tartrate, D-tartrate
and meso-tartrate, the C2 and C3 of these dicarboxylic acids was superposed on that of L-malate.
This clearly showed that the active site organization, particularly the location of the catalytic Thr79
and Asp73 as predicted by AlphaFold would be unfavorable for catalysis on the L isomer of tartrate
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and D-isomer of malate, both substrates of L-TTD (Fig. 1.18). Therefore, the active site as
predicted by AlphaFold failed to explain the changed substrate stereospecificity. This hints at a
possible reorientation of the active site without any change in the overall fold of L-TTD from that
of Lm or MjFH that results in the switch in substrate stereospecificity leading to activity on L-

tartrate, not D-tartrate.

Moreover, upon closer analysis of the superposed structures, we find the C-terminal K201 of the
b-subunit is at a distance of only 3.84 A from G155 of the “AGGGC” motif in the L-TTD
heterotetramer obtained by superposing on the MjFH structure (Fig. 1.17 panel D). This contact
is between the o subunit of one heterodimer in the tetramer and the [ subunit of the other
heterodimer (Fig. 1.17 panel E). G155 is a critical residue, and mutating its corresponding residue
i.e.,, G147 to Ala in MjFH led to complete loss of activity (Bellur et al., 2023). Although it does
not take direct part in catalysis, it is close to the catalytic acid D73 in L-TTD and plays a role in
binding the substrate. Thus, the K201/G155 contact might play a critical role in orienting D73 in
a manner favorable for catalysis on L-tartrate. Since the 3-subunit C-terminal tail is absent in class-
I FHs, this interaction has not yet been reported and needs experimental validation through
structure determination of L-TTD. In class-1 FHs, the C-terminus is located at a large distance
away from the glycyl residue (G147 in MjFH and G216 in LmFH in the KGXGS motif. In the
MjFH structure, the electron density for the last two amino acid residues is missing and the distance
from the third last residue to that of G147 is 25.6 A. Due to the quaternary packing in LmFH, the
superposed L-TTD heterotetramer structure was more compressed as well and hence the C-
terminal residues do not make such contacts; K201 lies 18.0 A away from G155. In LmFH, the
distance from carboxy-terminal residue A568 of the C-terminal domain (corresponding to the b-
subunit) to G216 is 29.9 A. These observations possibly suggest that this interface interaction
between adjacent heterodimers may play a defining role in the quaternary organization and subunit
interaction. Since the active site of the enzyme is at the interface of o and B subunits, it might play

a role in reorientation of the active site, which leads to the change in stereospecificity.

Moreover, since this contact is only in the structure of L-TTD obtained from superposition on
MjFH structure, it can be hypothesized that a movement from compressed to relaxed structure

upon 4Fe-4S cluster binding might be responsible for the proper orientation of the active site.
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Although the entire hypothesis is based on the AlphaFold-predicted structures and the
heterotetramer structure of L-TTD obtained by superposition, the presence of the C-terminal tail
only in L-TTD and its location in the quaternary structure suggests a possible role for this segment
in determining the unique substrate stereospecificity of L-TTD. However, this requires

experimental validation.

1.3.8. Substrate stereospecificity in catalysis by L-TTD

The enigma of the change of stereospecificity in L-TTD compared to class-1 FHs remains unsolved
due to the lack of structural information. Since the active site residues in the predicted structure
superpose well with class-1 FHs and do not provide much insight into the problem, it can be
suggested that there is a reorientation of the residues in the catalytic pocket to enable catalysis on

the L stereoisomer of tartrate.

The problem of stereospecificity in L-TTD and class-1 FHs can be described as the problem of
fitting a left-hand glove on one’s right hand. This problem has puzzled biochemists for a long time.
Stereospecific recognition of substrate by enzymes has traditionally been investigated in relation
to the places in the active site to which the substrate is attached (Easson & Stedman, 1933; Ogston,
1949). According to the three-point attachment model, active site residues must anchor the
substrate at each of three attachment sites in order for an enantiomer to bind at the enzyme’s active
site. The three-point attachment paradigm is still widely used for many substrates with a single
chiral group. The three-point attachment model states that three attachment sites of the enzyme,
A', B', C', must be anchored to three points on the substrate, A, B, and C, in order for a molecule
with a single chiral center to be bound at the active site. For the opposite enantiomer, one of the
points of contact breaks, making it impossible for correct binding or catalysis to occur. One of the
sites of contact needs to be on the opposite side of the protein for the opposite enantiomer to bind
at the active site. (Fig. 1.19).
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Figure 1.19. The three-point attachment model. Groups A, B, and C, of one enantiomer (1) of the
ligand, bind fo the sites A', B', and C' of the enzyme, respectively. When comparing groups, A, B,
and C with A', B, and C', the other enantiomer (Il) is unable to establish a similar correlation.
The model is able to distinguish between two A groups that are identical and combine to make a
prochiral molecule (I11). The protein surface where the chiral compounds bind is visible in 1V.(
figure adapted from Mesecar, A., Koshland, D., 2000)

The three point attachment model does not always hold true and for such substrates, the four-

location model was proposed (A. D. Mesecar & Koshland, 2000). The model is called a ‘four-

location” model because it is not necessary for there to be four binding sites. The four-location

model is necessary to explain a protein’s ability to discriminate between L- and D-isomers (A. D.

Mesecar & Koshland, 2000; Andrew D. Mesecar & Koshland, 2000).
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Figure 1.20. Four-point location model for stereoselectivity of a protein. A model representing a
protein that could provide two groups (D’ and D) in either of two locations that could interact with
group D on a chiral carbon atom. The protein may use D’ to bind one enantiomer and it may use D”’

to bind the other enantiomer. Adapted from Mesecar & Koshland, 2000.
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The four locations need not necessarily be four attachment sites, it can also be three attachment
sites and a direction, but a minimum of four designated locations are necessary. A rough picture
of the binding of substrate to active site is shown schematically in Fig. 1.20. The sites or locations
on the protein to which these groups attach are denoted by the letters A’, B’, and C’. The enzyme
utilizes group D, to distinguish between the enantiomers by binding to site D’ in the case of the
one enantiomer and site D” in the case of the other enantiomer. The D group, which is the key to
differentiating the enantiomers, points in opposing orientations in the D- and L-isomer complexes,
as shown in Fig. 1.20. This kind of binding has been described as “mirror-image packing” by
Hanson because of the coplanar binding determinants A’, B’, and C’ determining the pseudo-
mirror plane (Hanson, 1981). However, there are two major assumptions in the four-location
model proposed by Mesecar and Koshland (A. D. Mesecar & Koshland, 2000; Andrew D. Mesecar
& Koshland, 2000); the first being the substrate can approach the active site from two opposing
sides, which is not always true considering the strict steric constraints in active sites. The second
assumption considers the binding determinants to all lie on a plane, but it has been seen from recent

crystallographic data that the three binding determinants do not lie on a single plane.

A D-tartrate/S,S-tartrate

Figure 1.21. Enantiomer superposition model describing the stereospecificity of L-TTD. A. Using
the enantiomer superposition model, 2R,3S and 2S,3R enantiomers can fit into the same site and can
approach this site from the same direction. In this model, a and ¢ are COOH and b is OH. Two
necessary fourth contact points for the OH groups at C2 determine the actual binding. B. Structure of
L- and D-tartrate

Bentley’s enantiomer superposition model is the first model to consider the binding determinants
in 3-dimensional orientation and considers substrate binding from a single side only (Bearne, 2020;
Bentley, 2003). Thus, it builds on the three-point attachment model, in which out of the three
binding determinants, at least one of the groups has to show a degree of flexibility for enantiomeric

ligands. In this model, the two substituents on chiral carbon (A and B), and the asymmetric carbon
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(Co) of either enantiomer may be superposed, hence giving the name ‘enantiomer superposition
model’. In mirror-image packing or four location model, the enantiomers have chiral carbons
atoms lying on either side of the pseudo-mirror plane facing each other but in enantiomer
superposition model, they lie on the pseudo-mirror plane and may superpose, thus making the C,
— D bonds orient at an angle of about 109°, instead of pointing in the complete direction as in four-

location model.

In class-1 FHs, the Fe-S cluster and the catalytic aspartate residue as well as the substrate
carboxylate binding residues play a critical role in binding and catalysis. The binding of the
substrate is the most critical step, and the substrate specificity arises out of the binding with
catalytic aspartate and the Fe-S cluster which binds the C2-OH present in the substrate. However,
in the L-TTD predicted structure, we do not see any significant difference in the orientation of the
active site residues that can bind the C2-OH which points away from the Fe-S cluster and D73.
Since in in the modelled structure, the position of the cluster-binding cysteines overlap with that
in Mj and Lm FH, the Fe-S cluster location will also overlap with that in FH and cannot be flipped
to the opposite side to contact C20H of L-tartrate, suggesting a possible reorientation mechanism
of one or two critical residues and their side chains. The four-location model cannot explain this
change in stereospecificity since it suggests substrate binding for opposing enantiomers must take
place through opposing sides. However, the active site pocket is not big enough to accommodate
such binding. From the enantiomer superposition model, we observe that the C2-OH group is
critical in determining the specificity of the enzyme (Bearne, 2020; Bentley, 2003). It is the critical
flexibility of the C2(OH)COOH group which lets L-tartrate bind to the active site. and the C2(OH)
group makes proper contacts for the reaction to proceed. Hence unlike three-point attachment or
four-location model, the specificity determining residue, C2-OH does not have to lie on completely
opposing sides for the two enantiomers but a minor reorientation in the 3-dimensional arrangement
of the binding site should suffice. This suggests a reorientation of the active site mediated by the
C-terminal residues Tyr199 with Arg161 and Lys201 which makes a direct contact with Gly155,
a critical glycine present in the active site as well as in the “AGGGC” motif, mutating which was
found to cause inactivity in MjFH (Bellur et al., 2023). Since class-1 FHs do not possess the C-
terminal tail and structural information is still not available on L-TTD, this is yet to be
experimentally verified. However, from the enantiomer superposition model, we find that the

distinguishing group i.e., C2-OH does not have to lie on the complete opposite side, instead it is
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the flexibility of this group which plays a determining role in the binding of the substrate. Thus,
the active site aspartate residue and Fe-S cluster need to undergo only a slight reorientation for the

reaction to proceed on L-tartrate in L-TTD.
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1.4. Summary

L-TTD and class-I1 FHs are closely related proteins that have misannotations throughout various
databases like NCBI, RCSB, and UniProt, due to the high sequence similarity. The two enzymes
catalyze reactions on distinct stereoisomers despite the active site residues showing sequence
conservation (Kronen et al., 2015; Lamzin et al., 1995; van Vugt-Lussenburg et al., 2009, 2013).
The majority of the time, nature handles stereoisomers by creating distinct enzymes with unique
active sites to catalyze reactions on opposing stereoisomers (Lamzin et al., 1995), with lipases
(Cygler et al., 1994), racemases, and epimerases (Bearne, 2020) being a few exceptions. Hence,

how L-TTD shows this unique stereospecificity is still an enigma which needs answer.

Previous studies in the laboratory had identified a highly conserved pattern, “KGXGS” in class-I
FH and “AGGGC” in L-TTD, separating class-1 FHs and L-TTD. Switching the “KGXGS” motif
in MjFH to “AGGGC” motif or site-directed mutagenesis of residues around the active site failed
to bring about any change in stereospecificity. The study also discovered that L-TTD and class-I
FH have opposite substrate specificity despite having identical residues in their active sites,
suggesting that slight variations in active site architecture must have led to the change in enzyme

specificity in this class of Fe-S cluster hydrolyases.

This work aims and attempts to understand the unique stereospecificity and catalytic mechanism
in L-TTD. Analytical gel filtration chromatography has showed L-TTD exists in tetrameric state,
which was verified by native mass spectrometry. The protein also consists of a 4Fe-4S cluster,
which gets oxidized with exposure to air, as is characteristic of iron-sulfur cluster proteins.
Structure solution of the protein was attempted, but due to unstable nature of the iron-sulfur cluster,
crystals could not be obtained. Hence, AlphaFold predicted structure was used to explain the
change of substrate specificity in L-TTD compared to class-1 FHs. It showed that the active site
residues are positioned in a manner similar to class-1 FHs. Aligning the C2-C3 backbone of the
substrates revealed a slight reorientation of the active site residues is required for binding and
catalysis of L-tartrate. However, superposition of the AlphaFold predicted structures on MjFH
tetramer revealed a critical contact in L-TTD between residues near the active site i.e., G155 of
the “AGGGC” motif with the carboxy-terminal K201. Since, this C-terminal extension is not found

44



1.4. Summary

in class-1 FHs, it can be suggested that it plays a role in slight reorientation of the active site
residues.

Upon consideration of a model more suited for enzyme specificity for enantiomers, i.e., the
enantiomer superposition model, it was found out that for enantiomeric pairs, the binding at the
active site is much dependent on the direction and flexibility of a particular binding constituent of
the substrate which is C2-OH group in case of tartrate. This model is more suited for studying
enzyme reactions involving enantiomeric pairs than previously existing models and shows us that
the critical binding group i.e., C2-OH does not lie on the opposite side of the cluster and needs a
slight reorientation for proper binding and catalysis. Thus, we strongly suggest a possible
reorientation mechanism arising out of the quaternary organization of the protein complex which

leads to altered substrate specificity.
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1.5. Future Directions

In order to understand the stereospecificity and catalytic mechanism in L-TTD and the differences
between class-1 FHs and L-TTD, future directions involve solving the structure of L-TTD. The source
of stereospecificity in these enzymes will be definitively solved with structural information about the
active site. Additionally, directed evolution can aid in changing the substrate selectivity of these

enzymes and provide fresh information that cannot be inferred straight from the structure.

1.5.1. Determination of L-TTD structure

AlphaFold predicted structure of L-TTD has provided insights into the enigmatic nature of this class
of enzymes, however more information is needed to properly understand the catalytic mechanism.
Hence, in order to solve the structure of the enzyme, crystals trays of L-TTD were set up in several
conditions. Trays were set up even with the holoenzyme inside the anaerobic Coy chamber.
Unfortunately, only salt crystals were found to form even after repeated trials and further
standardization in the crystal tray setup along with grid screening has to be carried out to get good
quality protein crystals for diffraction. Mercaptosuccinic acid has been identified as a potent ligand for

obtaining crystals. It or its analogues can be screened further for crystallization.

1.5.2. Mutational analysis of the C-terminal tail

From bioinformatic analysis, it was found out that the B-subunit of one heterodimer (af3) makes contact
with the a-subunit of another heterodimer (a’f’) of the same tetramer. The residues involved are
Tyr199 (B) with Argl61 (a’) and Lys201 (B) which makes a direct contact with Gly155 (o), a
critical glycine present in the active site as well as in the “AGGGC” motif. This C-terminal domain
is absent in class-1 FHs and hence, it would be interesting to see whether this region plays a role
in the change in stereospecificity. This would require complete deletion of the C-terminal tail as
well as site-directed mutagenesis studies of the involved residues in the region i.e., Y199 and
K201.
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Chapter 2

Examination of the quaternary structure of
M. jannaschii inosine 5’-monophosphate
dehydrogenase through transmission electron
microscopy

Inosine 5’-monophosphate dehydrogenase (IMPDH) is an enzyme found across all phyla of life,
as it plays a critical role in nucleotide metabolism. However, the activity of this enzyme is
modulated differently in different phyla and the mode of nucleotide modulation has not been
understood properly in archaeal IMPDHSs. Previous work from the laboratory had shown that
Methanocaldococcus jannaschii IMPDH (MjIMPDH) shows behaviour similar to eukaryotic
IMPDHSs, despite sequence similarity to prokaryotes. In addition, earlier preliminary studies
showed the formation of filament-like structures mediated by ATP. However, this previously
obtained result could not be reproduced. From our experiments, we see that binding of nucleotides
has no effect on the quaternary organization of the protein. However, the previously assigned
higher-order oligomer fraction was found to correspond to octamers in a relaxed, expanded
conformation leading to a change in Stokes radius. These “relaxed octamers” have to be examined

at greater structural detail in future studies.
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2.1. Introduction
2.1.1. Regulation of nucleotide biosynthesis and IMPDH

Nucleotides form the basis of life; they are necessary for the maintenance and replication of the
genome and transcription of genetic information into RNA, act as a source of energy, and
participate in signal transduction (Lane & Fan, 2015). Thus, nucleotide biosynthesis pathways are
highly regulated to maintain optimal cellular nucleotide levels. Owing to their tremendous
importance in various cellular processes, nucleotide biosynthesis is regulated by a network of
checkpoints to prevent misincorporation of dNTPs into DNA, which could result in mutations
(Labesse et al., 2013).

Nucleotide biosynthesis occurs through two major pathways: de novo and salvage. In the de novo
pathway simple precursors assemble to form nucleotide molecules, and in salvage pathways, the
cell recycles its pre-existing nucleotide pool. Cells generally use salvage pathways to replenish
degradation products and preserve their nucleotide pools. However, the flux through the de novo
nucleotide biosynthesis pathways increases when nucleotide demand is high, such as during cell

proliferation.

Purinosome formation and dynamic assembly/disassembly is a way of regulation by which living
cells use subcellular localization and, the more recently discovered, supramolecular organization
for optimum nucleotide biosynthesis (An et al., 2008; Narayanaswamy et al., 2009; Noree et al.,
2010). The purinosome complex comprises six enzymes and produces IMP from phosphoribosyl
pyrophosphate. Allosteric regulation has recently been demonstrated to have a significant function
in this setting and has been regarded as a unique participant in IMP biosynthesis. While the
purinosome complex ensures that IMP is generated via a substrate channeling mechanism (An et
al., 2008), IMPDH is regulated at several levels, viz., transcription, post-translation, and allostery
as well (L Hedstrom, 2009).

IMPDH is a highly conserved enzyme, that regulates the de novo manufacture of guanosine
nucleotides by catalyzing the first committed step in GTP biosynthesis. Its blockade results in an
imbalance between adenine and guanine nucleotides, which leads to cytotoxicity (L Hedstrom,
2009; Shu & Nair, 2008). Adenine and guanine nucleotides both affect the activity of IMPDH by
changing its oligomeric state, its activity, or both, through feedback regulation. The well-
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controlled allosteric regulation of IMPDH by purine nucleotides, which in turn maintains the
adenine to guanine nucleotide balance inside the cells, is closely linked to physiological activities
within the cells and their proliferation. Because of this biochemical significance, IMPDH is a key
target for immunosuppressive, antiviral, and cancer therapies (L Hedstrom, 2009). Differential
expression patterns exist between the two IMPDH isoforms in vertebrates, which are 83% identical
in sequence in humans (Collart & Huberman, 1988; Natsumeda et al., 1990). While IMPDH2
levels are increased in proliferating tissues, IMPDHL is constitutively expressed at low levels in
the majority of tissues (Carr et al., 1993; Hager et al., 1995; Jackson et al., 1975; Senda &
Natsumeda, 1994). While IMPDH2 knockdown in mice causes embryonic lethality, IMPDH1
knockout causes a autosomal dominant retinal degeneration in humans, a condition known as
retinitis pigmentosa or Leber congenital amaurosis (Aherne et al., 2004; Gu et al., 2000, 2003). In
mice, knockout of IMPDH1 results in minor vision defects, whereas IMPDH2 knockout leads to
embryonic lethality (Aherne et al., 2004; Gu et al., 2000, 2003).

2.1.2. Structure and catalysis in IMPDH

Inosine 5'-monophosphate dehydrogenase (IMPDH) (EC 1.1.1.205) catalyzes the conversion of
Inosine 5'-monophosphate (IMP) to xanthosine 5'-monophosphate (XMP), which in the process
also reduces NAD* to NADH. Apart from two protozoan parasites, Giardia lamblia and
Trichomonas vaginalis, the IMPDH/GMPS system is found across all currently understood
organisms (Carlton et al., 2007; Morrison et al., 2007). Moreover, many organisms contain more
than one gene expressing IMPDH e.g., humans, etc. According to Labesse et al., 2013, IMPDHs
are found in two oligomeric states, i.e., tetramers or octamers, with each monomer containing 400—
500 amino acid residues, and having a core catalytic domain and a regulatory domain. The
Bateman domain, also known as the CBS domain, is the regulatory domain and contains two
repeating CBS motifs which were initially identified in human cystathione beta-synthase (CBS)
(Bateman, 1997).

The (B/a)8/TIM barrel that makes up the core catalytic domain of IMPDH is further split into five
important structural motifs that carry out substrate binding and catalysis. Like other TIM-barrel
proteins the active site is found at C-terminal ends of the B-sheets. The active site cysteine is carried
by the "catalytic cysteine loop," which is strictly conserved in all IMPDHSs. The cysteine loop (Fig.

2.2) can actually move like a door on a hinge. The phosphate binding area, also known as the

52



2.1. Introduction

"phosphate binding loop,"” is located next to the active site loop and is made up of six residues.
The "finger domain”, a twisted-sheet that extends from the C-terminal of TIM barrel, aids in the
transmission of allosteric signals from the Bateman domain to the catalytic domain (Rubén M.
Buey et al., 2015). The dynamic "mobile flap™ made up of about ten residues, enters and exits the
active site during catalysis, and is located at the distal end of the finger domain. The dehydrogenase
reaction can take place in the open conformation, followed by hydrolysis in the closed
conformation as shown in Fig. 2.1. The "C-terminal segment" then couples a monovalent cation
to the active site. Being highly flexible, the catalytic cysteine loop, mobile flap, finger loop, and
roughly 20 residues at the C-terminal end of IMPDH are absent from the X-ray crystal structures
of different IMPDHs (Hedstrom, 2009; Morrow et al., 2012; Prosise & Wu, 2002.; Rao et al.,
2013). The catalytic cysteine loop, phosphate binding motif, and movable flap residues make up
the IMP binding site. The NAD™ binding site is made up of residues from the catalytic loop and
movable flap. Although IMP binding residues have been found to be highly conserved, a

significant divergence has been seen in the case of the NAD" binding site (L Hedstrom, 2009).
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g Kf Catalytic

Figure 2.1. Mechanism of IMPDH reaction and cartoon representation of IMPDH. A. Schematic
representation of IMPDH reaction mechanism (Adapted with permission from Hedstrom 2009); B.
Cartoon representation of Streptococcus pyogenes IMPDH monomer with Bateman (cyan) and catalytic
domain (green) indicated. The catalytic flap is highlighted in pink and finger domain is indicated in red
(PDB 1ZFJ).
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CBS domains, which are present in a variety of structurally and functionally unrelated proteins,
including CIC-chloride channels, amino acid transporters and protein kinases aside from IMPDH
and cystathione beta synthase (Baykov et al., 2011; Erefio-Orbea et al., 2013). It has been
discovered that removing the CBS domain from IMPDH has no impact on the subunit organization
or activity in vitro (Nimmesgern et al., 1999; Sintchak et al., 1996). In many of the PDB-deposited
structures, the CBS domain is found to be disordered, and it has been observed that getting rid of

the domain makes crystallization easier (L Hedstrom, 2009).
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Figure 2.2. Domain architecture and spatial arrangement of IMPDH. A. Schematic bar
representation of IMPDH key structural elements and CBS subdomain. B. Tetrameric structure of S.
pyogenes IMPDH (1ZFJ) shown in ribbon diagram. CBS subdomain (blue) and catalytic domain
(green) are highlighted in different colors. C. Octameric structure of human IMPDH2 (6UC2) shown
in ribbon diagram. CBS subdomain and catalytic domain of one tetramer are colored in blue and
green, while the opposing tetramer is highlighted in pink and cyan respectively.

All previously described IMPDHs other than MjIMPDH require a monovalent cation (ideally K*)
for optimal activity, with about 100-fold increase in activity in the presence of the monovalent

cation (Alexandre et al., 2015). The catalytic loop and the C-terminal region, which mostly do not
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show densities in X-ray structures due to high disorder, make up the binding site for the

monovalent cation.

IMPDH catalyzes two different chemical reactions: (i) a dehydrogenase reaction which forms the
covalent intermediate E-XMP* and NADH and (i1) a hydrolysis reaction to convert E-XMP* into
XMP. The dehydrogenase reaction involves the catalytic cysteine attacking C2 of IMP to produce
the covalent thioimidate intermediate E-XMP* while also transferring a hydride to NAD* to form
NADH. After this, NADH leaves the active site, and the mobile flap moves into the vacant
dinucleotide site. This brings the conserved Arg-Tyr dyad into the active site to allow the arginine
to act as the catalytic base (L Hedstrom, 2009). A second hydrolyase reaction on E-XMP* then
follows, producing XMP and free enzyme.

2.1.3. Modulation of the activity of prokaryotic and
eukaryotic IMPDHs by nucleotides

As shown in Fig. 2.2, IMPDHs from both eukaryotes and prokaryotes share similar structural and
functional features. However, they differ from each other in their mode of allosteric regulation
(Alexandre et al., 2015). Based on allosteric control, IMPDH can be classified into two classes:
class-1 and class-11. Class-1 IMPDHs show cooperative kinetics with IMP, activation by Mg-ATP
and exist as octamers under varied conditions. Class-1l IMPDHSs, on the other hand, exhibit
Michelis-Menten kinetics with IMP, exist as tetramers in the apo-state and shift to octamers upon
Mg-ATP binding (Alexandre et al., 2015).

Prokaryotes have been found to have both class-1 and class-1I IMPDHSs, whereas only class-11 is
present in eukaryotes (R M Buey & Fernandez-Justel, 2017). While class-1 IMPDHs show
activation by Mg-ATP binding, class-11 enzymes do not show any such changes in catalytic
activity. Instead, they show change in structural organization. Prokaryotic and eukaryotic IMPDHSs
differ in many other aspects as well. Prokaryotic IMPDH shows competitive inhibition by GMP,
whereas eukaryotic IMPDH shows a mixed-type inhibition by GDP and GTP. Eukaryotic IMPDHSs
contain a non-canonical GTP-binding site absent in prokaryotes and binding of GDP or GTP to
this site causes tail-to-tail dimerization of the tetramers which leads to a more compressed shape.
This compressed shape of the octamer prevents the IMP and NAD from entering the active site

and thus blocks catalytic activity (R M Buey & Fernandez-Justel, 2017). Upon binding of Mg-
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ATP to the CBS or Bateman domain, the octamer is allosterically modulated to adopt a more
relaxed shape and GDP/GTP falls off the non-canonical GTP-binding site.

Class-1 IMPDHs show activity only in the presence of ATP, which acts as an activator. However,
in the case of class-Il, ATP has no effect on the catalytic activity in general. But it is the binding
of GDP/GTP which controls the activation of class-11 IMPDH. The binding of ATP actually leads
to the alleviation of this control of GTP, thus turning on the catalytic activity. This shows that an
ATP-controlled conformational switch was present in the ancestor of this two classes of enzymes,
which has evolved to incorporate the control by GDP/GTP binding to the non-canonical nucleotide
binding site in eukaryotic IMPDHs (R M Buey & Fernandez-Justel, 2017).

2.1.4. Role of cytoophidia in modulation of IMPDH activity

IMPDH has been found to reversibly assemble into long filamentous structures called cytoophidia.
This has been hypothesised to provide another level of regulation of enzyme function. Recently,
several metabolic enzymes have been found to reversibly assemble together to form cytoophidia
(Carcamo et al., 2011; Chang et al., 2015; Ji et al., 2006) (Fig. 2.3). However such filamentous
structures have only been observed in eukaryotes not prokaryotes (Burrell et al., 2022). According
to several studies, many non-cytoskeletal proteins reversibly assemble to form filaments under
nutritional stress (Alberti et al., 2009; Aughey & Liu, 2016; Narayanaswamy et al., 2009; Noree
etal., 2010; O’Connell et al., 2012, 2014; Shen et al., 2016). With time, more metabolic enzymes
have been observed to show this property (O’Connell et al., 2012), thus showing that filamentation
of metabolic enzymes is a way of maintaining metabolic flux (Aughey & Liu, 2016). In the studies
where self-assembly of metabolic enzymes has been investigated biochemically and structurally,
it has been found that the polymers are directly responsible for influencing metabolic activity by
stabilizing active or inhibited conformations (Lynch et al., 2017). IMPDH has also been found to
form helical polymers by stacking octamers in an ATP-dependent manner (Anthony et al., 2017;
Burrell et al., 2022; M. C. Johnson & Kollman, 2020; Labesse et al., 2013). Guanine deprivation,
increased intracellular IMP, presence of IMPDH inhibitors or other anti-proliferative drugs also
leads to reversible assembly of IMPDH filaments (Chang et al., 2015; Ji et al., 2006; Keppeke et
al., 2015, 2018).

56



2.1. Introduction

assembl
interface

¥

: Bateman

filamen . L
segments _domaln
. interface

-
: filament

Figure 2.3. Electron microscopy of uninhibited IMPDH2 filaments. A. Negative stain EM of purified
human IMPDH2 treated with 1 mM ATP to induce filament assembly. Scale bar 100 nm. B.
Representative 2D class average of cryo-EM dataset. C. Cartoon of the filament of human IMPDH2
(Reprinted from Johnson & Kollman, 2020 under Creative Commons License (CC BY 4.0))

In some situations, IMPDH filaments colocalize with cytidine triphosphate synthase (CTPS)
assemblies, an enzyme involved in pyrimidine biosynthesis, suggesting a potential coordination
between purine and pyrimidine production (Keppeke et al., 2015). The role of cytoophidia in
IMPDH was still unknown until recently (Chang et al., 2015; Duong-Ly et al., 2018; Keppeke et
al., 2018). It has been hypothesised that the assembly's function may be to maintain homeostasis
by replenishing guanine nucleotide pools based on the response of IMPDH to reduced flow along

the guanine nucleotide biosynthesis pathway (Anthony et al., 2017).

In a recent study on the allosteric regulation of filament formation in IMPDH2 (M. C. Johnson &
Kollman, 2020), a model has been proposed that illustrates human IMPDH2 filament assembly
(Fig. 2.4). In the absence of IMP or guanine ligands, IMPDH2 is conformationally dynamic,
creating stable tetramers that freely sample both the "bowed™ and "flat" tetramer conformations.
Stable filaments are produced by the binding of adenine nucleotides, whereas the binding of GTP
results in lattice strain and the breakdown of the filament interface. The binding of IMP stabilizes
the flexible active site loops, and the compressed filaments produced by saturation with both IMP
and GTP are resistant to the lattice strain caused by compression. Feedback inhibition of the
enzyme is fine-tuned by the balance of these conformational dynamics, which is compatible with
the states in which IMPDH filaments are seen in cells. IMPDH2 filament formation helps increase
intracellular guanine nucleotide levels during the proliferative state by preventing feedback
inhibition. IMP synthesis is increased in response to overall purine demand and proliferative
signaling via mTOR. Because filament construction depends on IMP levels, there is a way to

control assembly via recognized proliferative signaling pathways. By lowering affinity for
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inhibitory downstream products, IMPDH2 filaments fine-tune the allosteric response, adding

another layer of regulation to modulate flux through metabolic pathways.
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Figure 2.4. Model of IMPDH2 assembly and the function of filaments in guanine nucleotide regulation.
A. When the catalytic tetramer (green) is flattened, the N-terminal residues are released, and the octamer
contacts are stabilized by ATP binding to the regulatory domain (pink). Interactions between the filament
assemblies maintain the flat shape. B. GTP binding maintains a compressed, inhibited conformation. As a
result of the filament's reduced sensitivity to GTP-induced compression, octamers are kept in a population
with mixed activity states. Filaments undergo strain when they are fully compressed and GTP-bound, which
encourages disintegration that is prevented by substrate IMP binding. (Reprinted from Johnson & Kollman,
2020 under Creative Commons License (CC BY 4.0))

2.1.5. Unique regulatory features of an archaeal

Methanocaldococcus jannaschii IMPDH

Previous studies in our group have revealed remarkable regulatory properties of an archaeal
IMPDH from Methanocaldococcus jannaschii (MjIMPDH). All adenine and guanine nucleotides
save ATP, inhibit the enzyme's activity, like eukaryotic IMPDHs. Moreover, ATP has no effect
on the enzyme’s catalytic activity (Prasoona, 2019). The fact that MjIMPDH is inhibited by GDP
and GTP without increasing activity in the presence of ATP, in particular, demonstrates that the
archaeal enzyme shares traits with eukaryotic IMPDH. It is possible that MjIMPDH also has a
non-canonical nucleotide binding site based on the significant decrease in purine nucleotide
inhibition brought on by deletion of the CBS domain. Moreover, MjIMPDH does not require any
monovalent cation (K*) for its activity, unlike previously reported IMPDHSs. Hence, crystallization
was attempted for the holoprotein, but the inherent flexibility of the CBS domain led to formation
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of crystals that either diffracted very poorly or not at all. Hence, the structure of the catalytic TIM-
barrel domain of MjIMPDH was determined, as has been done with most IMPDHs in the literature.
Further, preliminary investigations through negative-staining electron microscopy at in-house-
facility, INCASR (FEI Tecnai G2 transmission electron microscope; 200 kV) suggested the

formation of filaments, but this required further validation.

2.1.6. Objectives

Considering the unique regulatory features of archaeal MjIMPDH displays, the objective of the
study was to better understand its modulatory aspects and examine the formation of filament-like

structures.
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2.2. Experimental procedures

2.2.1. Chemicals, strains, and molecular biology reagents

Media components for growing E. coli cultures were obtained from HiMedia (Mumbai, India).
Akta HPLC and Q-Sepharose and Superdex resins were from GE Healthcare Life Sciences, USA.

2.2.2. Sequence alignment and phylogenetic tree construction

The IMPDH sequences from various organisms were obtained from the NCBI BLAST-P tool using
the Methanocaldococcus jannaschii IMPDH (MjIMPDH) sequence as a query. Clustal Omega
(Goujon et al., 2010; Sievers et al., 2011) was used for multiple sequence alignment and the output

was processed using ESPRIPT (Robert & Gouet, 2014) for visualization.

2.2.3. Protein expression and purification

MjIMPDH-expressing clones in pET2lb+ containing a fused C-terminal (His)e-tag
(PET21bIMPDH) had already been generated in the laboratory. The BL21(DE3) strain of E. coli
lacking the endogenous IMPDH enzyme AguaBX, previously generated in the lab, was co-
transformed with pLysS (expressing ROS tRNA) and pET21bIMPDH. The culture was grown
overnight at 37 °C, and 1% inoculum was added to 800 ml of Terrific broth (TB). The cells were
grown at 37 °C to an absorbance of 0.6, induced with 0.05 mM IPTG, and further grown for 12 h
at 16 °C. The cells were harvested by centrifugation at 6000 g for 10 min at 4 °C and resuspended
in lysis buffer containing 50 mM Tris HCI (pH 7.0), 10% glycerol, 2mM DTT and 0.1 mM PMSF.
Cell lysis was achieved using five cycles of French press (Thermo IEC Inc., USA) at 1000 psi, and
the lysate was clarified by centrifugation at 30,000 x g for 30 min. The supernatant was heated at
70 °C for 30 min to precipitate bacterial proteins and clarified by centrifugation at 30,000 x g for
30 min. The supernatant was then treated with 0.01% PEI to precipitate nucleic acids and clarified
by centrifugation at 30,000 g for 30 min. The clarified lysate was filtered through a 0.44 micron
filter and loaded onto a Q-Sepharose anion-exchange column. The protein was eluted using a linear
gradient of KCI in buffer containing 50 mM Tris HCI (pH 7.0), 10 % glycerol, and 2 mM DTT.
Fractions collected at KCI concentrations above 300 mM were examined using SDS-PAGE,
pooled according to purity, and precipitated using ammonium sulfate at 90% saturation. The

precipitate obtained was resuspended in lysis buffer and subjected to size-exclusion
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chromatography on a Superdex 200 column of dimension 1.6 cm x 60 cm (GE Healthcare, USA).
The purified protein was analyzed by SDS-PAGE (U.K.Lammli, 1970) and protein concentration
was determined by the Bradford method (Bradford, 1976) with bovine serum albumin (BSA) as
standard.

2.2.4. Transmission electron microscopy imaging

Aliquots of purified MjJIMPDH protein were diluted to 2.5 uM in buffer containing 50mM Tris
HCI (pH 7.0) and 2 mM DTT and incubated with or without ATP and GTP at ImM concentration
for varying time periods at room temperature. Following incubation, aliquots were applied to glow-
discharged carbon film EM grids and negatively stained using 1% uranyl acetate. The grids were
imaged using a Talos L120C transmission electron microscope operating at 120 kV and a Ceta
camera (CMOS detector).

2.2.5. Image Analysis

Image analysis was performed using EMAN2 (Tang et al., 2007). Image analysis involved
interactive particle picking with a box size of 180 and particle size of 120, followed by reference-

free 2D classification, to determine the class averages.
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2.3. Results & Discussion
2.3.1. Sequence analysis

Preliminary experiments done earlier in the group showed that MjIMPDH forms filamentous
structures in the presence of ATP. Such structures have previously been reported in IMPDHs of
eukaryotic origin only and have been shown to form through the stacking of octamers mediated
by interaction between the TIM-barrel domains and N-terminal extensions of adjacent octamers
(M. C. Johnson & Kollman, 2020). This N-terminal extension (~30 amino acids) plays a critical
role in forming the filament assembly interface. It is this N-terminal tail which innervates the
catalytic domain of the opposing octamer. A key tyrosine residue (Y12 in human IMPDH2) forms
the key contact with an arginine residue (R356) of the adjacent octamer. Mutation of these key
residues does not impair catalytic activity but abrogates octamer assembly and filament formation.
A multiple sequence alignment of biochemically characterized IMPDH sequences from
prokaryotes, eukaryotes and archaea shows that this N-terminal domain is found in eukaryotes
only, not in prokaryotes and archaea. However, Mycobacterium tuberculosis (MtbIMPDH) was
found to have a N-terminal tail longer than the ones present in eukaryotes. Upon performing a
BLAST search with the N-terminal in MtbIMPDH, we found that the N-terminal tail is a
characteristic feature of IMPDHSs from the mycobacteriaceae family. However, this region does
not contain the key residues which have previously been found to form the filament assembly
interface and no previous literature were also found to show any evidence of filament formation
in MtbIMPDH.
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Figure 2.5. Multiple sequence alignment of IMPDH sequences from various organisms. Sequences of
IMPDHSs from prokaryotes, eukaryotes and archaea were aligned using Clustal Omega (Sievers et al,
2011) and rendered using ESPript 3.0 (Robert & Gouet, 2014). The sequences show high conservation
(>70% consensus). The N-terminal tail has been highlighted in blue box with the critical residues marked
with blue stars. Residues from the catalytic cysteine loop are marked with a black box, phosphate-binding
loop in a black dashed box, finger loop in a green box, mobile flap loop in a purple box and C-terminal
loop in a yellow box.
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2.3.2. Transmission electron microscopy of IMPDH

Previous experiments in the laboratory had demonstrated that MjIMPDH shows behaviour similar
to its eukaryotic counterparts despite high sequence similarity to prokaryotic IMPDHSs (Prasoona,
2019). Most prokaryotic IMPDHs exist as tetramers, whereas MjIMPDH was found to form an
octamer (Prasoona, 2019). In addition, very preliminary experiments carried out using a FEI
Tecnai G2 microscope, at 120 kV suggested the possibility of assembly into filaments in the
presence of Mg-ATP (Bellur, 2022). To evaluate the reproducibility and conditions that mediate
filament formation, | undertook fresh studies using JEOL JEM 2100 Plus (200 kV) available in
the in-house imaging facility. The octamer fraction was examined in the presence and absence of
ATP and GTP. Grid preparation involved spotting samples on carbon-coated 200-mesh copper
grids, that were not glow-discharged. Following this, the sample was dried overnight in a
desiccator and imaged the next day. Despite multiple trials, all images acquired were of poor
quality. Problems encountered were beam-induced damage of the sample on the grid leaving very
few fields yielding good quality images. 6-7 attempts were made to acquire images on JEOL JEM
2100 Plus (200 kV) but we failed to obtain good quality images. Thereafter, we acquired images
on ThermoFischer Talos L120C transmission electron microscope at the Electron Microscope

Facility, Division of Biological Sciences, Indian Institute of Science.
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Figure 2.6. Gel filtration profile of MjIMPDH. The chromatogram shows a major peak which was
assigned to be higher order oligomers and a smaller fraction which corresponded to octamers
(highlighted in red box).

Previous experiments in the group had shown that MjIMPDH elutes out of a size-exclusion column

as two separate peaks as shown in Fig. 2.6. Both of the peaks show similar catalytic activity,
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however only one of them, the smaller peak, could be assigned the stoichiometry of an octamer
(Prasoona, 2019). It was with this fraction only, that crystallization was attempted as well (Bellur,
2022). Since the larger fraction could not be stoichiometrically characterized, it was assigned as
higher order oligomers (HOO) (Prasoona, 2019). All the TEM imaging has been done with the

octameric fraction only unless mentioned otherwise.
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Figure 2.7. Negative-staining transmission electron micrographs of IMPDH under various
conditions. A. Octamer; B. Stoichiometrically undefined higher order oligomer fraction; C. Octamer +
1 mM Mg-ATP; D. Octamer + 2 mM Mg-ATP; E. Octamer + 1 mM GTP; F. Octamer + 1mM NAD +
ImM IMP + 1mM Mg-ATP; G. Octamer + 1mM Mg-ATP + 1mM KCI; H. Octamer + 1 mM Na-ATP +
1 mM MgCI2; Scale bar 100 nm.

66



2.3. Results & Discussion

Upon performing transmission electron microscopy using ThermoFischer Talos L120C
transmission electron microscope with samples being air-dried for a brief time period after spotting
on glow-discharged grids, we could easily identify numerous distinct particles of uniform size in
all fields. However, upon addition of ATP, we do not see the octamers coming together to form
filamentous structures. Various conditions were tried (Table 2.1) to reproduce the previous
preliminary observation of filaments; however, none were observed (Fig. 2.6). Interestingly, upon
imaging the “higher order oligomer” fraction, no aggregate formation was noticed, instead well-
separated particles were observed to be distributed throughout the field. Moreover, the particles

seemed to have a different kind of shape and morphology than the octamers.

Table 2.1. List of conditions screened for negative-staining EM of MjIMPDH.

Sample Conditions Time period of incubation

No. (min.)

1 Octamer 0

2 Octamer + 1 mM Mg-ATP 30

3 Octamer + 2 mM Mg-ATP 30

4 Octamer + 1 mM GTP 30

5 Octamer + ImM NAD + ImM IMP + ImM Mg- 30
ATP

6 Octamer + ImM Mg-ATP + ImM KCI 30

7 Octamer + 1 mM Na-ATP + 1 mM MgCl, 30

8 Stoichiometrically undefined fraction 0

2.3.3. Image processing by reference free 2D classification

Negative-staining electron microscopy (EM) is a widely used technique in biological research to
obtain 2D images of macromolecules. However, this technique has certain limitations; in the
process of enhancing the contrast of the particles, it results in the loss of high-resolution
information. Nonetheless, information about the organization of the macromolecules can still be

obtained through clustering of similar particle images i.e., 2D average calculation. In this study, a
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reference-free 2D image classification algorithm was used to generate representative average

images for the dataset.

The data from the different ligand bound conditions were not taken for further analysis as they did
not show any significant differences in their morphology. Since, the “higher order oligomers”
appeared as distinct single similar-sized particles in the images, they were taken further for image
analysis and 2D classification with the aim of distinguishing the features of the octamers and
HOOs. Upon performing reference free 2D classification, we selected the best 25 classes for
octamers and 30 classes for the higher-order oligomers. Here we see a stark difference between
the two fractions as shown in Fig. 2.7. The overall shape and dimensions of the octamers varies
significantly from that of the higher-order oligomer fraction. The latter appear to have adapted a
more relaxed conformation with individual domains visible in some of the class averages, whereas
octamers show a compressed state. This shows that the previous assignment of “higher order
oligomers” to the fraction eluting first on size-exclusion chromatography was incorrect. The class
averages show them to be octamers in a relaxed state. This suggest that the difference in retention
times between the two fractions in a size exclusion column is not due to a change in their molecular
weight arising from the number of associating subunits , but rather due a change in the
hydrodynamic radius or Stokes radius of the octamer. Such phenomena have been previously
found to happen in Ca-binding calmodulins (Papish et al., 2002), cyclic nucleotide dependent
protein kinases (Francis et al., 1998), muscle pyruvate kinase (Heyduk et al., 1992), etc. Thus, our
previous annotation of the first SEC fraction as higher order oligomers needs amendment and
henceforth referred to as relaxed octamers. The two different states of the octamer may arise from
the binding of a metabolite whose identity is yet to be established. We have not yet examined
filament formation by the relaxed octamer upon binding nucleotides. Determining the structures
of the compressed and relaxed octamers by single particle cryo-EM would throw light on the

structural transitions that lead to the two conformational states.
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Figure 2.8. Class averages of (A) stoichiometrically undetermined higher-order oligomer fraction,
and (B) octamer fraction.
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2.4. Summary

Despite a plethora of work on IMPDHs from different organisms, no archaeal IMPDH has been
biochemically and structurally characterized till date. Previous work from our group had showed
critical biochemical features of MjIMPDH and also determined the crystal structure of the catalytic
domain. However, since the modulatory aspect of the enzyme is mostly due to the flexible CBS
domain, it is important to understand its role in allosteric regulation of the enzyme. Previous work
in the laboratory had found preliminary evidence of MjIMPDH forming filament like structures,
as seen in IMPDHs of eukaryotic origin. However, upon further detailed investigation, we found
that under the various conditions tried with the octamer fraction, filament formation could not be
observed. This could be due to the absence of the N-terminal extension that has been shown to
play a role in filament assembly in IMPDHSs of eukaryotic origin. MjIMPDH lacks the N-terminal
extension and hence possibly the inability to form filaments. However, we found out that the
fraction previously designated “higher order oligomer” fraction is composed of only octamers but
with a very different overall shape and morphology. The fast eluting oligomers were found to exist
in a relaxed state compared to slow eluting octamers, Hence, it can be proposed that MjIMPDH
adapts two completely different states which have different hydrodynamic or Stokes radii. This
leads to the difference in migration in a gel filtration column, which shows up as two peaks on the

chromatogram. Our hypothesis needs structural validation using single particle cryo-EM.

70



2.5. Future directions

2.5. Future directions

The question of how MjIMPDH shows high similarity to its eukaryotic counterparts instead of
prokaryotic IMPDHS despite high sequence similarity still remains an enigma. To understand this
unique nucleotide-mediated regulation of the enzyme, it has to be studied in a far greater detail.
The number of nucleotide binding sites in the CBS domain and the presence or absence of a non-
canonical nucleotide binding site have to be investigated. Moreover, the relaxed octamers have not
been studied as extensively as the octamers in the laboratory till now. Their characterization can
also help in understanding this unique phenomenon. The major goal for the project now will be
the structural characterization of the enzyme through cryo-electron microscopy. Determination of
the structure of the enzyme will help us elucidate some of the questions posed by kinetic studies,

X-ray crystallography and TEM imaging.
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isotopic distribution. B. Isotopic distribution in the central peak
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Table Al. Mass difference in peaks with no isotopic distribution.

m/z Charge | Experimental | Theoretical mass Mass Assigned
state mass (Da) (Da) difference (Da) species
(Mg) (M) AM = M- Mt
3175.13492 18 57152.43 57063.29 89.13856 L-TTDof
(L-TTDof)
3361.82052 17 57150.95 57063.29 87.65884 L-TTDof
(L-TTDap)
3571.86244 16 57149.8 57063.29 86.50904 L-TTDof
(L-TTDap)
3814.04834 15 57210.73 57063.29 147.4351 L-TTDof
(L-TTDop)
4411.08844 26 114688.3 114716.7 -28.3806 2 x (L-TTDap
2 x (L-TTDof + 3Fe-4S)
+ 3Fe-4S)
4588.03804 25 114701 114716.7 -15.729 2 x (L-TTDap
2 x (L-TTDop + 3Fe-45)
+ 3Fe-45)
4783.94261 24 114814.6 114716.7 97.94264 2 x (L-TTDop
2 x (L-TTDop + 3Fe-45)
+ 3Fe-4S)
4989.83689 23 114766.2 114716.7 49.56847 2 x (L-TTDop
2 x (L-TTDop + 3Fe-4S)
+ 3Fe-4S)
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Figure A.2. & A.3. Replicates of incubation of reconstituted L-TTD in air as shown in Fig. 1.11
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Figure A.4. & A.5. Replicates of incubation of reconstituted L-TTD in air in presence of MSA as shown in Fig. 1.12
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