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Abstract of Thesis

The plant mitochondrial electron transport chain possesses two terminal oxidases,
cytochrome oxidase (COX) and alternative oxidase (AOX) pathways for the reduction of
molecular oxygen into water. The COX and AOX pathways are known to bifurcate at
ubiquinone. The AOX pathway is identified in all plants, fungi, some protists, and a few
animal and bacterial species but is absent in mammals, and this pathway is not linked to ATP
generation. Though the AOX pathway was initially thought to be an energy-wasteful process,
several studies from the past three decades revealed its importance in regulating cellular
redox, ROS and metabolic homeostasis under various biotic and abiotic stresses.

The alternative oxidaselA (AOX1A) from Arabidopsis thaliana is the most important
among hundreds of known stress-responsive genes of plant mitochondria. Arabidopsis
thaliana AOX1A is present in the mitochondrial inner membrane towards the matrix side.
Despite its important role in cellular redox and metabolic homeostasis, the mechanism of its
interaction with different metabolites is poorly understood due to the difficulty in acquiring it
in a pure and highly active form of protein from plant sources.

Therefore, in the present study, the AtAOX1A from Arabidopsis thaliana is cloned
into a pET28a vector and induced its expression in E. coli using IPTG. The expressed protein
is functionally active in E. coli, which is evident by KCN (inhibitor of COX pathway)
resistance and salicylhydroxamic acid (SHAM) and n-propyl gallate (n-PG) [inhibitors of
AOX pathway] sensitive respiration and growth. Later, the rAtAOX1A is purified in its
active form from E. coli membranes by solubilizing in DDM and passing through a cobalt
affinity column. The purified rAtAOX1A has shown stability in its structure to a wide range

of temperature and pH conditions.



In the literature, it has been reported that AOX isoforms are posttranslationally
activated by different TCA cycle metabolites in an isoform-specific manner. Therefore, we
made an attempt to examine the molecular interaction of purified rAtAOX1A with its
activator (pyruvate), TCA cycle, and redox metabolites by employing techniques such as
surface plasmon resonance (SPR), CD, and fluorescence spectroscopy. In addition, molecular
docking was performed to identify the binding pocket, while point mutational docking
studies revealed potent residues involved in the binding with its inhibitors/metabolites.
Overall, the strategy gave us an understanding of different inhibitor and metabolite

interactions with rAtAOX1A and associated conformational changes.



Chapter 1

Introduction and review of literature



Introduction and Review of Literature

Mitochondrial respiration is the fundamental physiological process that occurs in every living
cell. All eukaryotes contain mitochondria, an important cellular organelle to generate readily
utilizable energy in the form of adenosine triphosphate (ATP) through the process of aerobic
respiration, which occurs in three steps: (i) glycolysis; (ii) citric acid cycle and (iii) oxidative
phosphorylation. Glycolysis takes place in the cytoplasm, where glucose is broken down into
two molecules of pyruvate and during this process, ATP and NADH are generated. The
pyruvate produced during glycolysis is converted to acetyl-CoA by the action of pyruvate
dehydrogenase in the mitochondria, and it enters into the tricarboxylic acid (TCA)/Krebs
cycle, which operates in the mitochondrial matrix. The operation of the TCA cycle generates
reduced cofactors such as NADH and FADH,. The reduced cofactors generated during
glycolysis and the TCA cycle are, in turn, oxidized by the mitochondrial electron transport

chain (MIETC) (Millar et al., 2011; Meyer et al., 2019).

The miETC, which is present in the inner mitochondrial membrane (IMM), is the hub
for different protein complexes. The electrons generated by the oxidation of NADH and
FADH, are passed through different protein complexes (I to IV complexes) in miETC and
finally transferred to molecular oxygen, during which a proton gradient is generated across
the IMM. The energy stored in the proton gradient is utilized for the phosphorylation of ADP
to ATP by ATP synthase (complex V). Thus, the ATP generated through aerobic respiration
is utilized by the cell for various cellular functions (Braun, 2020; Meyer et al., 2022).
Although the electron transport through complex | to IV operated in eukaryotes is energy-

conserving, there are several other energy/non-energy conserving alternative electron



transport pathways identified in some bacteria, protists, fungi, plants and a few animals
(Siedow and Umbach, 2000; Vanlerberghe and Ordog, 2002; Millenaar and Lambers, 2003;

Rasmusson et al., 2004).
Structure of mIETC in higher plants

The plant miIETC possesses a classical miETC, which consists of four protein complexes
(Complexes I, 11, 111 and 1V). The protein complex | (NADH dehydrogenase) and complex 11
(succinate dehydrogenase) accept electrons from NADH and succinate, respectively, and
transfer them to ubiquinone (UQ). The UQ is a lipid-soluble electron carrier and delivers
electrons to complex 111 (cytochrome c reductase). Complex 111 then passes the electrons to a
small protein, ‘cytochrome c’, a water-soluble electron carrier. The cytochrome c carries
electrons to complex IV (cytochrome c¢ oxidase), which reduces oxygen to water. The
pathway for the transport of electrons from UQ to complex Il and complex IV, which is
sensitive to antimycin A (AA) and cyanide, respectively, is broadly called as cytochrome

oxidase (COX) pathway (Fig. 1.1) (Millar et al., 2004, 2011).

Along with the COX pathway, there are three different types of alternative electron
transport pathways in plant mitochondria and they are operated by (a) Type 1l NAD(P)H
dehydrogenases, (b) Alternative oxidase (AOX), and (c) Uncoupling proteins (UCPS)
(Fig.1.1). Type-1l NAD(P)H dehydrogenases, which are located on both sides of IMM,
bypasses electron transport from complex I and they are insensitive to rotenone and regulated
by cytosolic Ca®* levels. Many bacteria, protists and fungi also contain these type—II

dehydrogenases (Friedrich et al., 1995; Kerscher, 2000; Joseph-Horne et al., 2001; Mgller,
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Fig. 1.1. Diagrammatic representation of miETC of higher plants. The mitochondrial inner
membrane of higher plants is the site for the ETC, which consists of different protein
complexes (complex I, Il, 111 and V), ubiquinone (UQ) and cytochrome ¢ (Cyt ¢). Complex
V produces ATP by utilizing the proton motive force generated by Complexes I, 111, and IV.
The alternative electron transport pathways include internal and external NAD(P)H
dehydrogenases, alternative oxidase (AOX), and uncoupling proteins (UCPs). The inhibitors
of the AOX and cytochrome oxidase (COX) pathways were shown below each pathway. The
alternative route of electron transport is indicated with blue color arrows. Abbreviations:

SHAM- salicylhydroxamic acid, KCN- Potassium cyanide.



2001; Melo et al., 2004; Rasmusson et al., 2004). The activity of external NADH
dehydrogenases is up regulated in response to any increase in cytosolic NADH concentration

to balance the cellular redox state (Escobar et al., 2006; Fedotova et al., 2023).

The UCPs, which are located on the IMM of plants, are encoded by multiple genes
and they show differential expression patterns in different tissues and organs. The UCPs are
involved in proton conductance across the IMM and dissipate the proton motive force (PMF)
in response to increased reactive oxygen species (ROS) and free fatty acids. Overall, though
the activity of UCPs seems to reduce the generation of ATP, nevertheless, it helps in
minimizing the ROS production in mitochondria under stress conditions (Vercesi et al., 2006;
Barreto et al., 2020). In plants, protists, fungi, a few bacteria and some animal species, an
additional electron transport pathway is operated between UQ and molecular O, and this
pathway is catalyzed by an enzyme AOX. Also, this pathway is insensitive to cyanide, hence
called as cyanide-resistant AOX pathway (Rich and Moore, 1976; Vanlerberghe and
Mclintosh, 1997; McDonald et al., 2009; Dunn, 2023). The AOX pathway is specifically
inhibited by n-propyl gallate (n-PG), ascofuranone, and hydroxamic acids such as

salicylhydroxamic acid (SHAM) (Hoefnagel et al., 1995; Kido et al., 2010).

Alternative oxidase pathway (AOX Pathway)

The AOX pathway was first identified in the floral tissues of the thermogenic plant Araceae.
The electron transport through the AOX pathway of mitochondrial respiration causes a high
rate of electron flux in thermogenic plants, which generates heat that is equivalent to as much
as a rise in temperature by approximately 25°C. As a result, some organic compounds that are

present in the spadix of thermogenic plants are known to get volatilized to attract insect



pollinators (Meeuse and Buggeln, 1969; Meeuse, 1975). The operation of the AOX pathway
reduces electron flow through complexes Il and IV, which in turn dramatically decreases the
synthesis of ATP. Thus, once upon a time, operation of the AOX pathway was thought to be
an energy-wasteful process, but now it is well understood that the AOX pathway plays an
important role in energy homeostasis and cellular metabolism besides participating in
thermogenesis (Strodtkotter et al., 2009; Moore et al., 2013; Vanlerberghe, 2013;

Vishwakarma et al., 2015; Dahal and Vanlerberghe, 2017; Florez-Sarasa et al., 2020).

Under normal physiological conditions, little or sometimes no AOX pathway activity
was observed in plants. However, on exposure of plants to any stress that is associated with
disturbance in cellular redox/carbon status, NAD(P)H supply greatly increased the AOX
pathway activity, indicating that the expression of AOX occurs in response to various signals
(Vanlerberghe, 2013; Chadee et al., 2022). The AOX pathway is known to play a vital role in
regulating the cellular redox balance whenever the cytochrome pathway is over-reduced or
chemically inhibited and during the exposure of plants to abiotic stresses, such as high light,
drought, temperature, UV-B stress, and high levels of greenhouse gasses (Berthold et al.,
2000; Moore et al., 2002, 2013; Giraud et al., 2008; Vanlerberghe, 2013; Vishwakarma et al.,
2014, 2015; Dahal and Vanlerberghe, 2017; Florez-Sarasa et al., 2020; Garmash et al., 2020).
Besides, the AOX pathway is known to benefit plants by lowering ROS production, either by
keeping miETC components upstream of the ubiquinone pool in a more oxidized state or
preventing over-reduction of the COX pathway during stress conditions (Maxwell et al.,
1999; Vishwakarma et al., 2015). In addition, the role of the AOX pathway in optimizing
photosynthesis is well accepted not only under normal environmental conditions but also

under various stress conditions. Also, the AOX pathway is known to operate at much higher



levels than the conventional COX pathway under stress conditions (Padmasree and
Raghavendra, 1999a; Yoshida et al., 2006; Strodtkotter et al., 2009; Dinakar et al., 2010a,b;

Zhang et al., 2012, 2016; Vishwakarma et al., 2014, 2015).

Structure of AOX

The AOX basically exists in two states (i) monomeric and (ii) dimeric forms. In fungi like
Neurospora crassa and Pichia stipitis, it exists as a monomer (Siedow and Umbach, 2000),
but in plants and parasite like Trypanosoma brucei, it exist as a homodimer (Umbach and
Siedow 1993; Vanlerberghe et al., 1995; Umbach et al., 2002; McDonald, 2008; Moore et al.,
2013; Shiba et al., 2013). The AOX from fungal and protists is generally activated by
adenosine diphosphate (ADP), adenosine monophosphate (AMP) and guanosine
monophosphate (GMP) (Jarmuszkiewicz et al., 2005; Barsottini et al., 2020). In contrast,
AOX from the plant is activated by different organic acids (Millar et al., 1993; Umbach et al.,
2002; Moore et al., 2013; Selinski et al., 2018a; Xu et al., 2021). Though AOX from different
organisms has conserved active enzymatic sites, the mechanism of activation is found to be

different (Moore et al., 2013; May et al., 2017; Xu et al., 2021).

The structural studies on the plant and trypanosomal AOX (TAO) revealed that it
possessed a non-heme diiron carboxylate active site (Berthold et al., 2001, 2002; Affourtit et
al., 2002; Moore and Albury, 2008; Moore et al., 2008, 2013; Albury et al., 2009; Maréchal
et al., 2009). Besides, the studies on the crystal structure of TAO revealed that it exists as a
homodimer and each monomer consists of a four-helix bundle (02, a3, a5, and a6) ligated to
a diiron core by highly conserved four glutamate residues (E123, E162, E213, and E266) and

two histidine residues (H165 and H269). Overall, in each monomer, there are six long and



four short a-helices, along with two hydrophobic cavities in TAO. The al and 04 helices of
TAO contained large hydrophobic regions that are involved in membrane binding.
Furthermore, the binding of ubiquinol (UQH,) to Tyr220 of TAO leads to the catalysis of O,

reduction (Moore et al., 2013; Shiba et al., 2013; May et al., 2017).

Further, the studies of Elliott et al. (2014) revealed the secondary structure of a
recombinant AOX in the thermogenic plant Sauromatum guttatum (rSgAOX). However,
such a secondary structure is not yet unveiled for AOX from non-thermogenic plants. Also,
despite the identification of several inhibitors and activators, the information on how these

molecules interact with AOX is not yet known (Xu et al., 2021).

Mechanism of reduction of O, to H,O by AOX

The AOX from different organisms varied in their catalytic activity. For example, the
purified rAOX from Trypanosoma brucei has shown more UQH, oxidase activity compared
to the purified rAOX from S. guttatum and A. thaliana (Kido et al., 2010; Elliott et al., 2014;
Xu et al., 2021; Sankar et al., 2022). This variation in the activity of AOX from different
sources could be due to their origin and variability in the polar residues surrounding the
hydrophobic cavity of the quinol binding site, which in turn might change the size of the
cavity. This, in turn, may lead to differences in the strength of attraction of quinol into the
active site and, thereby, affect the activity of AOX enzyme (May et al., 2017; Xu et al.,

2021).

During the AOX activity, oxygen binds to the active diiron center of the enzyme (Fig.

1.2). This binding will lead to the formation of two short-lived intermediates (superoxo and
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Fig. 1.2. Diagrammatic representation of AOX redox cycle, which involves the conversion of

0, to 2H,0. Different reactions are involved in this process; reaction 1: oxygen binds to the
active diiron center of the enzyme, which leads to the formation of superoxo intermediate;
Reaction 2: reduction of superoxo intermediate by UQH; forms Hydroperoxo intermediate;
Reaction 3: formation of peroxodiiron species by losing water; Reaction 4: formation of an
oxodiiron species by oxidation of Tyrosyl residue which in turn is reduced by
semiubiquinone formed in reaction 2; Reaction 5: reduction of oxodiiron species with the
second UQH, and this reaction generates an active diiron state by losing one water molecule.
Overall, AOX catalyzes the reduction of one O, molecule to two water molecules (adapted
from Moore et al., 2013).



hydroperoxo intermediates). The superoxo species, which is initially formed by the binding
of O, to the diiron center, receives a proton and an electron from ubiquinol and gets reduced
immediately to form a hydroperoxo intermediate, while semiubiquinone is formed in this
process (reactions 1 and 2) (Shan and Que, 2005; Friedle et al., 2010; Moore et al., 2013).
Further, peroxodiiron species is formed from the hydroperoxo intermediate by losing a water
molecule (reaction 3). In the next step, peroxodiiron species take an electron and a proton
from Tyr-220 and cause homolytic cleavage of the O-O bond and forms an oxodiiron species
(reaction 4). During this process, tyrosyl radical is generated and ubisemiquinone which is
formed in reaction 2, helps in the re-reduction of tyrosyl radicle. The second UQH, then
reduces the oxodiiron species and generates an active diiron state by losing one water

molecule (reaction 5) (Moore et al., 2013).

Structure of AOX Gene

Mitochondrial AOX is encoded by nuclear genes. In many plants, it is known to exist as a
multi-gene family. In the case of A. thaliana, mitochondrial AOX is encoded by two different
nuclear gene subfamilies, namely AOX1 and AOX2 (Whelan et al., 1996; Saisho et al., 1997;
Clifton et al., 2006; Millar et al.,, 2011). The AOX1 gene subfamilies (AOX1A-D) are
expressed in both monocot and dicot plants, and these gene groups show stress-responsive
expression. Contrarily, AOX2 is expressed constitutively and it has no other isoforms
(Considine et al., 2002; Clifton et al., 2005; Borecky et al., 2006; Clifton et al., 2006).
However, each isoform of AOX genes is expressed differently under various stress
conditions and their expression patterns also vary both spatially and temporally. For example,
in A. thaliana, AOX1A is well-known as the most stress-responsive gene among the AOX

isoforms. The isoforms AOX1A and AOX1C expression is identified in rosettes, stems, buds,

10



flowers, and roots, whereas AOX1B is detected in buds and flowers. AOX2 is found in roots,
stems and rosettes. Further, gene expression analysis of A. thaliana by using microarray gene
chip data indicated that different AOX genes are expressed in almost all developmental

stages (Saisho et al., 1997; Clifton et al., 2006).

Retrograde and transcriptional regulation of AOX gene expression

The regulation of nuclear gene expression by the signals received from cellular organelles
such as chloroplast and mitochondria is known as retrograde regulation. AOX, which is
encoded by a nuclear gene, is a well-known model for retrograde regulation. In plants,
mitochondria are the major targets and source of ROS generation in response to different
stresses and metabolic disturbances. The ROS generated by miETC under stress conditions
acts as a signaling molecule for the AOX gene expression (Gray et al., 2004; Vanlerberghe,
2013; Ng et al., 2014). Further, the mitochondria-localized RRL (Retarded Root Growth-
Like) protein of A. thaliana is also known to play a crucial role in Abscisic acid (ABA)
signaling of AOX gene expression (Bartoli et al., 2004; Fujita et al., 2006; Gechev et al.,

2006; Giraud et al., 2008; Yao et al., 2015; Qiao et al., 2023).

The expression of AtAOX1A is regulated by different retrograde signaling described
above as well as transcription factors such as (i) Abscisic acid insensitive4 (ABI14): The
ABI4 represses the constitutive expression of AOX by binding to the B element of its
promoter under normal conditions. Under stress conditions, ABA binds to ABI4 and allows
the expression of AOX (Giraud et al., 2009); (ii) Cyclin-dependent kinase E1 (CDKE1): The
CDKEL is involved in cell division or elongation by integrating environmental signals with

cellular responses. Moreover, it senses certain transcription factors that are induced during
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different stresses and actively binds to the promoter and RNA polymerase II. This will help
plants to switch between stress responses and their growth under different environmental
conditions. Further, CDKEL1 is crucial for H,O, and cold stress responses via anterograde
pathways. The CDKE1 also integrates the retrograde signals for AOX expression under
various stress conditions (Ng et al., 2013; Wang et al., 2018); (iii) WRKY transcription
factors: The WRKY transcription factors are involved in regulating stress responses. They
belong to the plant-specific class of proteins that consists of at least one highly conserved
sequence WRKY along with an additional zinc finger motif. The WRKY transcription
factors are majorly involved in biotic stresses and also play an important role in plant
immunity under microbe or pathogen-triggered responses. In A. thaliana, around 72 types of
WRKY genes were identified (Rushton et al., 1996; Eulgem and Somssich, 2007; Rushton et
al., 2010; Van Aken et al., 2013). The binding sites (W-Boxes) for WRKY transcription
factors are present in the promoter of the stress-responsive genes. In the case of AtAOX1A,
these transcription factors can directly bind to the promoter and act as both activators and
repressors (Rushton et al., 1995; Van Aken et al., 2009; Wang et al., 2018); (iV) Arabidopsis
NAC domain-containing proteinl7 (ANACO017): The ROS generated under stress conditions
activates the transcription factor ‘ANACO017° of AOX1A. The ANACO017 directly interacts
with AOX1A and initiates its expression. This is an example of retrograde signaling of ROS

to activate AOX expression (Ng et al., 2013; Vanlerberghe et al., 2020).

Posttranslational regulation of AOX

AOX activity remains low in the cell under normal physiological conditions. An increase in
activity is often related to high electron flux in mitochondria and the accumulation of TCA-

cycle intermediates (Noguchi et al., 2005; Ribas-Carbo et al., 2005). AOX in plant
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mitochondria exists as a homodimer, where the monomers of each homodimer are linked
with a disulfide bridge. At the N-terminal region of plant AOX isoforms, two highly
conserved cysteine residues (Cysl and Cysll) were localized. These residues were known to

play an important role in the posttranslational regulation of AOX (Umbach et al., 2006).

Cysl is mainly involved in disulfide bond formation to interact with the adjacent
monomeric subunit of the AOX homodimer. Thus, redox-active Cysl plays an important role
in the formation of AOX homodimer. The disulfide bridged AOX homodimer is in an
oxidized inactive state. Several reports on the activation of AOX have suggested that the
thioredoxin (Trx) system and Glutaredoxins of mitochondria are involved in the
posttranslational regulation of AOX by providing reducing equivalents for the reduction of
the disulfide bond, which leads to the formation of reduced active AOX with sulfhydryl
group (Rietsch and Beckwith, 1998; Wheeler and Grant, 2004; Herrero et al., 2008). Apart
from disulfide bridge formation, Cysl also plays a key role in AOX activation by a-keto
acids such as pyruvate (Millar et al., 1993; Umbach and Siedow, 1993, 1996; Day et al.,
1995; Rhoads et al., 1998). Besides, the second conserved cysteine residue (Cysll) is known
to act as a target for small a-keto acids, such as glyoxylate (Fig. 1.3) (Rhoads et al., 1998;

Siedow and Umbach, 2000; Umbach and Siedow, 2006).

The physiological role of AOX1A in alleviating cellular ROS

The AOX pathway facilitates to bypass electrons from conventional miETC and restricts the
generation of ROS from complex | and Il (major sources for the generation of ROS in

mitochondria) under over-reduced/stress conditions, thereby protecting the cells from
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damage by ROS and allowing the normal functioning of miETC and maintenance of cellular
metabolism (Purvis, 1997; Mgller, 2001; Finnegan et al., 2003; Millenaar and Lambers,
2003; Murphy, 2009; Vanlerberghe et al., 2009; Del-Saz et al., 2018). Along with ROS,
reactive nitrogen species (RNS) are also generated in mitochondria. The single electrons that
are leaked from ETC react with NO, and form nitric oxide (NO). The AOX is also known to
play a crucial role in reducing RNS levels in mitochondria (Planchet et al., 2005; Gupta et al.,

2011, 2012; Cvetkovska and Vanlerberghe, 2012, 2013).

In Arabidopsis, AOX1A is highly induced under different developmental stages as
well as under various stress conditions as compared to the other AOX genes, indicating its
primary role in stress response. The studies on AOX1A-deficient mutants have shown an
increase in ROS generation under different stress conditions in the leaf tissue of A. thaliana
(Saisho et al., 1997; Clifton et al., 2006; Giraud et al., 2008; Ho et al., 2008; Strodtkotter et
al., 2009; Vishwakarma et al., 2015). In AOX1A deficient A. thaliana, restriction of the COX
pathway with antimycin A caused an increase in ROS generation, which in turn caused
adverse effects such as apoptosis in the plants (Strodtkdtter et al., 2009; Voss et al., 2013;
Vishwakarma et al., 2015). Under aluminum phytotoxic conditions, AtAOX1A protected
plants from programmed cell death (PCD) by reducing the production of ROS (Liu et al.,
2014). Besides, AOX1A over-expressing lines of A. thaliana have shown shoot
acclimatization and reduced ROS production under low-temperature treatment. Also, the
plants deficient in AOX1A showed acute sensitivity to light, drought, salinity and AA
treatment than WT plants (Giraud et al., 2008; Xu et al., 2023). In contrast, overexpression of
AtAOX1A induced tolerance to salt (Smith et al., 2009) and hypoxia (Vishwakarma et al.,

2018).
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The plants lacking AOX were found to be more vulnerable to bacterial pathogens,
sucking insects and chewing herbivores as compared to WT plants (Zhang et al., 2012).
Furthermore, infection with pathogens caused an increase in AOX transcript as well as
protein levels, thereby, AOX respiration in plants, substantiating the importance of AOX in
biotic stress tolerance (Liao et al., 2012, 2021; Zhu et al., 2015). Further, as compared to WT
Arabidopsis plants, AOX1A over-expressing lines have shown increased rates of Asc levels
(Bartoli et al., 2006). The expression of AOX1A is regulated by different mitochondrial
retrograde signals under different stress conditions (Rhoads and Subbaiah, 2007; Suzuki et

al., 2012).

The important role of AOX in metabolite homeostasis under stress

Under stress conditions, the matrix NADH is found to be high due to the over-reduction of
the miETC and it could have a negative feedback effect on the operation of the TCA cycle
leading to the accumulation of various organic acid(s), which in turn inhibit different TCA
cycle dehydrogenases (Pascal et al., 1990; Tovar-Méndez et al., 2003). When plants
experience this situation, the AOX pathway plays a very important role in preventing the
over-reduction of the COX pathway by accepting the electrons from the ubiquinol (UQ) pool
and thereby reducing the formation of ROS. Plants are frequently exposed to different abiotic
and biotic stresses due to their immovable nature. Particularly during environmental stress
conditions, optimizing energy metabolism is essential and is managed by coordination
between the chloroplast and mitochondria (Raghavendra and Padmasree, 2003; Vanlerberghe
et al., 2016; He et al., 2023). The increase in the malate/OAA redox ratio in the matrix leads
to the activation of the AOX pathway. Thus, the AOX pathway plays a vital role in the

maintenance of the COX pathway by which oxidation of malate and regeneration of OAA
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occurs, and this will help in maintaining the oxidized state of ETC carriers of chloroplast and
allows optimal photosynthesis (Raghavendra et al., 1994; Padmasree and Raghavendra,

1999b; Raghavendra and Padmasree, 2003; Alber and Vanlerberghe, 2021).

The induction of AOX expression in response to a particular metabolite level was
reported earlier, and the level of the metabolite gives key information about the
mitochondrial condition. These metabolite levels are very dynamic and their levels may
increase or decrease with different stress conditions. For example, the levels of the first TCA
cycle metabolite citrate, which acts as a signaling metabolite for the activation of the AOX
pathway (Vanlerberghe and Mclntosh, 1996), is increased under oxidative stress induced by
chlorinated organophosphate esters in Triticum aestivum and upon treatment with methyl
viologen in A. thaliana (Liu et al., 2020; Sipari et al., 2020) and its level is decreased with
menadione treatment in suspension cells of Oryza sativa and H,O, treatment in heterotrophic

cells of Arabidopsis (Ishikawa et al., 2010; Chen et al., 2015).

Besides, the second TCA cycle metabolite 2-oxo-glutarate/a-keto glutarate (a-KG) is
another activator of AtAOX1A (Selinski et al., 2018a, Xu et al., 2021) and its level is known
to vary under different stress conditions (Fig. 1.4). The o-KG level decreased with
menadione treatment (Oryza sativa suspension cells and A. thaliana roots) methyl viologen
treatment (A. thaliana) (Ishikawa et al., 2010; Lehmann et al., 2012; Sipari et al., 2020).
Further, the levels of succinate increased under menadione treatment (suspension cells of
Oryza sativa) and H,0O, treatment (heterotrophic cells of Arabidopsis) (Ishikawa et al., 2010;
Chen et al., 2015) and decreased with menadione treatment (heterotrophic Arabidopsis cell,

and A. thaliana roots) and methyl viologen (A. thaliana) (Baxter et al., 2007; Lehmann et al.,
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2009; Lehmann et al., 2012; Sipari et al., 2020). Also, the fumarate and malate levels
decreased upon treatment with menadione and methyl viologen (Baxter et al., 2007; Ishikawa
et al., 2010; Lehmann et al., 2009; Chen et al., 2015; Lehmann et al., 2012; Sipari et al.,
2020). However, the malate levels increased oxidative stress induced by chlorinated
organophosphate esters and C60 aggregates-induced stress (Du et al., 2017; Liu et al., 2020).
In normal plant cells, the levels of malate are higher (60—200 fold) when compared with the
levels of OAA. Under light treatment for 10 min, there was a significant increase in malate
level (68-77% than the control), and there was a 60% decrease in the OAA levels compared
to the control (Padmasree and Raghavendra, 1999b). OAA is also a known activator of
AOX1A. Moreover, the metabolites pyruvate and glyoxylate are the well-known key

activators of AtAOX1A isoform (Fig. 1.4) (Selinski et al., 2018a; Xu et al., 2021).
Importance of AOX in cellular redox homeostasis

In plants, AOX plays a significant role in cellular redox homeostasis by removing the excess,
reducing equivalents and optimizing photosynthesis under oxidative stress. For e.g., a
significant increase in the ratio of NADH to NAD" and NADH pool (total amount of NADH)
in aoxla mutant was observed upon treatment with AA when compared with the wild-type
plants indicating that AOX is important in maintaining the NADH/NAD" ratio, thereby

cellular redox levels in the cell (Vishwakarma et al., 2015; Dinakar et al., 2016).

In the plant mitochondria, the well-known mechanism that suppresses excessive ROS
is as follows: The superoxide radicals formed in the mitochondria are converted into H,0,
and molecular oxygen by the action of the enzyme called Mn superoxide dismutase

(MnSOD). This hydrogen peroxide is neutralized by GPX and ascorbate peroxidase (APX)
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(Chew et al., 2003; Navrot et al., 2007). Along with this system, alternative NAD(P)H
dehydrogenases (NDs) and AOX play an important role in decreasing ROS production (Van
Aken et al., 2009). The A. thaliana AOX mutant and tobacco suspension cells, which lack
AOX, are highly sensitive to high light along with drought and programmed cell death
(Robson and Vanlerberghe, 2002; Giraud et al., 2008). Though there are several antioxidant
enzymes present in plants, the major benefit of AOX in plants is that it senses a variety of
stress signals from different stress conditions and lowers the ROS formation by its activity,
which brings metabolic homeostasis and allows normal functioning of ETC, and act as a

gauge for programmed cell death (Van Aken et al., 2009).

A reducing environment is essential for the survival of different types of cells and
tissues and it is maintained by the coordinated action of various redox metabolite couples
such as reduced and oxidized forms of glutathione (GSH-GSSG), ascorbate and
dehydroascorbate (AsA-DHA), NAD-NADH and NADP-NADPH (Schafer and Buettner,
2001; 2003). However, the major soluble redox metabolites present in the cells are NAD,
NADP, GSH and Asc. These metabolites can act either as independent antioxidant molecules
or as a part of redox couple (Noctor, 2006). In plant cells, the various redox couples function
not only to equilibrate the redox potential but also to transfer reducing equivalents between
cell compartments supporting various metabolic processes such as photosynthesis and

respiration (Raghavendra and Padmasree, 2003; Taniguchi and Miyake, 2012; Shiba, 2019).

Among the redox couples, GSH-GSSG is most abundant in a cell and serves to
maintain the thiol redox balance in the cytosol as well as in mitochondria (Noctor and Foyer,
1998). In mitochondria, GSH serves as an electron donor for GSH-dependent peroxidases to

remove hydroperoxide generated as a by-product in the process of electron transfer to oxygen
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(Netto et al., 2002). Besides, Asc is an important antioxidant molecule present abundantly in
subcellular compartments of all plants and it plays a crucial role in H,O, detoxification under

stress conditions (Smirnoff, 1996; Smirnoff and Wheeler, 2000).

It is well known that the metabolites Asc, GSH and NADPH act as important
cofactors for the various enzymes involved in the ascorbate-glutathione cycle. Asc is an
important cofactor for ascorbate peroxidase, which is involved in the removal of H,O,. In
this cycle, monodehydroascorbate (MDHA) and dehydroascorbic acid (DHA) are formed,
and a series of reactions occur to recycle the AsA from the MDHA and DHA. Further, the
enzyme glutathione reductase reduces GSSG to GSH using NAD(P)H as a co-factor in this

cycle (Vanlerberghe et al., 1995; Xiao et al., 2018).

In higher plants, the oxidation of organic acids in the TCA cycle is associated with
the reduction of redox metabolite NAD (Noctor, 2006; Igamberdiev and Bykova, 2018;
Magller et al., 2020). Besides, the levels of NAD(P) and NAD(P)H are found to be important
for the maintenance of cellular redox balance (Mgller et al., 2020) since any disproportion in
their levels are known to cause different pathological conditions in animals (Ying, 2008;
Xiao et al., 2018). Further, in plants, NAD(P)H play a role in the reduction of disulfide bonds
present in the homodimer of mitochondrial alternative oxidase (AOX) through the
thioredoxin system (Marti et al., 2020; Magller et al., 2020). Also, close coordination between
AOX and various redox couples like Asc-DHA, GSH-GSSG, NAD-NADH and NADP-
NADPH to maintain cellular redox balance in light and under various abiotic stress
conditions was revealed in mesophyll cell protoplast of pea and leaf discs of A. thaliana
deficit in AOX (Dinakar et al., 2010a, 2016; Vishwakarma et al., 2014, 2015). Further,

higher rates of Asc production were observed in AOX1A overexpressed Arabidopsis plants
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when compared with the wild-type (WT) plants under high light conditions (Bartoli et al.,

2006; Vishwakarma et al., 2014, 2015).

The present study aimed to acquire an adequate amount of AtAOX1A pure protein by
expressing it in a routinely used laboratory strain [BL21(DE3)] of E. coli and understand its
secondary structure and stability toward temperature and pH. Also, the present study intends
to examine the interaction of AtAOX1A with well-known inhibitors [salicylhydroxamic acid
(SHAM) and n-propyl gallate (n-PG)], activator (pyruvate), TCA cycle metabolites (citrate,
a-KG, succinate, fumaric acid, malic acid and OAA) and redox metabolites (GSH, GSSG,
AsA, DHA, NAD, NADH, NADP and NADPH) under in vitro conditions by employing
surface plasmon resonance (SPR), circular dichroism (CD), fluorescence spectroscopy and

molecular docking studies.
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Chapter 2

Scope, Rationale, Objectives
and Design of the Study
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Scope of the present Study

The conventional cyanide-sensitive cytochrome oxidase (COX) pathway is found in the
mitochondria of all eukaryotes. In addition to this, an alternative oxidase (AOX) pathway
that is insensitive to cyanide is found in plants, fungi, some protists, a few bacteria and some
animal species. The AOX pathway bifurcates from the COX pathway at ubiquinone
(Vanlerberghe and Mclintosh, 1997; McDonald et al., 2009; Dunn, 2023). The AOX pathway
was identified during the thermogenic respiration studies on Arum lilies (Meeuse, 1975).
AOX is a membrane-bound ubiquinol oxidase present in the inner membrane of
mitochondria between ubiquinone and complex 11 of the electron transport chain toward the
mitochondrial matrix (Rasmusson and Mgller, 1990; Moore et al., 2013). AOX is involved in
a non-phosphorylating mechanism of electron transport from ubiquinone to molecular
oxygen, while excess energy is dissipated as heat (Wagner and Moore, 1997; Siedow and
Umbach, 2000; Millar et al., 2011; Moore et al., 2013). In higher plants, salicylhydroxamic
acid (SHAM) and n-propyl gallate (n-PG) are frequently used to inhibit the activity of AOX,
and, thereby, AOX pathway under both in vitro and in vivo conditions to reveal its
physiological function(s) during normal growth, as well as biotic/abiotic stress conditions
(Diethelm et al., 1990; Padmasree and Raghavendra, 1999a,b; Yoshida et al., 2006; Giraud et

al., 2008; Dinakar et al., 2010; Florez-Sarasa et al., 2011; Zhang et al., 2011).

Plants are often exposed to various biotic and abiotic stresses due to their sessile
nature. Under stress conditions like high light intensity, drought, salinity, low/high
temperatures, and high levels of greenhouse gasses, AOX plays a significant role in
sustaining photosynthesis by maintaining redox, ROS and metabolic homeostasis
(Strodtkotter et al., 2009; Vanlerberghe, 2013; Vishwakarma et al., 2015; Dahal and
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Vanlerberghe, 2017; Florez-Sarasa et al., 2020). Also, AOX plays a vital role in regulating
the cellular redox balance when the cytochrome pathway is over-reduced (or) chemically
inhibited (Berthold et al., 2000; Moore et al., 2002; Moore et al., 2013). In many plants,
AOX is known to exist as a multi-gene family (Whelan et al., 1996; Saisho et al., 1997). As a
result, plants possess different isoforms of the AOX. For example, A. thaliana has five AOX
genes: AOX1A-D and AOX2 (Considine et al., 2002; Clifton et al., 2006; Costa et al., 2017).
These AOX isoforms are non-redundant and posttranslationally activated by a-keto acids in
an isoform-specific manner (Carré et al., 2011; Selinski et al., 2016; Selinski et al., 2017,
Selinski et al., 2018a; Xu et al., 2021). In the case of A. thaliana, AOX1A (AtAOX1A)
isoform is fully activated by pyruvate and glyoxylate. The TCA cycle metabolites such as 2-
oxoglutarate and oxaloacetate are also known to activate AtAOX1A. Contrarily, the isoform
AOXI1D is activated by 2-oxoglutarate but not by oxaloacetate. However, neither
oxaloacetate nor 2-oxoglutarate has shown any effect on AOX1C (Selinski et al., 2018a; Xu

etal., 2021).

Upon chemical restriction of the COX pathway, the aoxla mutants of A. thaliana
have shown increased ROS, lipid peroxidation and disturbance in cellular redox couples such
as NAD(P)H and ascorbate, compared to the WT, which shows the importance of AtAOX1A
in cellular redox homeostasis under stress (Vishwakarma et al., 2014, 2015). Most of the
mitochondrial enzymes that are involved in metabolism are regulated by posttranslational
modification (Bykova et al., 2003, Balmer et al., 2004, Konig et al., 2014, Salvato et al.,
2014, Nietzel et al., 2020) and the redox metabolites are known to play an important role in
the posttranslational modifications of matrix proteins (Millar et al., 2019; Mgller et al.,

2020). The information on structural stability and interaction of AtAOX1A with cellular
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metabolites is limited and this information is essential to understand the role of AOX in

maintaining cellular metabolite and redox homeostasis under biotic/abiotic stress in plants.

Rationale of the study

The model plant A. thaliana has different types of AOX genes (AOX1A-D and AOX2).
Among these, AOX1A is highly expressed in leaves under most of the given stresses (Clifton
et al., 2006; Vishwakarma et al., 2014, 2015). Therefore, in the present study, it is envisaged
to examine the structural and biophysical characteristics of AOX1A from A. thaliana. To
achieve this goal, a large amount of purified AtAOX1A is required and it is difficult to get a

sufficient amount of purified native protein from the plant source.

Moreover, metabolite-specific activation of AOX isoforms is reported, which
indicates that the demand for AOX-dependent respiration in a particular cell is reflected by
the accumulation of specific metabolites (TCA cycle/redox) under different growth and/or
stress conditions. Although the secondary structure of AOX from Sauromatum guttatum (a
thermogenic plant) and Trypanosoma brucei (a human pathogen) is reported (Kido et al.,
2010; Elliot et al., 2014), no structural data are available for the AOX from non-thermogenic
plants. So far, neither binding pocket(s) for these metabolites on AtAOX1A nor
structural/conformational changes that occur concurrently in AtAOX1A upon binding with

inhibitors and activators/metabolites is revealed in the literature.

Also, the following questions are intriguing to fill the knowledge gap existing in the

literature on AOX related to plant species:

1. Do the general laboratory strain like E. coli BL21(DE3) suitable to over-express

functionally active recombinant AOX1A protein
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2. Does AOX1A from the non-thermogenic plants show enzyme activity similar to that of

Trypanosoma brucei AOX (TAO) and Sauromatum guttatum AOX (SgAOX)
3. What are the secondary structural components of AOX1A

4. What are the binding sites of inhibitors and activators on AOX1A, and whether they

cause any changes in the protein structure upon binding

5. Whether AOX1A interact with the TCA cycle and redox metabolites? If so, do they

cause any change in the protein structure upon interaction

Based on the rationale and research gap described above, the following objectives were

framed in the present study.
Objectives of the present study

1. Cloning, expression and purification of functionally active recombinant Arabidopsis

thaliana AOX1A (rAtAOX1A) from E. coli BL21(DE3)
2. Structural and biophysical characterization of rAtAOX1A with its inhibitors

3. Interaction of rAtAOX1A with pyruvate, TCA cycle and Redox metabolites using

docking and biophysical studies

The rationale for using model plant ‘A. thaliana’ and E. coli BL21(DE3)
cells in the present study

A. thaliana is a familiar model plant because of its unique features: Small flowering plant
with a short life cycle, self-fertilization, small in size (20 cm tall), small genome size (157
Mb), completely sequenced, diploid genome and can grow without any seasonal hindrance

throughout the year under laboratory conditions. AOX1A is the most stress-responsive gene
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among all the AOX gene members and amongst the hundreds of known mitochondrial
protein-coding genes of A. thaliana (Saisho et al., 1997; Clifton et al., 2006). The isoform

AOX1A from A. thaliana is selected for this study.

A. thaliana (WT-Columbia) leaves (10 weeks old) are used for total RNA extraction
and this total RNA is used for complementary DNA (cDNA) synthesis. The cDNA of
AtAOX1A coding for mature protein was amplified and cloned into the pET28a(+) vector.
The pAtAOX1A construct was transformed into BL21(DE3) cells for functional expression
and purification of functionally active rAtAOX1A for further characterization. The pET
system has a lacUV5 promoter that directs transcription of the T7 RNA polymerase gene
upon induction with isopropyl-p-D-thiogalactopyranoside (IPTG). The addition of IPTG to a
growing E. coli culture induces T7 RNA polymerase, which in turn transcribes the target
DNA in the plasmid. BL21(DE3) cells are the expression strains, hence used to express

rAtAOX1A in the present study.

The ETC components located in the inner membrane of E. coli possess two terminal
oxidases, viz., ‘cytochrome oxidase bo' and ‘cytochrome oxidase bd," to reduce molecular
oxygen to water molecules and oxidize UQH, (Kita et al., 1984a; Anraku and Gennis, 1987;
Mogi et al., 1994; Yap et al., 2010; Borisov et al., 2011). Cytochrome oxidase bo, which
possesses heme-copper oxidase, shares functional similarities with mitochondrial COX of
higher plants and is expressed during high oxygen concentrations. In contrast, cytochrome bd
oxidase, which lacks both copper ion and the Fe-S cluster, is known to predominate in
anoxic conditions and is not homologous to any other terminal oxidases, such as heme-
copper oxidoreductases or AOX (Reid and Ingledew, 1979; Kita et al., 1984b; Poole and

Cook, 2000; Borisov et al., 2011). The properties of both these oxidases (bo and bd) are quite
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distinct from the AOX, which contains a non-heme diiron carboxylate center (Berthold et al.,

2002; Berthold and Stenmark, 2003; Moore et al., 2008, 2013).
Design of the present study

Therefore, in this study, BL21(DE3) E. coli strain was chosen to examine in vivo functional
expression of pAtAOX1A and robust expression of rAtAOX1A protein for purification and
in vitro characterization. Further, the purified rAtAOX1A is used to study its structure and
molecular interaction with different AOX inhibitors and cellular (pyruvate, TCA cycle and
redox) metabolites using SPR, CD, fluorescence spectroscopy and in silico molecular

docking techniques.
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Materials and methods
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Materials and methods

3.1. E. coli strains

The E. coli strain DH5a was used to maintain the clone, while the strain BL21(DE3)
(InvitrogenTM, Waltham, MA, USA) was used for the expression of recombinant protein
(rAtAOX1A), which has a Hisg-tag on it. The strain E. coli DH5a is a genetically engineered
bacteria with inactive recombinase, which is generally used for the transformation of plasmid
vectors. The BL21(DE3) E. coli strains are used for the expression of recombinant proteins.
These strains lack the E. coli protease inhibitors so that the expressed protein may not get
degraded. The BL21(DE3) strain is generated from the BL21 strain by inserting the lambda
phage genome called DE3. The lacUV5 promoter, which controls the T7 RNA polymerase

gene, is arranged on this phase genome DE3 in BL21(DE3) cells.

3.2. pET system and protein induction mechanism

The pET system is a plasmid DNA vector and it is a very useful tool for recombinant protein
expression in E. coli. The vector plasmid with AtAOX1A (pAtAOX1A) was constructed as
described in Vishwakarma et al. (2016) and the confirmed clone was used for the expression of

rAtAOX1A.

a) pET28a(+) vector

The pET28a(+) system offers the advantages of the controlled expression of recombinant
protein and its purification with ease. The pET28a(+) vector contains genes encoding for T7
lac promoter, N-terminal 6-His tag, kanamycin resistance and thrombin cleavage site (Fig.

3.1). The recombinant protein expression is regulated by the induction with IPTG.
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Fig. 3.1. pET28a(+) vector map (adapted from Novagen)

b) Recombinant protein synthesis mechanism in E. coli

The AtAOX1A is cloned into the pET28a(+) vector downstream of the T7 promoter and
transformed into E. coli BL21(DE3). The most popular method for synthesizing the
recombinant protein in E. coli is the T7 RNA polymerase system. The addition of IPTG causes
the expression of T7 RNA polymerase in E. coli. The synthesized T7 RNA polymerase binds
to the T7 promoter present in the pET vector in the presence of IPTG and initiates the
transcription of the gene of interest (AtAOX1A). After transcription, endogenous protein

translation machinery synthesizes the desired protein (Fig. 3.2).
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When IPTG is present, it causes lac repressor When IPTG is present, it causes lac repressor
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Fig. 3.2. Recombinant protein synthesis in E. coli. The mechanism of recombinant protein

lac repressor
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synthesis in E. coli cells is shown in the figure, where IPTG induces the T7 RNA polymerase
synthesis and this polymerase starts synthesizing the gene of interest (Adapted from Louis,
2019).

3.3. E. coli cell growth measurement

The E. coli strain BL21(DE3) cells transformed with pET28a (E. coli/pET28a) and
recombinant pET28a with AtAOX1A (E. coli/pAtAOX1A) were inoculated into 3 ml of LB
medium containing 50 pg/ml of kanamycin and incubated overnight at 37°C (pre-culture). The
pre-culture was inoculated into 20 ml of LB medium with 50ug/ml of kanamycin and allowed
to grow. As the ODggo Of the culture reached 0.15, IPTG (0.1 mM) was added to the culture
medium to induce rAtAOX1A. To ascertain the functions of rAtAOX1A in promoting the
E. coli growth cultures were treated with each of the following mitochondrial inhibitors at a
wider range of concentrations: 0.05-1 mM KCN (inhibitor of COX pathway), 0.025-0.5 mM

n-PG and 0.5-2 mM SHAM (inhibitors of AOX pathway). Subsequently, both control
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(E. coli/pET28a) and transformed (E. coli/pAtAOX1A) cells were incubated for 5 h at 37°C,
and ODggp Was monitored at regular intervals of 30 min (Kumar and Soll, 1992; Berthold,

1998; Fukai et al., 1999).
3.4. Assay of cell respiration

After induction of rAtAOX1A with IPTG as described above, E. coli cells were extracted and
suspended in a suitable volume of LB medium to achieve a cell density of 20 at ODggo. The
cellular respiration of both E. coli/pET28a and E. coli/pAtAOX1A were measured in terms of
rates of oxygen consumption with or without the addition of KCN, n-PG, and SHAM.
Respiration rates were measured with a total of 4.8x10° cells/ml for each reaction (As the 1.0
ODgqo of the E. coli cells is equal to 8x10® cells/ml, the culture was diluted so as to get the
required cell number) using the Clark-type oxygen electrode (Kirimura et al., 1999; Ajayi et

al., 2002; Oxygraph plus, Hansatech instruments, UK).
3.5. Purification of rAtAOX1A from E. coli/pAtAOX1A

Since AOX is a membrane-bound protein, it is possible that rAtAOX1A expressed in
recombinant E. coli cells is targeted to the E. coli membranes. The following protocol is
applied to purify the rAtAOX1A from E. coli/pAtAOX1A. Purification of rAtAOX1A was
done according to Kido et al. (2010) and Elliott et al. (2014), with minor modifications (Fig.

3.3).
(a) Preparation of E. coli/pAtAOX1A membrane sample

The E. coli carrying recombinant AtAOX1A was pre-cultured overnight at 37°C in 10 ml of

LB medium containing 50 pug/ml of kanamycin. About 5 ml of pre-culture was inoculated into
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Fig. 3.3. Flow chart. Procedure for the purification of rAtAOX1A from E. coli/pAtAOX1A

membranes by using affinity chromatography.
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500 ml of LB medium containing 50 pg/ml kanamycin and grown at 37°C with 200 rpm. The
culture was allowed to grow until ODgg reached 0.4 and 0.1 mM IPTG and 0.1 mM ferrous
sulfate was added to induce the expression of rAtAOX1A. Subsequently, the culture was
allowed to grow at 28°C for 4 h, and cells were harvested by centrifugation at 5,000 rpm for 10
min at 4°C. The pellet obtained was resuspended in 50 mM Tris-HCI containing 10 mM
pyruvate at pH 7.5. E. coli cells were lysed by sonication with an amplitude of 35 for 20 min
by switching on/off of the probe at regular intervals of 30 s each, in the presence of a protease
inhibitor cocktail and 1 mM phenylmethylsulfonyl fluoride (PMSF). After lysis, cell debris was
removed in a single step by centrifugation at 12,000 g for 30 min. The supernatant was
centrifuged at 200,000 g for 1 h at 4°C to separate cytoplasm from membrane fraction. The
membrane pellet was resuspended in a minimal volume of 50 mM Tris-HCI (pH 7.5)

containing 10 mM of pyruvate.

(b) Solubilization of rAtAOX1A from E. coli membranes

The solubilization (10 ml) buffer, which contains 1% (w/v) n-dodecyl-f-D-maltopyranoside
(DDM) in 50 mM of Tris-HCI, along with 10 mM of pyruvate and 20% (v/v) glycerol at pH
7.5, was used to solubilize the membrane fraction obtained from E. coli/pAtAOX1A as
described above. The buffer was added dropwise with gentle mixing and immediately
centrifuged for 2 h at 200,000 g. All the steps were performed at 4°C. The supernatant enriched

in rAtAOX1A is labeled as DDM extract.

(c) Affinity chromatography

The cobalt resin (selective for His-tag) was equilibrated with an equilibration buffer at a 1:3

ratio for 1 h. The equilibration buffer contained 0.5% (w/v) DDM and 0.5% (w/v) n-octyl-p-D-
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glucopyranoside (OG) in 50 mM of Tris-HCI (pH 7.5), along with 10 mM of pyruvate, 20%
(v/v) glycerol and 100 mM of MgSQ,. After equilibration, 10 ml of DDM extract was added to
the resin and allowed to mix gently overnight at 4°C. Further, the resin, which is bound with
rAtAOX1A, was washed with 10 ml of wash buffer, which contained 0.5% (w/v) DDM and
0.5% (w/v) OG in 50 mM Tris-HCI (pH 7.5), along with 10 mM of pyruvate, 20% (v/v)
glycerol, 100 mM MgSO, and 50 mM of imidazole. Subsequently, the resin was transferred
onto a column and rAtAOX1A was eluted as 1-ml fractions using elution buffer, which
contained 0.5% (w/v) DDM and 0.5% (w/v) OG in 50 mM of Tris-HCI (pH 7.5) along with 10
mM of pyruvate, 250 mM of imidazole, 20% (v/v) glycerol and 100 mM of MgSQO, at pH 7.5.

Protein purification was visualized on 12.5% SDS-PAGE under reducing conditions.

3.6. SDS-PAGE

The E. coli cells were pelleted after suspending in 50 mM of Tris-HCI (pH 7.5) and protein
estimation was done by a BCA protein estimation kit. Similarly, purified rAtAOX1A was
estimated and separated by SDS-PAGE according to Laemmli (1970) using standard/mini

gels.

a) Buffers and chemicals used for SDS-PAGE

The SDS-PAGE resolving gel was prepared by using the following buffers and chemicals:
12.5% acrylamide, 0.375M Tris-HCI (pH 8.8), 0.1% SDS (w/v), 0.05% ammonium
persulfate (APS) and 0.01 % N,N,N’,N-tetramethyl ethylenediamine (TEMED). The stacking
gel was made of 4% acrylamide, 0.125M Tris-HCI (pH 6.8), 0.1% SDS (w/v), 0.04% APS
and TEMED. The protein sample was added with the sample buffer containing 0.250M Tris-

HCI (pH 6.8), 8% (w/v) SDS, 50% (v/v) glycerol, 10% (v/v) B-mercaptoethanol and 0.04%
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(w/v) bromophenol blue, and boiled at 100°C for 3-5 min. The E. coli pellets/protein samples
were stored at -80°C until loaded onto the gel. The electrophoresis was performed initially at
80V (until the dye moved into the resolving gel) and then shifted to 120V. Power was
supplied through Amersham Biosciences Electrophoresis Power Supply EPS-601 units. The

gels were visualized by the coomassie brilliant blue staining method.

b) Gel staining: Coomassie Brilliant Blue (CBB)

For staining the SDS-PAGE gel, the CBB staining solution composed of CBB R250 (0.1%)
dissolved in methanol, acetic acid and distilled water in a 40:10:50 ratio at room temperature
was prepared and kept under stirring for 5-6 hrs. Further, this solution was filtered using
Whatman No.1 filter paper. Then the SDS-PAGE gel was stained by adding the CBB stain
and kept overnight under gentle shaking. The excess stain was removed by the destaining
solution composed of methanol, acetic acid and water in a 40:10:50 ratio under gentle

shaking until the protein bands were visible clearly.

3.7. Western Blot

The purity of rAtAOX1A was examined using the western blot. Approximately
30 pg of total protein was loaded onto each well and performed SDS-PAGE to detect
rAtAOX1A. In the present study, we used a polyvinylidene difluoride (PVVDF) membrane for
blotting. The membrane was cut according to the size of the SDS-PAGE gel and placed in
100% methanol for 5 min under shaking. After that, the methanol was discarded and distilled
water was added to the membrane and kept for shaking for 5 min. Then the membrane was
transferred to a transfer buffer composed of 25 mM Tris-HCI (pH 8.3), 192 mM glycine and

methanol 20% (v/v). The PVDF membrane was laid on the gel carefully without any air
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bubbles in between the membrane and the gel. The gel and the membrane were kept in
between two layers of Whatman No. 3 chromatography papers, like a sandwich. Further, on
either side of the Whatman No. 3 chromatography papers, a single layer of a sponge was
placed. This entire sandwich was placed in the western blot unit cassette (Amersham
Biosciences, Hoefer mini vertical electrophoresis system) and connected to a power pack
(Amersham Biosciences Electrophoresis Power Supply EPS-601). A power supply of 30V
was given for 8-10 hrs at 4°C. The proteins were electrophoretically transferred from the gel
to PVDF membranes (Towbin et al., 1979). Further, to saturate the non-specific binding sites
on the membrane, the PVDF membrane was blocked with blocking buffer [5% (w/v) nonfat
milk powder in Tris-Buffered Saline (TBS) containing 25 mM Tris-HCI pH 7.5 and 150 mM
NaCl] for 1 hr with constant shaking at room temperature. After blocking, the PVDF
membrane was incubated at 4°C with a mouse monoclonal anti-His antibody (1:5,000
dilution) for 5-6 h, which is conjugated with horseradish peroxidase (Cell signaling
technology). The blot was washed with tris buffered saline containing 0.2% of tween 20
(TBST) 3 times (3 x 15 min). The blot was developed using Enhanced chemiluminescence
(ECL) western blotting reagents and rAtAOX1A protein was detected with the help of the

ChemiDoc imaging system (BioRad).
3.8. Oxygen uptake activity

The activity of rAtAOX1A was measured polarographically by monitoring the oxygen uptake
rates using an S1 Clark-type oxygen electrode (Fig. 3.4 and 3.5). The oxygen electrode
chamber was first calibrated with air-saturated distilled water according to the manufacturer’s
instructions (Oxygraph plus, Hansatech Instruments, UK). The activity assay was performed by

adding the 0.7 pg of purified protein in 400 ul of air-saturated reaction medium (50 mM of
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Tris-HCI, pH 7.5), and the reaction was started by the addition of 600 M duroquinol (DQHy)
as a substrate (Fig. 3.5). The reduced form of the substrate can only be used for AOX activity.

The reduction of Duroquinone (DQ) to DQH, was performed in the laboratory (Rich, 1978).

rAtAOX1A + Duroquinol (Red)
0,
2H,0

Duroquinone (Oxi)

Fig. 3.4. Schematic representation of oxygen uptake activity of AOX purified rAtAOX1A.
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Fig. 3.5. Recording: Oxygen uptake record trace of purified rAtAOX1A upon the addition of
duroquinol as substrate using Clark-type O, electrode. The addition of enzyme and substrate is
indicated in red colored arrows.
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3.9. DQH; preparation

A 250 mg of duroquinone (DQ) was dissolved in 50 ml diethyl ether which gives a transparent
yellow-orange color solution. On the other hand, 1 g of sodium dithionite was dissolved in 50
ml of distilled water. The sodium dithionite solution was added to the DQ solution in a
separating funnel and was mixed vigorously for 5 min. Initially, due to the formation of
semiduroquinone, the color of the solution increased and then slowly became colorless, which
indicates that the DQ is totally reduced to DQH,. After that, the aqueous phase was discarded
slowly so that only the upper ethereal layer was present in the separating funnel. This colorless
solution is further shaken with another 50 ml of sodium dithionite solution to reduce any
residual DQ. The aqueous solution was removed from the ethereal layer. This ethereal layer
was washed with 100 ml of saturated sodium chloride solution to remove any excess water.
The ethereal layer, which contains duroquinol, was passed through anhydrous sodium sulfate
powder (30g) in a sintered glass funnel. The ethereal solution was dried down in order to
remove water by vacuum desiccation at 25°C. White duroquinol powder obtained after vacuum
desiccation is stored in eppendorf tubes sealed using parafilm (Alcan) in the dark at room
temperature until required (Fig. 3.6). The stocks of DQH, were prepared on the day of use by
suspending the DQH, powder in acidified ethanol (96% ethanol, which contained 10 mM
HCI). The resuspended DQH, stock solution can be stored at -20°C for a few weeks and at
-80°C for a few months. The stock concentration of DQH, was determined by monitoring the
0.D at 283 nm in water using a molar extinction coefficient (2.15 mM™ cm™) and cuvette
pathlength (1 cm) in a UV-Visible spectrophotometer (Shimadzu UV-1700). The acidified
ethanol blank was subtracted from the assay while measuring the oxygen uptake activity (Rich,

1978).
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Fig. 3.6. The reduction mechanism and structure of DQ. The reduction is carried out using
sodium dithionite, which reduces DQ (A) to semiduroguinone (B) and DQH, (C). This DQH;
is used as a substrate for purified rAtAOX1A. The structures were drawn by using the chem-

space online server.

3.10. MALDI TOF/TOF analysis

The purified recombinant protein band was excised with a sharp and sterile scalpel from the gel
after performing SDS-PAGE and kept in a 1.5 ml tube. Later, the gel plug was reduced with
DTT (10 mM) and alkylated with iodoacetamide (55 mM) before subjecting to digestion with
trypsin (12.5 pg/ul). The tryptic-digested protein sample was analyzed by using matrix-assisted
laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS). The method
uses an Autoflex Il smart beam instrument (Bruker Daltonics, Bremen, Germany), equipped
with a nitrogen laser (355 nm) and operated in a reflection mode for peptide mass and
sequencing in the presence of a-cyano4-hydroxycinnamic acid as a matrix, as described by
Swathi et al. (2014). The spectra from MALDI-MS and MALDI-MS/MS ionization were
searched with the MASCOT search engine. The biotools software (Bruker Daltonics, version
3.1) was used to analyze the lift spectra, while the sequence similarity analysis was performed

by the National Center for Biotechnology Information (NCBI) blast tool.

3.11. Dialysis and lyophilization
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The purified rAtAOX1A present in the elution buffer described in section 3.7 was transferred
into a 10 mM phosphate buffer (pH 7.5) through the process of step-down dialysis for
performing CD, fluorescence and SPR studies. The dialysis buffer composition is described in

Table 3.1.

Table 3.1 Buffers used for the dialysis of purified rAtAOX1A at a ratio of 10:500 (sample
volume to buffer volume). The protein sample was dialyzed in each buffer for a period of 4 h at

4°C under continuous stirring.

S.No Dialysis buffer Composition
1 Buffer 1 20 mM Tris-HCI (pH 7.5), 10 mM of pyruvate,
0.03% of DDM and 10% of Glycerol
2 Buffer 2 10 mM of phosphate buffer (pH 7.5) containing
0.03% of DDM and 1% of glycerol
3 Buffer 3 10 mM of phosphate buffer (pH 7.5)

Further, the dialyzed protein present in 10 mM phosphate buffer (pH 7.5) was transferred into
50 ml falcon tubes and frozen in liquid nitrogen for 15 min. Then the sample is allowed for
Iyophilization for 10-12 hrs based on the sample volume until we get around 1 ml. The
concentration of the protein in the solution was measured by the BCA protein estimation kit

and used for further analysis.

3.12. Circular dichroism (CD) and thermal stability studies

The CD spectrophotometer (Jasco J-1500, Japan) coupled with a thermostat was used to
analyze purified rAtAOX1A (0.8 mg/ml). The parameters used for the CD scan were as

follows: wavelength, 190 to 260 nm; speed, 50 nm/min; step resolution, 1 nm; bandwidth, 1
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nm; response, 3 s; temperature, 25°C, and sensitivity, 50 mdegrees. Similarly, the secondary
structural stability of rAtAOX1A at different pH, from 2 to 12, was determined after incubating
rAtAOX1A in different buffers [5 mM Glycine-HCI (pH 2), 10 mM sodium phosphate (pH
7.5) control sample and 5 mM Glycine-NaOH (pH 10-12)] at 37°C for 1 h. Conversely, for the
temperature melting studies, the parameters used were as follows: wavelength, 190 to 260 nm;
response, 1 s; temperature, 4 to 90°C; speed, 50 nm/min; and sensitivity, 50 mdegrees (Kelly et
al., 2005; Elliott et al., 2014). Furthermore, different concentrations (0.05, 0.1, and 0.5 mM) of
SHAM and n-PG were added separately to 0.4 mg/ml of purified rAtAOX1A to analyze the
changes induced in the secondary structure of rAtAOX1A during its interaction with the
inhibitors. Similarly, different concentrations of AOX activator (pyruvate), TCA cycle
metabolites (citrate, o-KG, succinate, fumaric acid, malic acid and OAA) and redox
metabolites (GSH, GSSG, AsA, DHA, NAD, NADH, NADP and NADPH) were added to 0.4
mg/ml of purified rAtAOX1A to study the changes induced in the secondary structure of
rAtAOX1A during its interaction with these metabolites. The changes in secondary structural
elements of rAtAOX1A upon interaction were analyzed by submitting the raw CD data to the
Dichroweb online server (Whitmore and Wallace, 2008) using the CDSSTR algorithm with a
reference set 4 (Sreerama and Woody, 2000). The final CD spectrum of each concentration

represented is an average of four to five scans.

3.13. Fluorescence spectroscopic studies

The changes in the conformation of protein upon interacting with the ligand can be studied
conveniently using fluorescence spectroscopy. The changes in the fluorescence intensity of
tryptophan residues present in the protein reflect the changes in the tertiary structural

conformation (Lakowicz, 2006). The fluorescence spectroscopy was used to better
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understand the effects of microenvironmental changes on fluorophore residues during the
interaction of purified rAtAOX1A (10 uM) with different concentrations of AOX inhibitors
(SHAM and n-PG), activator (pyruvate), TCA cycle metabolites (citrate, a-KG, succinate,
fumaric acid, malic acid and OAA) and redox metabolites (GSH, GSSG, AsA, DHA, NAD,
NADH, NADP and NADPH). The AtAOX1A protein contains nine Trp residues at 108, 123,
125, 131, 158, 165, 211, 237, and 305 positions (Fig. 3.7). The emission spectra fluorescence
was recorded using a fluorescence spectrofluorometer (Jasco FP-8500, Japan) fitted with a
thermostatic bath. A Quartz cell with a path length of 1.0 cm was used and the spectra were
observed at 25°C. Excitation at 295 nm was used to determine the emission spectra of
various metabolites with rAtAOX1A, and the emissions were evaluated in the wavelength
range of 300 to 450 nm. Sigma plot version 12.0 was used to plot the experimental data. The
final fluorescence emission spectrum of each concentration represented is an average of four

to five scans.

Fig. 3.7. The figure represents the AtAOX1A model of Pennisi et al. (2016), which is
visualized by the PyMOL tool. The tryptophan residues present in the protein structure are

indicated in pink color.
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3.14. Surface plasmon resonance (SPR) studies

SPR (Biacore T200) is used for measuring interactions between immobilized ligand on the
special gold-coated chip surface and biomolecules or drugs with high accuracy and is label-
free. The purified rAtAOX1A protein sample was dialyzed into a 10 mM phosphate buffer (pH
7.5) by the step-down dialysis procedure and concentrated by lyophilization (See section 3.13).

The Biacore T200 SPR, sample flow and light path, and the sensorgram are shown in Fig. 3.8.
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Fig. 3.8. Overview of SPR analysis. A) Biocore T200 system; B) SPR setup, indicating the
sample flow and light path; C) Sensorgram showing different phases of interaction like

association, equilibrium and dissociation.

a) Immobilization of the rAtAOX1A on the CM5 sensor chip

The following steps are performed to immobilize the rAtAOX1A on the CM5 sensor chip as
shown in Fig. 3.9: (i) a mixture of 40 mM of 1-ethyl3-(3-dimethylaminopropyl) carbodiimide
(EDC) and 10 mM of N-hydroxysuccinimide (NHS) are passed through the reference (blank)
flow cell (Fc-3), as well as the sample flow cell (Fc-4) of CM5 sensor chip at a flow rate of 30

pI/min for 300 s, to generate reactive succinimide esters; (ii) the rAtAOX1A (100ug/ml)
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prepared in sodium acetate buffer (pH 5) was injected into the activated flow cell (Fc-4), where
the NHS esters spontaneously react with uncharged amino groups of rAtAOX1A (ligand) and
covalently link it to the dextran matrix; (iii) the residual active NHS esters in Fc-4 are blocked
by passing 1 M of ethanolamine-HCI (pH 8.5) for 300 s, at a flow rate of 30 pl/min; (iv) all the
active NHS esters of the reference (blank) flow cell (Fc-3), which is devoid of rAtAOX1A are
blocked with ethanolamine-HCI (pH 8.5). The immobilization of rAtAOX1A is confirmed by

the increase in the RU of FC-4 (Fig. 3.10).
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Fig. 3.9. The mechanism of immobilization of purified rAtAOX1A on to CM5 sensor chip
(Adapted from Sharifi et al., 2017).
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Fig. 3.10. Purified rAtAOX1A is immobilized onto Series S Sensor Chip CM5. (A) Blank
immobilization on flow cell Fc-3; (B) 100ug/ml of purified rAtAOX1A (ligand)
immobilization on flow cell Fc-4. Arrow indicates rAtAOX1A injection, which resulted in
~4,117 RU.

b) Sample injection

The AOX inhibitors (SHAM and n-PG), activator (pyruvate), TCA cycle metabolites (citrate,
a-KG, succinate, fumaric acid, malic acid and OAA) and redox metabolites (GSH, GSSG,
AsA, DHA, NAD, NADH, NADP and NADPH) are used as analytes. The analytes (1 to 5 mM
concentration) dissolved in double distilled water are injected independently into the flow cells
(Fc-3 & Fc-4) in a running buffer composed of PBS (2 mM of KH,PO,4, 10 mM of Na,HPO,,
2.7 mM of KCI, and 137 mM of NaCl at pH 7.4) containing 0.005% P20 surfactant, at a flow
rate of 30 pl/min at 25°C. In the association phase (120 s), the analytes were allowed to bind to
the rAtAOX1A, while in the dissociation phase (120 s), they were separated from each other.
In the regeneration phase (30 s), the analytes are disposed of from the flow cells using 10 mM
of Glycine-HCI (pH 2.5) and 0.5 M of NaCl, as described in the Biacore T-200 manual (GE

Healthcare Life Sciences). The experiment was performed twice. In each experiment, three

48



cycles of association, dissociation, and regeneration were carried out against each
concentration of inhibitors, activators, TCA cycle and redox metabolites tested in the present

study.

¢) Kinetic analysis

The acquired data were analyzed using BIA evaluation software (version 2.0, GE Healthcare
Life Sciences) with the Langmuir fit model of 1:1 binding. To determine the kinetic constants
(ka, kg, and Kp), the sensorgrams were fitted to a 1:1 kinetic model using the pooled data
analysis option. The k, represents the association constant, kg represents the dissociation
constant, and Kp represents the equilibrium dissociation constant. The affinity of inhibitors,
activators, TCA cycle and redox metabolites with rAtAOX1A was derived by measuring the

kinetic parameters at five different concentrations (1, 2, 3, 4, and 5 mM).

3.15 Molecular docking

The homology model of the AtAOX1A monomer (PMDB Accession number: PM0080189)
was chosen as the target protein for the docking study (Pennisi et al., 2016). The 3-dimensional
models of the ligands [AOX inhibitors (SHAM and n-PG); substrates (DQ, DQH2, ubiquinone-
1 (UQ) ubiquinol-1 (QiH,); activator (pyruvate), TCA cycle metabolites (citrate, a-KG,
succinate, fumaric acid, malic acid and OAA) and redox metabolites (GSH, GSSG, AsA, DHA,
NAD, NADH, NADP and NADPH] were generated using PubChem (Kim et al., 2021) and
CHARMM-GUI (Jo et al., 2008) programs. The binding affinities of different ligands with
AtAOX1A are studied using the SwissDock program (Grosdidier et al., 2011a, b). To identify
the potent residues that may have a direct impact on the binding of the ligands, mutational

docking studies were performed, i.e., point mutations were introduced in silico in WT-
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AtAOX1A by replacing amino acid residues whose side chains are located in the binding

pocket (within 3A region) with alanine/arginine.

3.16 Statistical analysis

In general, the data shown are the Mean + SE of three replicates. The statistical
differences were evaluated by one-way ANOVA with the Tukey test integrated into Sigma
plot, version 12.0, Systat Software Inc., San Jose, CA, USA, at a significance level of P <

0.05.
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Chapter 4

Cloning, Expression and Purification
of Functionally Active rAtAOX1A
from E. coli BL21(DE3)
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Cloning, Expression and Purification of Functionally
Active rAtAOX1A from E. coli BL21(DE3)

4.1. Introduction

In higher plants, under different stress conditions, a cyanide-resistant AOX pathway operates
in mitochondria, along with a conventional COX pathway (Rich and Moore, 1976;
Vanlerberghe and Mclintosh, 1997; McDonald et al., 2009; Moore et al., 2013). The AOX
pathway is involved in a non-phosphorylating electron transport mechanism and dissipates
excess energy as heat (Wagner and Moore, 1997; Siedow and Umbach, 2000; Millar et al.,
2011; Moore et al., 2013). The physiological significance of AOX in biotic/abiotic stress
tolerance is well-documented (Dinakar et al., 2010b; Yoshida et al., 2011; Liao et al., 2012,
2021; Gandin et al., 2014; Zhu et al., 2015; Zhang et al., 2016). A remarkable increase in the
expression of AOX1A in A. thaliana at a wide range of stress conditions and during the
impairment of respiratory metabolism indicates its primary role in stress response as
compared to other AOX genes (Clifton et al., 2005, 2006; Ho et al., 2008; Vishwakarma et
al., 2015). In higher plants, SHAM and n-PG are frequently used to inhibit the activity of
AOX and, thereby, the AOX pathway under both in vitro and in vivo conditions to reveal its
physiological function(s) during normal growth, as well as biotic/abiotic stress conditions
(Diethelm et al., 1990; Padmasree and Raghavendra, 1999a,b; Yoshida et al., 2006; Giraud et

al., 2008; Dinakar et al., 2010b; Florez-Sarasa et al., 2011; Zhang et al., 2011).

Several attempts have been made by various scientists to purify AOX from
mitochondria of different plant sources (Huq and Palmer, 1978; Rich, 1978; Kay and Palmer,
1985; Bonner et al., 1986; Elthon and Mcintosh, 1986, 1987; Berthold and Siedow, 1993;
Zhang et al., 1996; Affourtit and Moore, 2004). However, the low yield and thermal
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instability of AOX impeded the studies related to its structural and biophysical properties and
its crystal structure is not yet revealed in plants (Moore et al., 2013). In this context, the
rDNA technology helped the expression of plant AOX in Escherichia coli (E. coli). The
AOX from A. thaliana and Trypanosoma were expressed in a AhemA E. coli strain, which is
deficient in the cytochrome pathway (Kumar and Séll, 1992; Nihei et al., 2003; Kido et al.,
2010; Xu et al., 2021). Besides, the supplementation of iron in the form of Fe?*/Fe®*" was in
ambiguity during the heterologous expression of AOX to acquire it in pure and active form

(Minagawa et al., 1990; Ajayi et al., 2002; Affourtit and Moore, 2004).

The present study is aimed to purify the functionally active rAtAOX1A from E. coli
membranes, which is a general laboratory stain for recombinant protein expression and to

confirm it by western blot and MALDI-TOF-TOF studies.

4.2. Results
Cloning and expression of Arabidopsis thaliana AOX1A (AtAOX1A)
The cDNA of AtAOX1A coding for mature protein was amplified (Fig. 4.1) using AOX1A

specific primers and cloned into a pET28a(+) vector (Fig. 4.2). The pAtAOX1A construct
was transformed into BL21(DE3) cells. Transformed positive colonies (E. coli/pAtAOX1A)
were selected by colony polymerase chain reaction (PCR) (Fig. 4.3). Recombinant plasmids
from these colonies were isolated and confirmed by restriction digestion with EcoRI and
Xhol (Fig. 4.4), and DNA sequencing using T7 primers (Fig. 4.5). After confirming the
AtAOX1A sequence, these colonies were used for recombinant protein synthesis. The
expression of rAtAOX1A protein (~37 kDa) in E. coli/pAtAOX1A after induction with

IPTG was visualized on 12.5% (w/v) SDS-PAGE under reducing conditions (Fig. 4.6).
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1000 bp =+
800 bp —» S e 879 bp

Fig. 4.1. Agarose-gel electrophoresis of PCR-amplified AtAOX1A DNA fragment. PCR was
carried out with AtAOX1A specific forward and reverse primers as described in materials and
methods. Lane 1, 50-1000 bp DNA ladder; lane 2, PCR amplified 4t4A0X1A4 (879 bp) was

indicated with an arrow.

EcoRI Xhol

pET28a —|T7>- Hisg.tag -DJ AtAOXI1A (879 bp; 293 AA) I—

I:l Thrombin cleavage site

Fig. 4.2. Schematic diagram of the expression vector construction. Cloning of AtAOX1A
into pET28a vector. The gene sequences were cloned into restriction endonuclease EcoRl
and Xhol recognition sites of the pET28a vector to produce N-terminal Hisg-tag recombinant

AtAOX1A protein.
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Fig. 4.3. Confirmation of the clone (pAtAOX1A). Colony PCR: A single colony of E. coli
[BL21(DE3)] cells transformed with pAtAOX1A construct was used as a DNA source to
amplify AtAOX1A using gene specific primers. Lane 1, 50-1000 bp DNA ladder; lane 2,
colony 1; lane 3, colony 2; lane 4, colony 3 and lane 5, non-template control. Amplified
AtAOX1A from colony 2 (indicated with an arrow) was chosen for further studies. An

aliquot of 20 pl of the sample was loaded in each well.

21.2 kb
5.1 kb
2 kb

0.7 kb

Fig. 4.4. Confirmation of the clone (pAtAOX1A). Restriction Digestion: pET28a and
pAtAOX1A plasmids were digested with EcoRI and Xhol restriction endonucleases. Lane 1,
0.5-10 kb DNA ladder; lane 2, restriction digested pET28a vector; lane 3, pAtAOX1A
vector; lane 4, restriction digested pAtAOX1A; lane 5, 50-1000 bp DNA ladder. The
inserted gene (AtAOX1A) release is indicated with an arrow in lane 4. An aliquot of 20 pl of

the sample was loaded in each well.
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Fig. 4.5. Confirmation of the clone (pAtAOX1A). The colony PCR-positive clones were
sequenced (Eurofins Pvt. Ltd.) with T7 forward primer (TAATACGACTCACTATAGGG).
DNA sequence obtained from clone (pAtAOX1A) was aligned with original AtAOX1A gene

sequence from

alignment results showed 100% similarity. The highlighted (yellow) region represents His-

tag sequences.

NCBI database using ClustalWw Multiple alignments. DNA sequence
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Fig. 4.6. Total protein of both E. coli/pET28a and E. coli/pAtAOX1A cells were separated
on 12.5% (w/v) sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) for
recombinant protein expression analysis. Each well was loaded with 40 pg of protein. Lane
1, 10-180 kDa protein marker; lane 2, E. coli/pET28a; lane 3, E. coli/pET28a induced with
0.1 mM IPTG,; lane 4, E. coli/pAtAOX1A; lane 5, E. coli/pAtAOX1A induced with 0.1 mM
IPTG. The induced rAtAOX1A is indicated with an arrow.
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Functional characterization of rAtAOX1A in E. coli

To identify whether the expressed rAtAOX1A is functionally active or not, both E.
coli/pET28a and E. coli/pAtAOX1A were evaluated for their respiratory and growth rates in
the presence of KCN, n-PG, and SHAM at a wide range of concentrations (Figs. 4.7 and
4.8). In the absence of any inhibitor, both E. coli/pET28a (34.52 + 0.5 umoles O, min*) and
E. coli/pAtAOX1A (32 + 0.74 pmoles O, min*) showed comparable respiratory O, uptake
rates per 4.8 x 10° cells mlI™*. However, supplementation of KCN at an increasing
concentration from 0.05 to 1 mM caused a significant reduction in the O, uptake (up to 90%)
of E. coli/pET28a due to inhibition of COX-catalyzed respiration, whereas it only caused a
37% reduction in respiratory rate of E. coli/pAtAOX1A, suggesting that the remaining O,
uptake in transformed cells is contributed by AOX-catalyzed respiration (Fig. 4.7A). In
contrast to KCN, supplementation of n-PG, a commonly used inhibitor of AOX, has shown
only a marginal (<13%) effect on respiratory O, uptake rates of E. coli/pET28a even at a
concentration as high as 0.5 mM due to the lack of AOX-catalyzed respiration. Conversely,
at this concentration, n-PG caused a 50% reduction in respiratory rates of E. coli/pAtAOX1A
(Fig. 4.7B). In the case of SHAM supplementation, another inhibitor of the AOX respiratory
pathway decreased the respiratory rates of E. coli/pAtAOX1A remarkably up to 33%, as its
concentration increased from 0.5 to 2 mM. However, treatment of E. coli/pET28a with 2 mM
SHAM caused only a 2.5% reduction in its respiratory rate (Fig. 4.7C). To examine the
effect of respiratory inhibitors on the growth of the E. coli/pET28a and E. coli/pAtAOX1A,
the bacterial growth was compared at the end of 5 h. Interestingly, E. coli/pET28a achieved a

stationary phase after 4 h (Fig. 4.8A, C and E), while E. coli/pAtAOX1A cells remained in a
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Fig. 4.7. Functional characterization of rAtAOX1A in E. coli. Oxygen consumption
(respiratory) rates (%) of E. coli expressing AtAOX1A (E. coli/pAtAOX1A) and E. coli
containing an empty vector (E. coli/pET28a) in presence of (A) KCN (0.05, 0.1, 0.25, 0.5 and
1.0 mM), (B) n-PG (0.025, 0.05, 0.1, 0.25 and 0.5 mM) and (C) SHAM (0.5, 1, and 2 mM).
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Fig. 4.8. Functional characterization of rAtAOX1A in E. coli. The growth pattern of E. coli
cells was monitored for 5 h in the absence or presence of respiratory inhibitors: (A) Growth
pattern of E. coli/pET28a and (B) E. coli/pAtAOX1A in the absence or presence of KCN; (C)
Growth pattern of E. coli/pET28a and (D) E. coli/pAtAOXI1A in the absence or presence of
n-PG; (E) Growth pattern of E. coli/pET28a and (F) E. coli/pAtAOXI1A in the absence or
presence of SHAM. Each value represents the mean + SD of three experiments. The statistical

significance difference (P <0.05) was calculated for the endpoint of the growth curve and

indicated with asterisks.
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log phase even after 5 h of growth (Fig. 4.8B, D and F), suggesting the role of AOX-
catalyzed respiration in enhancing the metabolic activities of E. coli. The supplementation of
KCN at an increasing concentration (0.05 to 1 mM) has suppressed the growth of
E. coli/pET28a significantly by 51%. However, KCN has suppressed only 23% of growth in
E. coli/pAtAOX1A (Fig. 4.8A, B). When E. coli/pET28a was supplemented with n-PG, it
caused only a trivial (14%) effect on its growth even at 0.25 mM concentration, whereas it
suppressed the growth of E. coli/pAtAOX1A up to 38% at the same concentration. However,
n-PG at a higher concentration (0.5 mM) showed a remarkable growth inhibitory effect on
both E. coli/pET28a (34%) and E. coli/pAtAOX1A (54%), respectively (Fig. 4.8C, D). On
the contrary, SHAM has suppressed the growth of E. coli/pET28a and E. coli/pAtAOX1A by
88 and 57%, respectively, as its concentration was raised from 0.5 to 2 mM (Fig. 4.8E, F).
However, the greater effect of SHAM on the growth of E. coli/pET28a, as compared to
E. coli/pAtAOX1A, might be due to the non-specific inhibitory effect on other oxidases of
E. coli, besides its specific effect on AOX. These results, taken together, suggest that

rAtAOX1A expressed in E. coli/pAtAOX1A is functionally active.

Purification of rAtAOX1A and its analysis by MALDI TOF/TOF

As the expression cassette contains an N-terminal Hisg-tag, cobalt column affinity
chromatography was used to purify rAtAOX1A from the soluble fraction of
E. coli/pAtAOX1A membrane. To get active protein: (1) rAtAOX1A was induced by IPTG
in the presence of FeSO, (0.1 mM) and (2) after induction, the harvested cells were
suspended in 50 mM Tris-HCI containing 10 mM of pyruvate at pH 7.5. The purified
rAtAOX1A with a molecular mass of ~37 kDa was observed in reducing SDS-PAGE, which

includes AtAOX1A mature protein (33.44 kDa) and pET28a(+) vector sequence (3.83 kDa)
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(Fig. 4.9A). Furthermore, western blot analysis with anti-His antibody showed a single band
correlating with the molecular mass observed in SDS-PAGE (Fig. 4.9B). The rAtAOX1A
has shown a specific activity of 3.86 umol O, min™* mg™* protein and a 15% recovery rate,
where 600 puM of duroquinol was used as a substrate (Table 4.1). Moreover, the purified
recombinant protein band (~37 kDa) from SDS-PAGE (Fig. 4.9A) was digested with trypsin
and subjected to MALDI-TOF/TOF analysis (Fig. 4.10A). The Biotools software revealed
the following sequence ‘LPADATLRDVVMVVR’ for lift spectra corresponding to the peak
1656.258 Da (Fig. 4.10B, C). The MS-MS ion search in the Mascot search database resulted
in matching with partial AtAOX (ID: gi/1872517) with a significant score of 308 (Fig.
4.10D). The six major peptide peaks (m/z 1209.854, m/z 1365.972, m/z 1566.099, m/z
1656.258, m/z 2385.628 and m/z 2476.697) in peptide mass fingerprint (PMF) spectrum
covered 24% of partial A. thaliana AOX (ID: gi/1872517) protein sequence from NCBI
database (Fig. 4.10E). A blast search of the sequence (LPADATLRDVVMVVR) showed
100% identity with the AtAOX1A in the NCBI database (Fig. 4.10F). These results confirm

that the purified protein is rAtAOX1A.
4.3. Discussion

Differential respiratory and growth responses of E. coli/pET28a and E. coli/pAtAOX1A

on exposure to mitochondrial inhibitors

In the present study, BL21(DE3) E. coli strain was chosen to examine in vivo functional
expression of pAtAOX1A and robust expression of rAtAOX1A protein for purification and

in vitro characterization. AOX is known to be resistant to cyanide and sensitive to n-PG and

62



A B
kDa M 1 2 3 4 5 6 kDa
180
130
100 —: S 130
70 — D 100
55 — e — 70

- 55
40
- G
2 =
35
25 35

Fig. 4.9. Purification and validation of rAtAOX1A protein using SDS-PAGE and western
blotting. (A) SDS-PAGE visualizing purification profile of rAtAOX1A from E. coli
membrane. Lane M, 10-180 kDa protein marker; lane 1, protein from E. coli/pAtAOX1A;
lane 2, protein from E. coli/pAtAOX1A induced with IPTG; lane 3, flow-through; lane 4,
washing fraction; lanes 5 and 6, elution fractions, arrow indicates purified rAtAOX1A with
~37 kDa molecular mass. (B) Western blot showing purified rAtAOX1A: lane M, 10-180
kDa protein marker; lane 1, purified rAtAOX1A. 40 pg of protein sample is loaded in each

well.
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Table 4.1. The membrane fractions of E. coli were prepared from 500 mL of
E. coli/pAtAOX1A culture and used for rAtAtAOX1A purification. Oxygen uptake activities
were measured using an oxygen electrode in the presence of duroquinol as a substrate. The
specific activity shown here is representative of three independent experiments.

Fraction Total Protein Recovery | Specific activity Fold
activity yield (%) (umol O, min™ increase in
(umol O, | (mg/500 ml mg™ protein) specific
min™) culture) activity
E. coli lysate 14.57 44.17 100 0.33 £ 0.061 1.0
Inner 29.95 19.2 43.4 0.56 £ 0.137 4.7
membrane
DDM extract 20.76 17.16 39.8 1.21+0.196 3.7
Purified 25.47 6.6 14.94 3.86 +0.182 11.7
rAtAOX1A
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Fig. 4.10. Validation of purified rAtAOX1A protein using MALDI-MS-MS. (A) MALDI
TOF/TOF mass spectrum of purified rAtAOX1A between 500-5,000 m/z obtained after
digestion with trypsin. Peaks corresponding to 1209.854, 1365.972, 1566.099, 1656.258,
2385.628, and 2476.697 Da are subjected to MS-MS analysis. (B) The lift spectrum of the

peak corresponds to the 1656.258 Da.
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201
251

LGEKTPMKEE DANQKKTENE STGGDAAGGN
EDGSEWKWNC FRPWETYKAD ITIDLKKHHV
DLFFQRRYGC RAMMLETVAA VPGMVGGMLL
EAENERMHILM TFMEVAKPKW YERALVITVQ
MVGYLEEEAI HSYTEFLKEL DKGNIENVPA
MVVRADEAHH RDVNHFASDI HYQGRELKEA

NKGDKGIASY WGVEPNKITK
PTTFLDRIAY WTVKSLRWPT
HCKSLRRFEQ SGGWIKALLE
GVFFNAYFLG YLISPKFAHR
PAIAIDYWRL PADATLRDVV
PAPIGYH

Fig. 4.10. (C) Biotools display of the peptide peak 1656.258 Da. (D) its Mascot score; (E) A.
thaliana partial AOX (gi/1872517) sequence from NCBI database. The sequence of MS
peaks (1209.854, 1365.972, 1566.099, 1656.258, 2385.628, and 2476.697 Da) of rAtAOX1A
are indicated in bold red font and sequence coverage from these six major peaks is about
24%. The sequence obtained from the MS peak with 1656.258 is underlined.

F S. No Plant Source Accession No. Sequence Similarity
(NCBI) (%)
rAtAOXIA _PADATLRDVVMVV
1 | Arabidopsis thaliana (altemative oxidase 1A) NP_188876.1 LPADATLRDVVMVYV 100
2 | Arabidopsis thaliana (altemative oxidase) CAA10364.1 LPADATLRDVVMVYV 100
3 Brassica rapa (ubiquinol oxidase 1A, mitochondrial) XP_009135803.1 | (R FNIYNuR I AR AY 100
4 | Brassicajuncea (mitochondrial alternative oxidase 1A) | AEB0055S5.1 LPADATLRDVVMVYV 100
5§ | Camelina sativa (PREDICTED: ubiquinol oxidase 1A) | XP_010511278.1 | (RN XS s P 3 A0S LAY 100
6 | Brassicanapus (ubiquinol oxidase 1A, mitochondrial) XP_013683733.1 ) 100
7 Brassica rapa (ubiquinol oxidase 1A, mitochondrial) XP_009145388.1 100
8 | Camelina sativa (PREDICTED: ubiquinol oxidase 1A) | XP_010466517.1 100
9 | Tanacetum cinerariifolium (ubiquinol oxidase 1A) GFD53721.1 LPADATLRDVVMVYV 100
Fig. 4.10. (F) The sequence obtained from peptide peak m/z 1656.258

(‘LPADATLRDVVMVVR’) has shown 100% identity with AtAOX1A in the BLAST

search.
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SHAM, while E. coli oxidases are found to be sensitive to cyanide but not to AOX inhibitors
(Bendall and Bonner, 1971; Siedow and Girvin, 1980; Fukai et al., 1999). Thus, consistent
with the properties of different oxidases, the respiratory rates of E. coli/pAtAOX1A are
resistant to KCN and sensitive to n-PG and SHAM when compared with E. coli/pET28a

(Fig. 4.7A-C).

In the absence of any inhibitor, after 5 h, E. coli/pAtAOX1A exhibited higher growth
(ODgoo = ~1) when compared with E. coli/pET28a (ODgoo = ~0.8) due to the beneficial
effects rendered by AtAOX1A expression in E. coli/pAtAOX1A. Consequently, the growth
rates of E. coli/pAtAOX1A are found to be resistant to KCN and sensitive to n-PG and
SHAM, which is not the case with E. coli/pET28a (Fig. 4.8A—F). Thus, the differential
responses observed in respiration and growth rates of E. coli/pET28a and
E. coli/pAtAOX1A, upon treatment with mitochondrial inhibitors, clearly demonstrates that
the rAtAOX1A expressed in E. coli in the present study is functionally active (Berthold,
1998). The previous report on the expression of AOX from A. thaliana in hemA E. coli strain
(deficient in cytochrome-mediated aerobic respiration) allowed it to grow under aerobic
conditions (Kumar and Séll, 1992). Also, the expression of TAO in E. coli and rAtAOX1A
in yeast cells has shown cyanide-insensitive and ascofuranone/SHAM-sensitive growth
(Fukai et al., 1999; Nihei et al., 2003; Vishwakarma et al., 2016). Nevertheless, the results
from this study suggest the concentration of n-PG to be restricted to <0.25 mM, as treatment
with higher concentrations leads to non-specific inhibitory effects on E. coli oxidase(s)
and/or cellular redox enzymes, as well as hydrolases (Boyd and Beveridge, 1979; Han and
Park, 2009; Fig. 4.8C). Similarly, a high concentration of SHAM (2 mM) showed an

inhibitory effect on the growth of E. coli/pET28a (88%), possibly due to its non-specific
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effect on E. coli cytochrome oxidases (Fig. 4.8E). However, the non-specific effects are
exacerbated more with SHAM than n-PG. Further, the studies of Berthold (1998) reported
such ambiguity in the usage of these inhibitors. The results from their studies using
cytochrome bd oxidase mutants indicated that partial inhibition in the duroquinol oxidase

activity of the E. coli membrane was observed with SHAM but not n-PG.
Purification of rAtAOX1A in its active form

In the present study, the rAtAOX1A is overexpressed in E. coli BL21(DE3) and purified
from E. coli membranes (Fig. 4.9A). To obtain a pure as well as active rAtAOX1A, it is
found to be essential to maintain the following conditions during its induction and

purification procedure.
Supplementation of Fe®" is essential for the expression of active rAtAOX1A

The studies of Minagawa et al. (1990) and Ajayi et al. (2002) have reported that iron
supplementation is essential during the heterologous expression of AOX. In this study, Fe?*
was added to the culture medium at the time of induction along with IPTG, which resulted in
an active rAtAOX1A (Table 4.1). However, when rAtAOX1A was purified without Fe**
supplementation, its activity was not detectable, despite the presence of pyruvate in all
purification steps (data not shown). This could be due to a lack of formation of the hydroxo-
bridged binuclear iron center, which is involved in the reduction of molecular oxygen to
water, as evident by electron paramagnetic resonance studies (Berthold et al., 2002; Moore et
al., 2008). Similarly, in this study, supplementation of Fe** ion to the culture medium could

not retrieve AOX in pure form (data not shown).
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Pyruvate supplementation is essential during all the steps of purification

Pyruvate stabilizes the active enzyme conformation, although the specific mechanism of
AOX activation by pyruvate is unclear (Carré et al., 2011; Elliott et al., 2014; Xu et al.,
2021). In this study, the addition of pyruvate (10 mM) in all purification steps resulted in the
retrieval of active rAtAOX1A from E. coli membranes (Table 4.1). However, the AOX
activity was found to be insensitive to pyruvate when examined in mitochondria isolated
from thermogenic plants, such as Arum italicum (Hoefnagel et al., 1997), Sauromatum

guttatum (Crichton et al., 2005) and A. maculatum (Ito et al., 2011).
Detergent choice to solubilize the rAtAOX1A from E. coli membranes

The choice of detergent usage also plays a major role in retaining AOX activity during the
process of purification. For solubilizing the recombinant trypanosomal alternative oxidase
(rTAO), OG was proven to be efficient (Kido et al., 2010). However, in the case of
recombinant S. guttatum alternative oxidase (rSgAOX), OG caused a decrease in enzyme
activity, while DDM improved its activity (Elliott et al., 2014). In this study, DDM was used
to solubilize rAtAOX1A from E. coli/pAtAOX1A membranes. The protocol used in this
study resulted in a 15% recovery of rAtAOX1A. Further, the oxygen uptake activity of
purified rAtAOX1A in the presence of duroquinol was found to be 3.8 pmol O, min™* mg™
protein at pH 7.5 in Tris-HCI (Table 4.1). Nevertheless, the activity obtained in the present
study was found to be comparable (4 pmol Q:H, min™ mg™ protein) with that of
rAtAOXI1A, which is purified from the AhemA deficient E. coli strain (FN102), which lacks
the quinol oxidase activity for cytochrome bo and bd complexes (Xu et al., 2021). In

contrast, the activity of rTAO measured as quinol oxidizing activity was found to be 207
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umol min™! mg™* protein (Kido et al., 2010), while rSJAOX measured as oxygen uptake

activity was found to be 20 pmol min™ mg™ protein (Elliott et al., 2014), respectively. The

lower activity levels of rAtAOX1A in the present study could be due to its origin from a non-

thermogenic plant A. thaliana (Moore et al., 2013). The docking studies of May et al. (2017)

and Xu et al. (2021) indicated that the differences in the polar residues surrounding the

hydrophobic cavity of the quinol binding site might change the size of the cavity, which, in

turn, may lead to the differences in the strength of attraction of quinol into the active site,

and, thereby, affect the activity of AOX enzyme in A. thaliana.

Highlights of the study

v

AtAOX1A was successfully cloned into pET28a(+) vector and expressed in E. coli
BL21(DE3) cells.

E. coli/pAtAOX1A showed cyanide resistance, SHAM and n-PG sensitive respiration
as well as growth, which indicates that the expressed rAtAOX1A is functionally

active in E. coli.

rAtAOX1A was separated from E. coli membranes by solubilizing in DDM and
purified by passing through the His-tag cobalt affinity column.

The rAtAOX1A possessed a molecular mass of ~37 kDa and purified to 11-fold with

a specific activity of 3.86 pumol oxygen uptake/min/mg protein.

Western blot and MALDI TOF/TOF analysis confirmed that the purified protein is
rAtAOX1A.
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Chapter 5

Structural and Biophysical Characterization
of Purified rAtAOX1A with its Inhibitors
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Structural and Biophysical Characterization
of Purified rAtAOX1A with its Inhibitors

5.1. Introduction

The secondary structure of AOX from plants source was revealed for the first time by Elliott
et al. (2014) in the thermogenic plant S. guttatum. The AOX belongs to the non-heme diiron
carboxylate protein superfamily with six long (al - a6) and four short (aS1 - aS4) a-helices
(Moore et al., 2013; Shiba et al., 2013). The helices al and 04 of TAO are bound to the
IMM, and the other helices (a2,a3,a5 and a6) form a four-helix bundle with catalytic diiron
core, which catalyzes the reduction of O, upon binding with its substrate (UQH;) (Moore et.,
2013; Pennisi et al., 2016; May et al., 2017). However, from the non-thermogenic plants, the
secondary structure of AOX is yet to be elusive. The protein secondary and tertiary structures
are stabilized by the inter and intramolecular forces, which may get affected by the addition
of interacting compounds. These inter and intramolecular structural changes can be studied
using CD spectroscopic signals (Kelly and Price, 2005). The aim of the present study is (i)
Secondary structural analysis and structural stability of purified rAtAOX1A at a wide range
of temperature and pH conditions; (ii) Characterize the purified rAtAOX1A protein and its
interaction with inhibitors, such as SHAM and n-PG, using biophysical studies like SPR, CD
spectroscopy, fluorescence spectroscopy, and in silico molecular docking; (iii) Identifying
the binding pockets of AOX substrates (DQ, DQH,, UQ; and Q;H,) on AtAOX1A and

comparing the inhibitor binding site with the substrate binding site on the AtAOX1A.
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5.2. Results

CD spectroscopic analysis of secondary structure of rAtAOX1A and its stability at a
wide range of temperatures and pH

CD spectroscopy is frequently used to study the secondary structure and its conformational
state in proteins. It detects the difference in the absorption of left and right-handed circularly
polarized light in optically active molecules such as proteins and is expressed in terms of
ellipticity. In the CD spectroscopy graph, a combination of positive and negative peaks at
defined wavelengths describe the nature of secondary structure, such as: (1) A positive peak
at 192 nm and negative peaks at 208 and 222 nm represent an a-helical structure; (2) A
positive peak at 195 nm, and a negative peak at 216 nm indicates a [3-sheet structure; (3) A
positive peak at 205 nm represents a B-turn, and (4) A negative peak at 200 nm, and a
positive peak at 212 nm represents a random coil (Kelly and Price, 2000; Kelly et al., 2005).
The secondary structural analysis of rAtAOX1A in Far-UV (190-260 nm) CD spectra
indicated that it possesses an a-helical structure (Fig. 5.1). The presence of two negative
peaks at 208 nm and 222 nm is a characteristic feature of the typical a-helical structure. The
high tension (HT) voltage trace was shown as an inset in Fig. 5.1. Further, any change in the
pH (2 — 12) caused only a marginal variation in the ellipticity of rAtAOX1A, as compared to
the ellipticity observed at optimal pH 7.5 (Fig. 5.2). Similarly, the thermal treatment of
rAtAOX1A showed only a marginal decrease in its ellipticity with a gradual increase in the
temperature from 4° to 90°C (Fig. 5.3A). However, this effect was reversed by gradually
cooling down the temperature from 90° to 4°C (Fig. 5.3B), suggesting that rAtAOX1A is
structurally stable to heat treatment. Also, the protein has retained its helical absorbance

signal (222 nm) up to ~67% despite an increase in temperature from 25° to 90°C (Fig. 5.4).
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Fig. 5.1. Secondary structure of rAtAOX1A. CD spectra of purified rAtAOX1A at far-UV
(190-260 nm) in 10 mM phosphate buffer (pH 7.5). Ellipticity in 6 (mdeg) of rAtAOX1A
(0.8 mg/ml) was plotted against the wavelength. Inset: High Tension profile of voltage trace.

The final spectrum is an average of three scans, as described in the Materials and Methods

section.
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Fig. 5.2. CD spectra of rAtAOX1A (0.8 mg/mL) at far UV (190-260 nm), and the secondary
structural stability was determined at different pH (2.0, 7.5, 10.0 and 12.0).
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Fig. 5.3. The secondary structural stability of rAtAOX1A at far UV (190-260 nm) was

determined at different temperatures. (A) Temperature from 4 to 90°C; (B) Temperature

from 90 to 4°C.
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Fig. 5.4. Variation in the ellipticity of rAtAOX1A was measured at 222 nm between the

25°C to 90°C temperature range.

76




These results suggest that rAtAOX1A is highly stable at a wide range of pH and temperature

conditions.

Molecular interaction analysis of rAtAOX1A with SHAM and n-PG

The alterations in secondary structural elements of purified rAtAOX1A upon the addition of
SHAM and n-PG were determined separately by CD spectroscopy. The addition of different
concentrations of SHAM and n-PG to rAtAOX1A has not shown any deviation in the helical
absorbance signal in the CD spectrum observed between 190-260 nm. However, a marginal
deviation in the negative peaks was observed (Fig. 5.5A, B). Further, the changes in the
secondary structure composition of the rAtAOX1A in the presence of SHAM and n-PG were
summarized in Table 5.1. The addition of both inhibitors (SHAM and n-PG) to the
rAtAOX1A caused an increase in B-sheets (~7%) with a concomitant decrease in a-helical
(~10%) content, while the changes in B-turns and random coils (together) are negligible

(~3%).

As the AtAOX1A protein contains nine Trp residues at 108, 123, 125, 131, 158, 165,
211, 237, and 305 positions (Fig. 3.5; Chapter 3), the fluorescence emission spectra of
rAtAOX1A have shown a peak at 339 nm upon excitation (Aex) at 295 nm. The fluorescence
emission spectra of rAtAOX1A, in the presence of different concentrations (0.05, 0.1 and 0.5
mM) of SHAM and n-PG, have shown significant changes in fluorescence intensity. The
fluorescence emission profile of rAtAOX1A has shown a red shift (Fig. 5.6A, B), with
maximum wavelength emission spectra changing from 339 nm (in the absence of inhibitors)

to 358 nm at 0.5 mM SHAM and 378 nm at 0.5 mM n-PG indicating the protein
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Fig. 5.5. CD spectra of rAtAOX1A at far UV (190-260 nm) with (A) 0.05, 0.1, and 0.5 mM
SHAM, and without inhibitor; (B) 0.05, 0.1, and 0.5 mM n-PG and without inhibitor in 10
mM phosphate buffer (pH 7.5). The concentration of purified rAtAOX1A used to obtain the
CD spectrum (SHAM and n-PG) was 0.4 mg/ml. The final spectrum is an average of three

scans, as described in the Materials and Methods section.
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Table 5.1. Modulation in rAtAOX1A secondary structural elements during interaction with
SHAM and n-PG. The data is analyzed using the CDSSTR algorithm and reference set 4.
Values represent the average of four to five scans.

Sample Concentration Predicted secondary structure elements (%)

of inhibitor
a-helix [-sheet B-turn Random coil

rAtAOX1A Control 53 22 5 20

FAtAOXIA 0.05 mM 42 29 7 21

N 0.1 mMm 42 30 7 21

0.5mM

SHAM 44 27 7 21

0.025 mM 42 30 7 21

rAtAOX1A 0.05 mM 44 29 7 21

N 0.1 mM 48 26 6 21

n-PG 0.5 mM 42 30 7 21
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Fig. 5.6. Intrinsic fluorescence emission spectra of purified rAtAOX1A in the absence and
presence of different concentrations (0.05, 0.1 and 0.5 mM) of inhibitors (A) SHAM and (B)
n-PG. A 10 uM protein sample (rAtAOX1A) was prepared in 5 mM phosphate buffer at pH
7.5. Fluorescence emission spectra were obtained at 25°C, from 300 to 450 nm, with
excitation at 295 nm. The final spectrum is an average of three scans, as described in the

Materials and Methods section.
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unfolding in the presence of inhibitor and tryptophan residues are in a more polar

environment.

The SPR technique has been extensively used to study the molecular interaction of
proteins with small-molecule(s) and in drug discovery due to its improved selectivity,
stability, and sensitivity (Homola, 2003; Olaru et al., 2015). The binding events of the
immobilized ligand and analytes are ascertained by monitoring the changes in the SPR signal

(Response unit).

As the analyte is passed on an immobilized ligand through a microfluidic channel, the
interaction between ligand and analyte leads to the formation of a complex structure, which
causes a change in the mass on the sensor chip surface and, thereby, a change in the SPR
signal of the sensorgram. This change/difference in the signal is used to derive Kinetic
constants for both complex formation (association) and its dissociation in a particular
molecular interaction between a ligand and an analyte (Nguyen et al., 2015). The mechanism
of rAtAOX1A interaction with SHAM and n-PG is characterized by the SPR technique. The
analytes (SHAM and n-PG) are allowed to pass independently through both Fc-3
(reference/blank flow cell) and Fc-4 (rAtAOX1A immobilized flow cell). The binding of
SHAM and n-PG with immobilized rAtAOX1A at different concentrations (1 to 5 mM) was
visualized in the sensorgrams as the rate of increase in RU of Fc-4 [note: The RU of
corresponding analytes in blank/reference flow cell (Fc-3) is subtracted automatically] (Fig.
5.7A, B). From these sensorgrams, association, dissociation, and steady-state interaction
kinetics of SHAM and n-PG with rAtAOX1A were calculated. SHAM has shown an

equilibrium dissociation constant Kp = 3.08 x 10° M with the following association
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Fig. 5.7. SPR kinetics of SHAM and n-PG with rAtAOX1A. Binding curves for (A) SHAM
and (B) n-PG with rAtAOX1A at 25°C. The colored lines represent the concentrations of
SHAM/n-PG (1, 2, 3, 4, and 5 mM), the black lines correspond to the fit lines to the data, and

each fit line is a result of a global fit. The final sensorgram is representative of three cycles.
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(ks = 1.11 x 10° M* s7%) and dissociation (kg = 3.40 x 10* s rate constants. Similarly, the
kinetic parameters measured for n-PG have shown equilibrium dissociation constant Kp =
4.91 x 10*° M with the following association (k, = 1.80 x 10’ M™* s %) and dissociation (kg =
8.85 x 10° s rate constants. These results suggest that the n-PG (~0.49 nM) has more
affinity to rAtAOX1A than SHAM (~3 nM). However, both the inhibitors bind reversibly to
the rAtAOX1A, which is evident by the changes in the RU observed during their association

and dissociation in corresponding sensorgrams (Fig. 5.7A, B).

The interaction of the ligands (SHAM and n-PG) with AtAOX1A was examined by
the in silico molecular docking and mutational docking studies. SHAM and n-PG inhibit the
transfer of electrons through the AOX pathway. Panel (a) in Fig. 5.8Aa, Ba shows the most
probable binding sites on AtAOX1A for SHAM & n-PG and panel (b) shows their
corresponding binding pocket. According to the SwissDock results, SHAM and n-PG bind to
the same binding pocket made up of Met191, Val192, Met195, Leul96, Phe251, and Phe255
(Fig. 5.8Ab, Bb). The binding energies of SHAM and n-PG are found to be —6.01 and —6.13

kcal/mol, respectively.
Mutational docking studies of AtAOX1A with SHAM and n-PG

To identify the potent residues on AtAOX1A that may have a direct impact on the binding of
SHAM and n-PG, point mutations were performed concerning three hydrophobic residues:
(1) Met195 to Ala, (ii) Leul96 to Ala, and (iii) Phe255 to Ala in the inhibitor binding pocket
(Fig. 5.9A, B). The side chains of these residues lie within 3A from the ligand as the

hydrophobic interactions between the ligand and side chains hold the ligand in its binding
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A) SHAM

B) n-PG

Fig. 5.8. Molecular docking of AtAOX1A with (A) SHAM and (B) n-PG. (a) All possible
binding pockets of a specific ligand on AtAOX1A. The yellow region on AtAOX1A
secondary structure indicates the best-fit binding pocket of a particular ligand. (b) residues of
AtAOX1A that are involved in forming the binding pocket of the best model (Cluster 0
Element 0), according to SwissDock results. SHAM and n-PG are shown in purple. Color
scheme: carbon (red), oxygen (orange), sulfur (yellow), nitrogen (blue), and hydrogen
(white).
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A) SHAM
MetlgﬁAla Leul96Ala

2

B)n-PG

Fig. 5.9. Effect of mutation on the binding affinities of SHAM (A) and n-PG (B). The yellow
surface indicates the location of the binding pocket in wild-type (WT) AtAOX1A. The
location of the ligand on the mutant AtAOX1A is shown in purple.
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pocket. Interestingly, upon mutations of Met195, Leul96, and Phe255 to alanine, the SHAM
and n-PG binding locations are drastically altered in comparison to that of the WT
AtAOX1A (Fig. 5.9A, B). However, the mutation of Leu196 did not alter the binding pocket
of n-PG (Fig. 5.9B).

Identification of substrate binding location and comparison with inhibitor binding

location using molecular docking

The interaction of the following ligands with AtAOX1A was examined by the in silico
molecular docking and mutational studies: (i) Q:H, (reduced form of ubiquinone), which
plays a significant role in the transfer of electrons from complex | and complex Il of miETC
to AOX and its oxidized form (UQ3), which is released from the AOX after the donation of
electrons by Q1H; to its catalytic center under in vivo conditions; (ii) DQH, (reduced form of
duroquinone), an analog of UQH; and electron donor to AOX under in vitro conditions, and
its oxidized form (DQ) that is released from AOX after electron donation by DQH; to its

catalytic center.

Panel (a) in Fig. 5.10 shows the most probable binding sites on AtAOX1A for (1)
uQ, (I Q:Hy, (1) DQ and (IV) DQH, and panel (b) shows their corresponding binding
pocket. The Q:H, binding site (Fig. 5.101lb) is composed of Trpl31, Glul32, Thrl33,
Tyrl34, Lys135, 11e138, Trp305, Arg306, Leu307, Pro308, and Asp315, while Q1H, makes
hydrogen bonds with Trpl131 and Arg306, and forms a stable complex with AG = —7.05
kcal/mol. The ubiquinone or ubiquinone-1 (with one isoprenoid unit) binding pocket (Fig.
5.101b) is made up of Leul63, Thrl67, Phel71, Met181, Leul82, Vall85, Leu242, Thr245,

Val246, Val249, and Phe250, respectively, and the ligand is mostly hydrophobic due to the
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T) Ubiquinone-1 (UQ,) IT) Ubiquinol-1 (Q,H,)

(b)

Fig. 5.10. Molecular docking of AtAOX1A with its substrates (I-1V). (a) All possible
binding pockets of a specific ligand on AtAOX1A. The yellow region on AtAOX1A
secondary structure indicates the best-fit binding pocket of a particular ligand. The Blue
region in panel (11a) represents the inhibitor binding pocket to compare with that of UQ, and
(b) residues of AtAOX1A that are involved in forming the binding pocket of the best model
(Cluster 0 Element 0) according to SwissDock results. The ligands (1) UQs, (11) QiHy, (I11)
DQ and (1) DQH; are shown in purple. Color scheme: carbon (red), oxygen (orange), sulfur

(yellow), nitrogen (blue), and hydrogen (white).
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presence of five methyl groups. The binding energy of UQ; in this pocket is AG = —6.74
kcal/mol. The binding pocket for DQH, consists of Trpl131, Glul32, Thrl33, Tyrl34,
Lys135, Arg306, Pro308, and Asp315 (Fig. 5.101VVb). The binding energy of DQH, to the
AtAOXI1A is AG = —6.63 kcal/mol. Interestingly, DQH, and Q;H, bind in the same location
that is close to the diiron cavity (Fig. 5.11A). According to the SwissDock results, the
binding pocket of DQ is made up of Met191, Val192, Met195, Leul96, Phe251, and Phe255
(Fig. 5.10111b). The binding energy of DQ to the AtAOXI1A is AG = —6.11 kcal/mol. This
surface-exposed, hydrophobic region of DQ is located on the 2" and 4™ o-helices and is
~27A away from the diiron center. According to the SwissDock results, SHAM and n-PG
bind to the same binding pocket (Fig. 5.8Ab, Bb) as that of DQ. The Figure 5.11A, B
compares the location of the diiron cavity with the inhibitor and QiH,/ DQH, and UQ;
binding sites, respectively. It was observed that the UQ; binding site bridges the diiron cavity

and the inhibitor binding site.
5.3. Discussion

Structural characterization of purified rAtAOX1A and its interaction with inhibitors

In this study, the structure of rAtAOX1A and the changes in the corresponding structure
during interaction with its inhibitory (SHAM and n-PG) molecules are revealed by CD
spectroscopy. Besides, the docking and SPR studies identified the specific binding pockets
for these molecules on AtAOX1A and revealed their binding energies/affinities during

interaction with rAtAOX1A.

Analysis of far-UV (190-260 nm) CD spectra reveals the secondary structural

elements such as a-helices and -sheets present in a protein. The CD results from the present
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Fig. 5.11. Molecular docking of AtAOX1A with substrates and inhibitors. (A) Binding
pockets of inhibitor (yellow), DQH, (green surface), Q:H, (blue surface), and diiron binding
cavity (red surface). DQH; is shown with purple sticks. (B) Binding pockets of inhibitor

(yellow surface), UQ; (orange surface), and diiron cavity (red surface).
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study have revealed that the purified rAtAOX1A possessed a-helices predominantly over j3-
sheets in its secondary structure (Fig. 5.1 and Table 5.1), and this result is consistent with
the secondary structural elements of rTAO and rSQAOX (Elliott et al., 2014). Besides, the
following observations in this study, such as (i) stability in the ellipticity of rAtAOX1A to a
wide range of temperatures (Fig. 5.3A, B) and (ii) retention of its helical absorbance signal
up to 67% even at temperatures as high as 90°C (Fig. 5.4), indicated that the thermal stability
of rAtAOX1A isoform from a non-thermogenic plant A. thaliana is comparable to that of
rAOX from thermogenic plant S. guttatum and rTAO from a parasitic protozoan (Elliott et
al., 2014). Further, the retention of the helical signal even at a wide range of pH conditions
indicated the stability of the rAtAOX1A to changes in pH (Fig. 5.2). Besides, a decrease in
the a-helical content and a rise in the B-sheets in rAtAOX1A upon interaction with SHAM
and n-PG demonstrated the conformational changes occurring in the protein, possibly due to
a rearrangement in the hydrogen bond network of the secondary structural elements (Hebia et

al., 2014; Yu et al., 2021; Fig. 5.5A, B and Table 5.1).

Further, a red shift in the fluorescence emission spectra of rAtAOX1A with its
inhibitors (SHAM and n-PG) was observed (Fig. 5.6A, B), which indicates that the
hydrophobic groups of the protein are exposed to the polar environment and this might be
due to the unfolding of rAtAOX1A upon interaction with its inhibitors. These results
demonstrate that the rAtAOX1A interacts with its inhibitors and this interaction was
associated with a remarkable change in the microenvironment of tryptophan residues of the

protein.

Furthermore, the SPR technique, which is known to provide real-time label-free

binding kinetics, is used to analyze the interaction of rAtAOX1A with its inhibitors. The
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kinetic data obtained for n-PG and SHAM during their interaction with rAtAOX1A fitted
well with the 1:1 Langmuir model. Also, n-PG (Kp = 0.49 nM) showed a higher affinity with
rAtAOX1A than SHAM (Kp = 3 nM), as the Kp is inversely proportional to the binding
affinity (Fig. 5.7A, B). Also, a positive correlation was observed between the Ky values (an
indicator of binding affinity) obtained in this study with the 1Cs, values (an indicator of the
inhibition potency) obtained for n-PG and SHAM against rAOX from different sources
(Elliott et al., 2014; May et al., 2017; Xu et al., 2021). For example, the results from the
studies of Xu et al. (2021) indicated that the n-PG inhibits rAtAOX1A at a concentration of

~1.58uM (ICsp), while SHAM inhibits at a concentration of ~33 uM (ICso).

In the case of plants, the crystal structure of AOX is not yet available so far.
Therefore, in the docking studies, we used the homology model generated for AtAOX1A
(PMDB Accession number: PM0080189), using the crystal structure of TAO (PDB ID:
3VV9) as a template (Pennisi et al., 2016). The studies of Pennisi et al. (2016) also predicted
the protein structure for N-terminal 31 residues (residues 63-93) of AtAOX1A by ab
initio/threading program. Thus, irrespective of the origin, AOX possessed a common

structural trend of forming a four-a-helix bundle with a diiron catalytic center.

The AOX1A from A. thaliana contained three domains: (i) a mitochondrial
recognition signal peptide domain between residues 1 and 62, which detaches from AOX
after mitochondrial recognition; (ii) a predicted region in the N-terminus between residues 63
and 93; and (iii) a catalytic domain between residues 94 and 354 that is responsible for the
oxidation of ubiquinol, binding of activators and inhibitors, and reduction of an oxygen
molecule to water. However, the model generated by Pennisi et al. (2016) includes only the
catalytic domain of AtAOX1A, and the tunnel formed by four a-helices (02, a3, a5, and a6)
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in this model has two prominent hydrophobic regions: (i) a catalytic cavity consisting of
conserved glutamate and histidine residues (Glul83, Glu222, Glu273, Glu324, His225, and
His327) hosting the diiron center and (ii) a second region with conserved residues Argl64,
Aspl68, Argl78, Leul82, Alal86, Leu272, Glu275, and Ala276 connects the first
hydrophobic region with the lipid bilayer facing the mitochondrial matrix. Further, the
monomer-monomer binding region lies between residues 94 and 127 of each monomer.
However, this choice can have the least effect on the binding affinities of SHAM and n-PG

as the inhibitor binding sites are far away from the monomer-monomer interacting region.

Furthermore, the analysis of binding sites for the molecules like Q1H,, UQ;, DQHo,
DQ, SHAM, and n-PG on AtAOX1A using the molecular docking method indicated that
because the structural and functional similarities between Q;H, and DQH,, the binding
cavities of these two ligands are found to be identical to some extent (Fig. 5.1011b, 1Vb). As
observed in TAO (Shiba et al., 2013), this binding cavity is near the diiron cavity formed by
four glutamate residues (Glul83, Glu222, Glu273, and Glu324), but the inhibitor binding site
is far from this Q;H, and DQH; binding cavity (Fig. 5.11A). Further, the UQ; binding site
(Fig. 5.101b) is somewhat similar to that of the inhibitor (SHAM and n-PG) binding site as
both are: (i) composed of hydrophobic residues and (ii) share a-2 and a-4 helices. Our results
also show that the UQ; binding site is slightly away from that of the inhibitor. The inhibitor
and UQ; binding pockets and diiron cavity have been shown in the surface model (Fig.
5.11B). Besides, DQ binding site (Fig. 5.10111b) is similar to that of the inhibitor (SHAM
and n-PG) binding site. Thus, the binding of the inhibitors to a hydrophobic groove formed
by the residues Met191, Val192, Met195, Leul96, Phe251, and Phe255 in AtAOX1A might

block the electron transport through the AOX pathway (Fig. 5.8Ab, Bb). The mutational
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docking studies suggest that Met195 and Phe255 of AtAOX1A are the potential candidates to
bind the inhibitors (Fig. 5.9A, B). Hence, this binding pocket could be a potential “gateway”

for the oxidation and reduction process in AtAOX1A.

According to the docking studies of Shiba et al. (2013), the inhibitor AF22790H
binds to the Q1H; binding site on TAO, while the results from the present docking studies
indicated that the Q;H,/ DQH, binding sites are different from that of inhibitors (SHAM and
n-PG) binding pocket on AtAOX1A (Fig. 5.11A). Also, the UQ; (oxidized form of Q;H>)
binding site is slightly away from that of the inhibitor (Fig. 5.11B). However, the inhibitors
(SHAM and n-PG) bind at the DQ (oxidized form of DQHS,) binding site. This difference in
the inhibitor binding site in TAO and AtAOX1A could be due to the difference in the amino
acid sequences, where the sequence similarity between them (TAO and AtAOX1A) is only
31.04% (Xu et al., 2021). Taken together, the results obtained from CD, fluorescence, SPR,
and docking studies suggest that binding of SHAM or n-PG to a specific hydrophobic groove
associated with 02 and 04 helices on AtAOX1A might alter its a-helical conformation, which

in turn may lead to the inhibition of AOX pathway.

Highlights of the study

v' CD studies revealed that >50% of rAtAOX1A existed in a-helical conformation and
retained its helical absorbance signal (ellipticity) at a wide range of temperatures (4 to
90°C) and pH (2 to 12).

v' CD spectra showed a decrease in the a- helical content of rAtAOX1A upon
interaction with SHAM and n-PG, while fluorescence emission studies showed a red
shift in the spectrum, which indicates the unfolding of rAtAOX1A during its

interaction with inhibitors.
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SPR studies revealed that both n-PG and SHAM bind reversibly to rAtAOX1A,;
however, n-PG showed higher binding affinity SHAM.

The molecular docking studies revealed that they bind to the same hydrophobic
groove to which Duroquinone (oxidized form AOX substrate Duroquinol) binds in
the rAtAOX1A.

Mutational docking studies revealed that Met195 and Phe255 are the potential
candidates to bind the inhibitor. Hence, this binding pocket could be a potential

gateway for the oxidation-reduction process in AtAOX1A.

Molecular docking studies revealed that the AOX substrates DQH, and UQH bind to
the same binding pocket, while the UQ; (oxidized form) binding site bridges the
diiron cavity and inhibitors binding site.
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Chapter 6

Interaction of rAtAOX1A with Pyruvate
and TCA cycle Metabolites using
Docking and Biophysical Studies
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Interaction of rAtAOX1A with Pyruvate and TCA cycle
Metabolites using Docking and Biophysical Studies

6.1. Introduction

The AOX from non-thermogenic plants plays an essential physiological role in maintaining
the function of the miETC and cellular metabolic homeostasis under stress (Dinakar et al.,
2010a; Vanlerberghe, 2013; Vishwakarma et al., 2015, 2016). It is well documented that at
the protein level, the activity of AOX is regulated post-translationally by a-keto acids/organic
acids under stress conditions (Carré et al., 2011; Moore et al., 2013). This activation of AOX
is found to be isoform-specific (Selinski et al., 2018a; Xu et al., 2021). But, how these
metabolites interact with AOX and does this interaction cause any subsequent structural
changes in AOX is not known. This information might help to understand the activation of
AOX by different a-keto acids and TCA cycle metabolites to maintain cellular metabolic
homeostasis under various physiological/stress conditions. Therefore, the present study
aimed (i) To identify any binding pockets on the surface of rAtAOX1A and the potential
amino acid residues involved in binding with pyruvate or other TCA cycle metabolites by the
molecular mutational docking studies; (ii) To analyze the real-time binding and kinetic
constants of these different metabolites with purified rAtAOX1A using SPR; and (iii) To
examine if the binding of these metabolites to rAtAOX1A cause any conformational changes
in the structure of rAtAOX1A using CD and fluorescence spectroscopic studies. The
chemical structures of pyruvate and TCA cycle metabolites used in the present study are

shown in Table 6.1.
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Table 6.1. Chemical structures of pyruvate and TCA cycle metabolites used in the analysis

of interaction with rAtAOX1A

Sl Name of PubChem | Chemical Structure Mol. Weight
No the CID formula
compound

1. Pyruvate 107735 C3H303 mjl\ 87.05
2. Citrate 31348 CeHsO;” ?(L 189.10
3. o-KG 164533 C5H405 w 144.08
4, Succinate 160419 C4H404 N 116.07
5. Fumaric 444972 C4H40,4 W o 116.07

acid ° N
6. Malic acid 525 C4HgOs OM 134.09
7. OAA 970 C4H40s5 “/\HL 132.07

0 oM
0 0
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6.2. Results

Molecular docking of AtAOX1A with pyruvate and TCA cycle metabolites

The docking studies revealed binding pockets for pyruvate and various TCA cycle
metabolites in the wild-type (WT) AtAOX1A and the binding affinity corresponding to each
of the metabolites is identified (Table 6.2). The metabolites pyruvate and fumaric acid are
found to have independent binding sites, while no binding site was identified for succinate on
WT AtAOX1A. Contrarily, conserved locations are identified on the protein surface for the

binding of the following metabolites: (i) citrate and o-KG and (ii) malate and OAA.

The pyruvate binds in the groove formed by Argl74, Tyrl75, Glyl76, Cysl77,
Val232, Ala233, Asn294, and Leu313 with AG = —6.87 kcal/mol (Table 6.2). Among these
residues, the mutation of Argl74, Gly176 or Cysl77 to Ala did not allow the binding of
pyruvate to its binding pocket (Table 6.3; SI. No. 1). Thus, the mutational docking studies

revealed the importance of all three residues in interacting with WT-AtAOX1A.

Further, both citrate and a-KG bind in the same groove formed by Thr184, Alal87,
Arg223, Leu226, Met227, Met230, Val243, and Gly247 with AG of -8.11 and -7.12
kcal/mol, respectively (Table 6.2, SI. No. 2 & 3). Among these amino acid residues, Arg223
and Gly247 are closest (within 3A) to the ligand and form H-bonds. Further, mutational
docking studies with AtAOX1A revealed which among them are potent and involved in
binding with citrate and/or a-KG (Table 6.3, SI. No. 4-7). Upon Arg223Ala mutation, citrate
could not bind to its WT binding pocket, whereas the mutation of Gly247Ala has not altered
the location of the ligand binding site. These results suggest that Arg223 of the binding

pocket might play a crucial role in binding with citrate (Table 6.3, SI. No. 4 & 5). Contrarily,
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Table 6.2. Molecular docking of pyruvate and TCA cycle metabolites on Wild-Type

AtAOXI1A. Color scheme: Ligand (purple), carbon (red), nitrogen (blue), oxygen (orange),

sulfur (yellow), hydrogen (white). The secondary structure of AtAOX1A is shown in grey

color. Parentheses indicate the position of amino acid residue in the AtAOX1A along with a-

helical chain number.

SI.
No.

Ligand

Residues in the
binding pocket
(helix No.)

AG
(kcal/mol)

Binding pocket

Pyruvate

Argl74(loop),
Tyr175(02),
Glyl76(a2),
Cysl77(a2),
Val232(a3),

Ala233(loop),

Asn294(loop),
Leu313(a6)

Citrate

Thr184(a2)
Alal87(a2)
Arg223(a3)
Leu226(a3)
Met227(a3)
Met230(a3)
Val243(04)
Gly247(a4)

-8.11
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a-KG Thr184(02) -7.12
Alal87(a2)
Arg223(a3)
Leu226(a3) ~
Met227(a3) L MF | » »
Met230(03) A B o | ‘\
Val243(04) J _ ,

Gly247(a4)

L GLY247

Succinate| - | ———--

Fumaric Val160(al) -5.96

acid Leul63(al)
Argl64(al)
Thr167(al)
Aspl68(al)
Argl78(a2)
Leul82(a2)
Val185(a2)
Phe250(04)
Leu272(a5)
Glu275(a5)

Malic Trp131(loop) -6.24
acid Glul32(loop)
Thr133(loop)
Tyr134(loop)
Lys135(S3)
Trp305(S4)
Arg306(loop)
Leu307(loop)
Pro308(loop)
Ala311(loop)
Asp315(a6)
Met318(a6)
Val319(a6)
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OAA

Trp131(loop)
Glul32(loop)
Thr133(loop)
Tyr134(loop)
Lys135(S3)
Trp305(S4)
Arg306(loop)
Leu307(loop)
Pro308(loop)
Ala311(loop)
Asp315(a6)
Met318(a6)
Val319(a6)

-6.27
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Table 6.3. Molecular docking of pyruvate and TCA cycle metabolites on mutant AtAOX1A.
Parentheses indicate residues within 3A from the ligand in WT. These potent residues are
mutated to Alanine in AtAOX1A to understand their importance in binding with ligands.

SI. | Ligand Mutation Binding pocket Remarks
No. (Residues (WT binding surface is
within 3A from in yellow)
ligand in WT-
AOXIA)
1. |Pyruvate | Argl74Ala - Ligand does not bind
> into WT binding
pocket upon
Argl74Ala mutation.
Thus, Argl74 is a
potent binding residue
to bind pyruvate
2. |Pyruvate | Glyl76Ala Ligand does not bind
into WT binding
pocket upon
Gly176Ala mutation.
Thus, Glyl76 is a
potent binding residue
to bind pyruvate
3. |Pyruvate | Cysl77Ala g ‘\i , 1 Ligand does not bind
b~ 1 into WT binding
e ./:1.;3 __ pocket upon
| O B8 U\, Cysi77Al
(£ 2 /g -//‘), ;, “~h mutation. Thus,
¢ L2y &7 PM\ ) t Cys177 is a potent
L. ey I J_~_  binding residue to
(J’t’ S‘ ;ﬂé bind pyruvate

102



Citrate

Arg223Ala

Ligand does not bind
into WT binding
pocket upon
Arg223Ala mutation.
Thus, Arg223 is a
potent binding residue
to bind citrate

Citrate

Gly247Ala

Ligand binds into WT
binding pocket upon
Gly247Ala mutation.
Thus, it is not a potent
binding residue for
citrate

Arg223Ala

Ligand does not bind
into WT binding
pocket upon

Arg223 Ala mutation.
Thus, it is a potent
binding residue to
bind a-KG

o-KG

Gly247Ala

Ligand does not bind
into WT binding
pocket upon
Gly247Ala mutation.
Thus, it is a potent
binding residue to
bind a-KG
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Fumaric
acid

Thr167Ala

Ligand does not bind
into WT binding
pocket upon
Thr167Ala mutation.
Thus, it is a potent
binding residue to
bind fumaric acid.

Fumaric
acid

Glu275Ala

Ligand does not bind
into WT binding
pocket upon
Glu275Ala mutation.
Thus, it is a potent
binding residue to
bind fumaric acid.

10.

Malic
acid

Trp305Ala

Ligand binds into WT
binding pocket upon
Trp305Ala. Thus, it is
not a potent binding

s \residue to bind malic

acid.

11.

Malic
acid

Asp315Ala

Ligand does not bind
into WT binding
pocket upon
Asp315Ala mutation.
Thus, it is a potent
binding residue to
bind with malic acid.
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12.

OAA

Trp305Ala

Ligand binds into WT
binding pocket upon
Trp305Ala mutation.
Thus, it is not a potent
residue to bind OAA

13.

OAA

Asp315Ala

Ligand does not bind
into WT binding
pocket upon
Asp315Ala mutation.
Thus, it is a potent
binding residue to
bind with OAA
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the mutational docking studies revealed that both Arg223 and Gly247 are found to be

important for the binding of AtAOX1A with a-KG (Table 6.3, SI. No. 6 & 7).

The fumaric acid interacts with a binding pocket of AtAOX1A formed by Val160,
Leul63, Argl64, Thrl67, Aspl68, Argl78, Leul82, Vall85, Phe250, Leu272 and Glu275
with AG of -5.96 kcal/mol (Table 6.2, SI. No. 5). Among these residues, the side chain of
Thrl67 and Glu275 are in close proximity with fumaric acid, where the former makes H-
bond with the ligand. Also, site-specific mutation of these residues to alanine shifted the
binding location away from the site on WT protein, which signifies the importance of both of
these residues in binding to fumaric acid (Table 6.3, SI. No. 8 & 9).

The present study also revealed that both malic acid and OAA bind to the same
binding pocket, which is composed of Trp131, Glul32, Thrl33, Tyrl34, Lys135, Trp305,
Arg306, Leu307, Pro308, Ala31l, Asp315, Met318 and Val319. Both the ligands bind to
AtAOX1A with AG of -6.24 and -6.27 kcal/mol, respectively (Table 6.2, SI. No. 6 & 7). The
amino acid residues Trp305 and Asp315 are found to be nearest to the ligand(s). However,
mutational docking studies showed that Asp315 is a potent residue but not Trp 305 to bind

with both malic acid and OAA (Table 6.3, SI. No. 10-13).

SPR Kinetic analysis to understand the interaction of rAtAOX1A with pyruvate and

TCA cycle metabolites

To understand the interaction of pyruvate and TCA cycle metabolites with rAtAOX1A, the
binding of these metabolites with immobilized rAtAOX1A was analyzed by passing a wide
range of concentrations of each metabolite (1, 5 and 10 mM) onto the CM5 sensor chip (Fig.

6.1A-G). However, a prominent increase in RU was identified with a-KG, Fumaric acid,
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Fig. 6.1. Binding analysis of (A) pyruvate, (B) citrate, (C) a-KG, (D) succinate, (E) fumaric
acid, (F) malic acid and (G) OAA with rAtAOX1A. Different concentrations of metabolites
(1, 5 and 10 mM) are allowed to pass over a CM5 sensor chip with rAtAOX1A immobilized

on its surface.
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malic acid and OAA but not with pyruvate, citrate and succinate. Therefore, the kinetic
parameters were derived for the metabolites which showed a clear increase in RU in
sensorgram (Fig. 6.2). The affinity of these metabolites for rAtAOX1A was derived by
monitoring Kinetic parameters such as association constant (k,), dissociation constant (ky) and
equilibrium dissociation constant (Kp). The experiments were conducted in duplicate and the
above kinetic parameters were measured for each analyte from the equilibrium analysis over
five (1, 2, 3, 4, and 5 mM) different concentrations (Fig. 6.2). The affinity (Kp) of each of the
metabolite with rAtAOX1A was almost similar as follows: (A) o-KG = 3.51 nM, (B) fumaric
acid = 4.05 nM, (C) malic acid = 4.32 nM and (D) OAA = 4.08 nM (Table 6.4). Further,
their association and dissociation with rAtAOX1A was reversible. Further, for better
visualization and comparison of kinetics between these metabolites (a-KG, fumaric acid,
malic acid and OAA) with rAtAOX1A, the SPR kinetic constants were deconvoluted and
represented as an iso-affinity graph, which is a plot of association rate constants versus
dissociation rate constants (Fig. 6.3). The metabolites a-KG, fumaric acid, malic acid and

OAA have shown approximately closer isoaffinity values to AtAOX1A.

CD spectroscopic analysis of the interaction of rAtAOX1A with pyruvate and TCA

cycle metabolites

CD spectroscopic study is a highly reliable and relatively easy technique that allows for
studying the conformational changes in a protein of interest and is also helpful in ascertaining

secondary structural changes in the protein upon binding with its interacting compounds.
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Fig. 6.2. SPR kinetic analysis of rAtAOX1A with TCA cycle metabolites. Sensogram plots
generated by SPR kinetic analysis demonstrate the association and dissociation
characteristics between immobilized ligand (rAtAOX1A) and TCA cycle metabolites
(analytes) such as (A) a-KG, (B) fumaric acid, (C) malic acid, and (D) OAA.
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Table 6.4. SPR kinetic constants for the interaction of purified rAtAOX1A with TCA cycle

metabolites
SI. No Analyte ka (Mts7h kg (s71) Kp (M)
1. Pyruvate | - | - Not detected
2. Citrate | - | === Not detected
3. a-KG 1.44x10° |5.07x10° | 3.51%x10°
4, Succinate | @ == | =mmme- Not detected
5. | Fumaricacid | 1.87x10" | 7.59x10°| 4.05x10°
6. Malic acid 3.78x10" | 163x10" | 432x107°
7. OAA 2.61x10° | 1.06x107° | 4.08x 107"
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Fig. 6.3. Isoaffinity graph. A plot of the SPR kinetic constants (ks versus kq) of a-KG,

fumaric acid, malic acid and OAA interaction with purified rAtAOX1A using the 1:1

Langmuir model. Dashed diagonals indicate the isoaffinity lines.
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The rAtAOX1A shows a typical a-helical structure consisting of a positive peak at
195 nm and two distinguished negative signals at 208 nm and 222 nm when examined at the
far-UV range (190-260 nm) using CD spectroscopy. The addition of pyruvate and TCA cycle
metabolites (citrate, a-KG, succinate, fumaric acid, malic acid and OAA) to rAtAOX1A has
shown marginal changes in the ellipticity of its CD spectrum (Fig. 6.4A-G). However, the
changes in the secondary structural elements (a-helices, B-sheets, B-turns and random coils)
of rAtAOX1A upon interaction with each of these metabolites were analyzed using the
Dichroweb online server with the CDSSTR algorithm. The rAtAOX1A a-helical content is
decreased (<10%) while B-sheets (<7%), B-turns and random coils (<3%) increased upon
interaction with pyruvate and TCA cycle metabolites at 0.5 mM concentration (Fig. 6.4A-G
and Table 6.5). Further, upon the addition of OAA (0.05 and 0.1 mM), the a-helical content

of rAtAOX1A was slightly (55% to 57%) increased (Fig. 6.4G and Table 6.5).

Fluorescence spectroscopic analysis of the interaction of rAtAOX1A with pyruvate and

TCA cycle metabolites

The tertiary structural changes in a protein upon interaction with its ligand can be
conveniently studied by monitoring the changes in the fluorescence intensity of tryptophan
residues using fluorescence spectroscopy. Hence, the conformational changes in rAtAOX1A
upon the addition of different concentrations (0.05, 0.1 and 0.5 mM) of pyruvate and TCA
cycle metabolites (citrate, a-KG, succinate, fumaric acid, malic acid and OAA) were
monitored by following the changes in the fluorescence emission spectra. In the present
study, a decrease in the fluorescence intensity without a shift in the peak (339 nm) upon the

addition of these metabolites was observed (Fig. 6.5A-G). These results suggest that the
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Fig. 6.4. CD spectra of rAtAOX1A at far-UV (190-260 nm). The change in ellipticity upon
treatment with different concentrations (0.05, 0.1 and 0.5 mM) of (A) pyruvate, (B) citrate,
(C) o-KG, (D) succinate, (E) fumaric acid, (F) malic acid and (G) OAA is shown in
comparison with control (without metabolite) CD spectra (black line). The concentration of

purified rAtAOX1A used to obtain the CD spectra was 0.4 mg/ml in 10 mM phosphate
buffer at pH 7.5.
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Table 6.5. Modulation in rAtAOX1A secondary structural elements during interaction with
pyruvate and TCA cycle metabolites. The data is analyzed using the CDSSTR algorithm and
reference set 4. Values represent the average of four to five scans.

Sample Concentration of | Predicted secondary structure elements %
metabolite a-helix B-sheet | B-Turn | Random
Coail
rAtAOX1A Control 55 19 9 17
rAtAOX1A 0.05 mM 47 24 10 19
* 0.1mM 50 23 9 18
Pyruvate
0.5mM 49 24 9 18
rAtAOX1A 0.05 mM 56 19 10 15
+
0.1 mM
Citrate 48 25 ? 18
0.5mM 47 25 9 19
rAtAOX1A 0.05 mM 45 26 11 18
+
w-KG 0.1mM 49 23 11 17
0.5mM 47 24 9 20
rAtAOX1A 0.05 mM 51 23 8 18
+
Succinate 0.1mM 52 21 9 18
0.5mM 47 24 10 19
rAtAOX1A 0.05 mM 49 25 9 17
+
Fumaric acid 0.1 mM 49 25 8 18
rAtAOX1A 0.05 mM 53 20 9 18
+
0.1 mM
Malic acid >3 20 10 1
0.5mM 54 19 10 17
rAtAOX1A 0.05 mM 57 17 9 17
+
0.1 mM
OAA 57 19 8 16
0.5 mM 54 20 9 17
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Fig. 6.5. Fluorescence spectroscopic analysis of rAtAOX1A with different TCA metabolites.
Intrinsic fluorescence emission spectra of rAtAOX1A in the absence and presence of
different concentrations (0.05, 0.1 and 0.5 mM) of metabolites (A) pyruvate, (B) citrate, (C)
a-KG, (D) succinate, (E) fumaric acid, (F) malic acid and (G) OAA. A 10 uM protein
sample (rAtAOX1A) was prepared in 5 mM phosphate buffer at pH 7.5. Fluorescence
emission spectra were obtained at 25°C, from 300 to 450 nm, with excitation at 295 nm.
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interaction of rAtAOX1A with pyruvate and TCA cycle metabolites caused conformational
changes, which may not allow the exposure of hydrophobic groups of the protein to the
solvent. Besides, no remarkable shift in the fluorescence emission peak was observed, which
indicates that the microenvironment of Trp is not affected by the interaction of rAtAOX1A

with pyruvate and TCA cycle metabolites (Fig. 6.5A-G).

6.3. Discussion

Generally, in plants, under normal physiological conditions, the mitochondrial AOX activity
remained low, possibly due to its low expression levels and existence in inactive dimeric
form. However, the exogenous addition of organic acids/TCA cycle metabolites to isolated
plant mitochondria has been shown to activate AOX and/or increase the AOX pathway
activity (Vanlerberghe et al., 1995; Vanlerberghe and Mcintosh, 1996; Vianello et al., 1997).
Further, the studies of Wagner et al. (1995) have demonstrated that the addition of succinate,
malate, or pyruvate stimulated the AOX-dependent NADH oxidation in mitochondria from
potato tuber callus. Contrarily, the studies of Millar et al. (1993; 1996) claimed that malate
and succinate do not directly stimulate the AOX activity but may be converted to pyruvate by

the malic enzyme present in the mitochondria and aid in the activation of AOX.

The TCA cycle metabolite profile frequently varies in the mitochondrial matrix due to
their involvement as substrates in various biosynthetic pathways (Sankar et al., 2002;
Sweetlove et al., 2010; Zhang et al., 2018). Moreover, most of the TCA cycle enzymes are
sensitive to oxidative stress, which in turn may lead to a significant change in the metabolic
profile of TCA cycle metabolites (Verniquet et al., 1991; Lehmann et al., 2009; Savchenko

and Tikhonov, 2021). For e.g., the TCA cycle metabolite levels increased in plants under
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water stress (Dastogeer et al., 2017) and drought (Vasquez-Robinet et al., 2008) stress while
decreased under oxidative stress induced by menadione treatment in A. thaliana and Oryza
sativa (Ishikawa et al., 2010; Obata et al., 2011; Lehmann et al., 2012). The results from
these studies indicate that plants modulate their TCA metabolite profile to alleviate stress,
perhaps by activating AOX and antioxidative enzymes, respectively (Gray et al., 2004,
Vanlerberghe, 2013; Savchenko and Tikhonov, 2021). Further, as plants are immobile, any
disturbance in cellular metabolic equilibrium due to various stress conditions has been shown
to greatly enhance the AOX activity (Clifton et al., 2005; Vanlerberghe, 2013; Rodziewicz et
al., 2014; Vishwakarma et al., 2015; Selinski et al., 2018b; Savchenko and Tikhonov, 2021).
Thus, the present study was an attempt to reveal the possible interaction of purified
rAtAOX1A with various TCA cycle metabolites and monitored the associated structural

changes using in silico and biophysical studies.

rAtAOX1A interacts with pyruvate and TCA cycle metabolites

The AOX is known to exist in several isoforms and each isoform was shown to be activated
by different TCA cycle metabolites. For example, the studies of Selinski et al. (2018a) have
shown that the TCA cycle metabolites a-KG and OAA increased the activity of membrane-
bound rAtAOX1A by 3- and 7-fold, respectively, while its activity has not been affected by
other TCA cycle metabolites such as citrate, isocitrate, succinate, fumarate, and malate.
Besides, the studies of Xu et al. (2021) have shown that succinate and oxaloacetate play a
role in stimulating the membrane-bound rAtAOX1A activity and this stimulation was further
enhanced in the presence of well-known activators of AOX such as pyruvate and glyoxylate.
Their studies also suggested that not all the TCA cycle metabolites are involved in the strong

activation of rAtAOX1A. However, the docking results in the present study have revealed
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the presence of binding pockets in AtAOX1A for pyruvate and TCA cycle metabolites, such
as citrate, a-KG, fumaric acid, malic acid and OAA, except for succinate (Table 6.2).
Subsequently, the mutational docking studies have revealed the potent residues involved in

the binding of these pyruvate and TCA cycle metabolites to AtAOX1A (Table 6.3).

The docking results from the present study revealed that the key activator of the AOX
(pyruvate) binding pocket contained Cys177, along with Argl74, Tyrl75, Glyl76, Val232,
Ala233, Asn294, and Leu313 (Table 6.2), substantiating the involvement of second cysteine
(Cys177) residue in regulating the post-translational activation of AOX during its interaction
with pyruvate (Polidoros et al., 2009; Moore et al., 2013). The studies of Crichton et al.
(2005) identified four potential regions in AtAOX1A that played an important role in the
interaction of organic acids. The Argl74, Gly176 and Cys177 present in the pyruvate binding
pocket of the present study corroborated well with the residues identified in region 2, while
Asn294 matched with the “N” in the ENV motif of region 3. Further, mutational docking
studies performed with Argl74Ala, Glyl76Ala, and Cysl77Ala in AtAOX1A identified
them as potential candidates for binding to pyruvate (Table 6.3, SI. No. 1-3). Further, the
changes observed in the secondary structural elements of AtAOX1A upon interaction with
pyruvate may not allow the protein to form an inactive dimeric form and might give more
access to the substrate to bind, which, in turn, could lead to the full enzyme activity (Xu et

al., 2021) (Tables 6.2 & 6.3).

Further, the present study revealed the binding of two other known AOX a-keto
activators, i.e., a-KG and OAA, at distinct locations on AtAOX1A (Table 6.2, SI. No. 3 &
7). The binding pocket where the metabolite a-KG interacts are formed by the helices 02, a3,

and 04 in AtAOX1A. Mutational docking studies have demonstrated that the amino acid
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residues Arg223 (helix-a3) and Gly247 (helix-04) are important for this binding. The binding
pocket for OAA contained loops, short helices (S3 and S4), and helix-06 in AtAOX1A.
According to mutational docking experiments, Asp315 is found to be the key residue
involved in the interaction between OAA and AtAOX1A. However, between the two
activators, 0-KG showed a higher binding affinity (AG = -7.12 kcal/mol) to AtAOX1A than
OAA (AG = -6.27 kcal/mol) (Table 6.2, SI. No. 3 & 7). The docking results are further
supported by SPR kinetic data, where the binding affinities (Kp) of a-KG and OAA are 3.51
nM and 4.08 nM, respectively (Figs. 6.2 and 3; Tables 6.2 and 6.4). Besides, both docking
and SPR studies revealed that malic acid had shown little less binding affinity (AG = -6.24
kcal/mol; Kp = 4.32 nM) to rAtAOX1A than o-KG and OAA (Tables 6.2, SI. No. 6 and
6.4). Thus, a positive correlation was observed between AG and Kp of a-KG, OAA and malic

acid towards rAtAOX1A.

Interestingly, the binding pocket of fumaric acid on AtAOX1A is overlapped with the
binding pocket of ubiquinone-1 (UQy; an oxidized form of AOX substrate) in containing
Leul63, Thrl67, Leul82, Vall85 and Phe250, although the chemical composition of these
ligands is different (Table 6.2, SI. No. 5; Sankar et al., 2022). This partial overlap in binding
pockets of fumaric acid and UQ; indicates the possibility of fumaric acid acting as a natural
inhibitor of AtAOX1A. It is reported in the literature that this fumaric acid acts as a natural
inhibitor of tyrosinase, an enzyme involved in the melanogenesis of skin and eyes (Gou et al.,
2017). The closest residues to the fumaric acid on AtAOX1A are Glu275 and Thrl67. Site-
specific mutational docking studies revealed that both of these amino acid residues are
important for the binding of fumaric acid to AtAOX1A (Table 6.3, SI. No. 8 & 9). Further,

Glu275 is close to Glu273, a highly conserved residue that coordinates with the di-iron
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catalytic core in AtAOX1A (Pennisi et al., 2016). In trypanosomal alternative oxidase
(TAO), Thr219 is found to be crucial for binding with ubiquinol/ubiquinone ( Moore et al.,
2013; Shiba et al., 2013; Shiba et al., 2019). In this line, Thrl67 of AtAOX1A might play a
similar role as Thr219 in TAO in binding with UQ1, as described above. Nevertheless, these
observations need further investigation using different approaches to validate the role of
fumaric acid as a natural inhibitor of AOX since the crystal structure of plant

AOX/AtAOX1A is not yet resolved.

In the present study, the results obtained from docking studies complemented the
real-time binding kinetics of immobilized rAtAOX1A (purified from E. coli membranes)
with TCA cycle metabolites using the SPR technique. The studies with SPR revealed that
purified rAtAOX1A interacted with some of the TCA cycle metabolites, such as a-KG,
fumaric acid, malic acid and OAA, but not with pyruvate, citrate and succinate (Fig. 6.1, 6.2
and Table 6.4). Further, the results obtained with SPR studies showed the following affinity
order of TCA cycle metabolites with rAtAOX1A: a-KG > fumaric acid > OAA > malic acid
(Fig. 6.2, 3 and Table 6.4). However, the rAtAOX1A could not show any binding response
with citrate and succinate in SPR analysis (Fig. 6.1), possibly due to some technical
limitations such as the sensitivity of SPR instrumentation (Fig. 6.2, 3 and Table 6.4).
However, further investigations using CD and fluorescence spectroscopy further confirmed

the interaction of these metabolites with rAtAOX1A.

Structural changes are induced in rAtAOX1A upon interaction with pyruvate and TCA

cycle metabolites

123



Protein secondary and tertiary structures are stabilized by inter and intra-molecular forces,
and they might get distorted in the presence of interacting compounds. In the present study,
the structural changes that occurred in rAtAOX1A upon interaction with pyruvate and TCA
cycle metabolites were examined using techniques such as CD and fluorescence
spectroscopy (Kelly et al., 2005; Lakowicz, 2006). The rAtAOX1A showed a typical a-
helical signal, as evidenced by the CD spectra taken from the far-UV region (Fig 5.1;
chapter 5). Besides, a concentration range (0.05, 0.1 and 0.5 mM) of different metabolites
was used to obtain CD spectra from the far-UV region. Due to the high HT voltage, the study
could not be continued beyond the concentrations mentioned above. The secondary structural
content of rAtAOX1A bound to pyruvate and TCA cycle metabolites was compared with that

of rAtAOX1A (control).

The addition of different concentrations (0.05, 0.1 and 0.5 mM) of pyruvate to the
rAtAOXI1A caused an increase in B-sheets with a concomitant decrease in a-helical content,
while the changes in B-turns and random coils (together) are negligible (Fig. 6.4A and Table
6.5). Upon the addition of different concentrations (0.05, 0.1 and 0.5 mM) of a-KG, and 0.5
mM citrate, succinate, and 0.05 and 0.1 mM fumaric acid, the a-helical content of
rAtAOX1A decreased with a concomitant increase in the -sheets. Only a marginal increase
in B-turns and random coils was observed (Fig. 6.4B-G and Table 6.5). Upon the addition of
different concentrations (0.05, 0.1 and 0.5 mM) of malic acid, the secondary structural
content did not vary much (Fig. 6.4F and Table 6.5). Contrary to the other TCA cycle
metabolites, the addition of OAA to the rAtAOX1A caused a slight increase in its o- helical
content compared to the control (Fig. 6.4G and Table 6.5). Taken together, the results

suggest that, although a transition in the secondary structural conformation occurred from -

124



helix to B-sheet, the typical a-helical signal was retained even upon binding with pyruvate
and TCA cycle metabolites. Nevertheless, all the decreased a-helical content might have
been converted to mostly B-sheets and, to some extent, turns and random coils. Also, the
binding of the pyruvate and TCA cycle metabolites at their cognate binding sites probably
might caused a rearrangement in the hydrogen bond network among the amino acid residues
in the binding pocket, resulting in local conformation changes in the rAtAOX1A (Varlan and

Hillebrand, 2010; Suryawanshi et al., 2016; Sankar et al., 2022).

Further, the tryptophan fluorescence is used as a probe to understand the
conformational changes in a protein upon interaction with the analyte molecule. In the
present study, a decrease in the fluorescence intensity, without any shift (red or blue) in the
spectral peak of rAtAOX1A, was observed upon the addition of pyruvate and TCA cycle
(citrate, a-KG, succinate, fumaric acid, malic acid or OAA) metabolites (Fig. 6.5A-G). These
results indicated that the TCA cycle metabolites interact with rAtAOX1A. However, this
interaction was not associated with a remarkable change in the microenvironment of
tryptophan residues of the protein (Wang et al., 2014; Gheibi et al., 2016; Gou et al., 2017;
Maji et al., 2017). But, the observed decrease in the fluorescence intensity upon binding with
these metabolites could be due to structural changes associated with fluorescence quenching,
possibly due to the further folding of rAtAOX1A into the hydrophobic region. As the
AtAOX1A contained nine tryptophan residues, the fluorescence quenching observed in the
present study might be due to the tryptophan residues located near the metabolite binding

pocket (Lelis et al., 2020; Duysak et al., 2021; Pennisi et al., 2016).
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Highlights of the study

v

Molecular docking studies revealed that the pyruvate (key activator of AOX) binding
pocket on AtAOX1A contained Cys177 (a second cysteine residue) along with other

residues.

Molecular docking studies have shown some important conserved binding pockets in
rAtAOX1A for different TCA metabolites, as shown below:

+ Citrate & a-Ketoglutarate (02, a3, and a4)
*  Malic acid & Oxaloacetate (S3, S4 and a6)

Fumaric acid and UQ; (Oxidized form of AOX substrate) share few residues in their
binding pocket to binding to AtAOX1A.

Mutational docking studies revealed potential residues for the binding of pyruvate
and different TCA cycle metabolites to AtAOX1A.

SPR studies of rAtAOX1A with TCA cycle metabolites revealed reversible binding
with binding affinities as shown in the following order: a-KG > fumaric acid > OAA

> malic acid.

Upon interaction of rAtAOX1A with pyruvate and TCA cycle metabolites, the a-
helical content decreased while B-sheet, B-turn and random coils were increased.
These results confirm the changes in the secondary structural conformation of

rAtAOX1A in the presence of pyruvate and TCA cycle metabolites.

A decrease in the fluorescence intensity with no shift (red or blue) in the spectral peak
of rAtAOX1A upon interaction with pyruvate and TCA metabolites demonstrated
that the interaction caused an overall conformational change in rAtAOX1A, however

without disturbing the hydrophobic environment surrounding tryptophan residues.
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Chapter 7

Interaction of rAtAOX1A with Redox Metabolites
using Docking and Biophysical Studies
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Interaction of rAtAOX1A with Redox
Metabolites using Docking and Biophysical Studies

7.1. Introduction

The redox metabolites work together to maintain the redox environment in a cell. The major
cellular redox metabolites are NAD, NADH, NADP, NADPH, AsA, DHA, GSH and GSSG
(Noctor and Foyer, 1998; Schafer and Buettner, 2001, 2003; Noctor, 2006; Mgller et al.,
2020). The AOX expression is induced more under various stress and unfavorable
environmental conditions (Vanlerberghe and Mclintosh, 1992a, b; Simons et al., 1999; Bartoli
et al., 2005; Fiorani et al., 2005; Ribas-Carbo et al., 2005). Further, AtAOX1A is known to
play an important role in optimizing photosynthesis by maintaining cellular redox
homeostasis under oxidative stress. The studies of Dinakar et al. (2016) and Vishwakarma et
al. (2015) monitored the changes in the redox ratios of the redox metabolites like Asc,
glutathione, NAD(H), and NADP(H) under stress using the mesophyll cell protoplast of pea
and A. thaliana knock-out mutants of AOX1A and wild type plants. Chapter 4 of this study
revealed the purification of rAtAOX1A from E. coli in its active state. The present study is
aimed to (i) identify the binding pockets for the redox metabolites (GSSG, GSH, AsA, DHA,
NAD, NADH, NADP and NADPH) from four redox couples on the surface of rAtAOX1A;
(ii) analyze the real-time binding and kinetics of these redox metabolites with the purified
rAtAOX1A,; (iii) study the structural changes in the rAtAOX1A upon interaction with the
redox metabolites using CD and fluorescence spectroscopy. The chemical structures of redox

metabolites used in the present study are shown in Table 7.1.
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Table 7.1. Chemical structures of redox metabolites used in the analysis of the interaction

with rAtAOX1A.

SI. No | Name of the | PubChem Chemical Structures from Mol.
compound CID formula PubChem Weight
1. GSH 124886 C1oH17N306S . 307.33
2. GSSG 65359 C,0H32Ng015S2 R A 612.6
i ; L.
°Z{LL,}:H
A
3. AsA 54670067 CsHsgOs o <" 176.12
H < \ ~ _53
4, 4613280 C1oH1,0 0N o 348.22
DHA 12M12V12 g e
5. NAD 925 Cy1H27N7014P> o o (} 663.4
Wg» p
6. NADH [ 11250888 | CaiHzoN7O1P, I
BT 665.4
e Q‘)
7. NADP 91972139 | Cy1HxsN7017P3 e 743.4
8. NADPH 5884 Co1H3N7017P3 .. (} 745.4
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7.2. Results

Molecular docking of AtAOX1A with different redox metabolites

The binding pockets for different redox metabolites on AtAOX1A and the binding affinities
are shown in Table 7.2. Several conserved binding locations are detected on the surface of

AtAOX1A for the redox metabolites chosen in the present study.

The metabolites GSH, NADH and NADP are bound to the same binding pocket
formed by Phel28, Argl29, Prol30, Trp131, Glul32, Ala214, Glu217, Glu218, Asn221,
Arg306, Ala322, Asp323, His326, His327, Ala349, Pro350, Tyr353 and His354, but with a
different AG of -8.34, -10.61 and -10.52 kcal/mol, respectively, on WT-AtAOX1A (Table
7.2, SI. No. 1, 6 & 7) Besides, the most probable binding site for GSSG (an oxidized form of
GSH) is similar to that of GSH possessing ten residues in common (Phe128, Ala214, Glu217,
Glu218, Asn221, His326, His327, Ala349, Pro350 and Tyr353) along with a few additional
residues (Lys213, Leu2l5, Val330 and Asn331) and a AG of -8.76 kcal/mol on WT-
AtAOXI1A (Table 7.2, Sl. No. 2).

The mutational docking studies with AtAOXIA revealed Glu217 and His326 as
potent residues to bind GSH and NADP, respectively, as the point mutations of these residues
to Ala altered the binding sites relative to the WT-AtAOX1A (Table 7.3, SI. No. 1 & 7). In
the case of GSSG and NADH, though the potent residues are not identified on the
rAtAOXI1A, the collective interaction of all the binding site residues with these ligands might
hold them in their binding pockets (Table 7.3, SI. No. 2 & 6).

The ligands NAD and AsA possessed several residues in common in their binding

pocket on AtAOX1A. The binding pocket of NAD possessed the following residues: Trpl131,
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Table 7.2. Molecular docking of redox metabolites (GSH, GSSG, AsA, DHA, NAD, NADH,
NADP and NADPH) on WT AtAOXIA. Color scheme: Ligand (purple), carbon (red),

nitrogen (blue), oxygen (orange), sulfur (yellow), hydrogen (white). The secondary structure

of AtAOXIA is shown in grey color. Parentheses indicate the position of amino acid residue

in the AtAOX1A and the chain number of a-helices.

SI. No. | Ligand

Residues in the
binding pocket

Binding
free energy
(AG in
kcal/mol)

Binding pocket

1. GSH

Phe128 (loop)
Argl129 (loop)
Pro130 (loop)
Trp131 (loop)
Glul132 (loop)
Ala214 (03)
Glu217 (a3)
Glu218 (a3)
Asn221 (a3)
Arg306 (loop)
Ala322 (a6)
Asp323 (a6)
His326 (a6)
His327 (a6)
Ala349 (loop)
Pro350 (loop)
Tyr353 (loop)
His354(loop)

-8.34

2. GSSG

Phe128 (loop)
Lys213 (a3)
Ala214 (a3)
Leu215 (a3)
Glu217 (a3)
Glu218 (a3)
Asn221 (a3)
His326 (a6)
His327 (a6)
Val330 (a6)
Asn331 (a6)
Ala349 (loop)
Pro350 (loop)
Tyr353 (loop)

-8.76
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AsA

Trp131 (loop)
Glul132 (loop)
Thr133 (loop)
Tyr134 (loop)
Lys135 (s3)
Ile138 (s3)
Leu307 (loop)
Pro308 (loop)
Ala311 (loop)
Asp315 (a6)
Met318 (a6)
Val319 (a6)

-6.39

DHA
(monomer)

Met191 (a2)
Val192 (a2)

Gly193 (a2)
Gly194 (02)
Met195 (a2)
Leul96 (a2)
His198 (02)

Cys199 (a2)
Phe251 (04)
Phe255 (04)

-5.73

NAD

Trp131 (loop)
Glu132 (loop)
Thr133 (loop)
Tyr134 (loop)
Lys135 (s3)
Ile138 (s3)
Arg306 (loop)
Leu307 (loop)
Pro308 (loop)
Ala309 (loop)
Ala311 (loop)
Arg314 (06)
Asp315 (a6)
Val316 (06)
Met318 (a6)
Val319 (a6)

-8.19
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NADH

Phe128 (loop)
Argl29 (loop)
Pro130 (loop)
Trp131 (loop)
Glul32 (loop)
Ala214 (a3)
Glu217 (a3)
Glu218 (a3)
Asn221 (a3)
Arg306 (loop)
Ala322 (06)
Asp323 (a6)
His326 (a6)
His327 (06)
Ala349 (loop)
Pro350 (loop)
Tyr353 (loop)
His354(loop)

-10.61

\
ASN221

GLU218

HSD3 p.
“ % ﬁ

HSD326

ALA349 ‘
l

3\
)

HSE354

NADP

Phel28 (loop)
Argl29 (loop)
Pro130 (loop)
Trp131 (loop)
Glu132 (loop)
Ala214 (a3)
Glu217 (a3)
Glu218 (03)
Asn221 (a3)
Arg306 (loop)
Ala322 (a6)
Asp323 (a6)
His326 (06)
His327 (06)
Ala349 (loop)
Pro350 (loop)
Tyr353 (loop)
His354(loop)

-10.52
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NADPH

Trp123 (loop)
Lys124 (loop)
Asnl126 (loop)
Alal87 (a2)
Val188 (a2)
Met191 (a2)
Leu215 (a3)
Leu216 (a3)
Glu217 (a3)
Ala219 (a3)
Glu220 (a3)
Arg223 (a3)
[1e244 (a4)
Thr245 (04)
Val246 (04)
GIn247 (04)
Gly248 (a4)
Phe251 (04)
Phe252 (04)

-9.79
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Table 7.3. Molecular docking of different cellular redox metabolites on mutant AtAOX1A.
Parentheses indicate residues within 3A from the ligand in WT. These potent residues are
mutated to alanine/arginine in AtAOX1A to understand their importance in binding with
ligands.

Sl Ligand Mutation Binding pocket Remarks
No. (Residues (WT binding surface is
within 3A in yellow)
from ligand in
WT-
AtAOX1A)

1. GSH Glu217Ala = Ligand does not
o bind into WT

0 > binding pocket upon
Glu217Ala
mutation. Thus, it is
a potent binding
residue to bind GSH

2. GSSG | - e Due to the collective
interactions of
GSSG with all the
binding site
residues, no potent
residue was

identified

3. AsA Asp315Ala (I g Ligand does not
N . 8 . bind into WT
N binding pocket upon
- Asp315Ala
mutation. Thus, it is
a potent binding
residue to bind AsA
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DHA
(monomer)

Val192Arg

Ligand does not
bind into WT
binding pocket upon
Val192 Arg mutation.
Thus, it is a potent
binding residue to
bind DHA.

NAD

Thr133Ala

Ligand does not
bind into WT
binding pocket upon
Thr133Ala mutation.
Thus, it is a potent
binding residue to
bind NAD.

NADH

Due to the
collective
interactions of
GSSG with all the
binding site
residues, no potent
residue was
identified

NADP

His326Ala

Ligand does not
bind into WT
binding pocket upon
His326Ala mutation.
Thus, it is a potent
binding residue to
bind NADP.
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NADPH

Metl91Arg

Ligand does not
bind into WT
binding pocket upon
Met191Arg
mutation. Thus, it is
a potent binding
residue to bind
NADPH.

Glu220Ala

Ligand does not
bind into WT
binding pocket upon
Glu220Ala
mutation. Thus, it is
a potent binding
residue to bind
NADPH.
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Glul32, Thr133, Tyrl34, Lys135, 1le138, Arg306, Leu307, Pro308, Ala309, Ala311,
Arg314, Asp315, Val316, Met318 and Val319 and a AG of -6.39 kcal/mol. However, the
binding pocket for AsA is devoid of Arg306, Ala309, Arg314, and Val316 as compared to
the binding pocket of NAD and possessed AG of -8.19 kcal/mol on WT AtAOX1A (Table
7.2, SI. No. 5 & 3). Also, the potent residues which hold the ligand in the binding pocket
varied. It is found that Thr133 is the potent residue for the binding of NAD, while Asp315 is

the potent residue for the binding of AsA (Table 7.3, SI. No. 5 & 3).

Contrarily, the binding site residues for DHA and NADPH varied significantly on
WT AtAOX1A. However, two residues, Met191 and Phe251, were found to be present in
common in their binding sites (Table 7.2 SI. No. 4 & 8), with a AG of -5.73 and -9.79
kcal/mol, respectively. The amino acid Val192 is found to be the potent residue for binding
of DHA as the point mutation of Val192 to Arg altered the binding site on WT-AtAOX1A
(Table 7.3, SI. No. 4). In the case of NADPH, Met191 and Glu220 are found to be potent
residues to interact with AtAOXZ1A since the point mutation of these residues to Arg and Ala

altered the binding site on WT-AtAOX1A (Table 7.3 SI. No. 8 & 9).

SPR Kinetic analysis of different redox metabolites with rAtAOX1A

The label-free technique ‘SPR’ allows monitoring of real-time interaction and Kinetics
between immobilized molecules and the analyte, for e.g., protein-metabolite, etc. It detects
the changes occurring in the refractive index of metal film immobilized with a protein
whenever it interacts with a metabolite. The change in the refractive index is measured as a
response unit (RU). To study the interaction of rAtAOX1A with redox metabolites, the real-

time binding was performed by passing these metabolites onto the CM5 sensor chip
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immobilized with rAtAOX1A at different concentrations (1, 5 and 10 mM). The binding of
metabolites to rAtAOX1A is revealed by the increase in the RU (Fig. 7.1A-H).

The affinity of each of the redox metabolite with rAtAOX1A was derived from kinetic
parameters: k, (association constant), ky (dissociation constant) and Kp (equilibrium
dissociation constant) (Fig. 7.2A-F and Table 7.4). The SPR Kinetics data revealed that both
metabolites in the redox couple GSH-GSSG possessed closer binding affinity to rAtAOX1A
with Kp = 0.551 nM (GSH) and 0.531 nM (GSSG), respectively. But, in the case of AsA-
DHA redox couple, the metabolite AsA showed less affinity (Kp = 6.60 nM) to rAtAOX1A
than DHA (Kp = 2.74 nM). Further, in the redox couple NAD-NADH, the metabolite NAD
showed affinity (Kp = 0.054 nM), while NADH did not show any binding to rAtAOX1A.
Similarly, the metabolite NADP from redox couple NADP-NADPH showed affinity to
rAtAOX1A with Kp = 0.729 nM, while NADPH did not show any binding to rAtAOX1A

(Fig. 7.2A-F and Table 7.4).

Thus, the data obtained from SPR studies revealed a faster association and dissociation
kinetics, which indicate that the binding of these redox metabolites to rAtAOX1A is
reversible. Based on the Kp values, the metabolite NAD showed a considerably higher
affinity with the rAtAOX1A compared to other redox metabolites in the following order:
NAD > GSSG > GSH > NADP > DHA > AsA (Fig. 7.2A-F and Table 7.4). The association
and dissociation of NADH and NADPH with rAtAOX1A were not traceable using SPR (Fig.

7.1F, H and Table 7.4).

CD spectroscopic analysis of rAtAOX1A with different redox metabolites
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Fig. 7.1. Binding analysis of redox metabolites (A) GSH, (B) GSSG, (C) AsA, (D) DHA, (E)
NAD, (F) NADH, (G) NADP and (H) NADPH with rAtAOX1A. Different concentrations
(1, 5 and 10 mM) of redox metabolites have flowed over a CM5 sensor chip with rAtAOX1A

immobilized on the surface.
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Fig. 7.2. Biacore surface plasmon resonance (SPR) analysis of rAtAOX1A. Sensorgram plots
generated by SPR kinetic analysis demonstrate the association and dissociation
characteristics between immobilized ligand (rAtAOX1A) and analytes, (A) GSH, (B) GSSG,
(C) AsA, (D) DHA, (E) NAD and (F) NADP.

142



Table 7.4. Binding constants for the interaction between purified rAtAOX1A and redox

metabolites
SI.No| Compound |[ka(M s [kq (s Kp (M)
1. GSH 3.08x10" [1.70x107° | 0.551x 10"
2. GSSG 3.75x10° [1.99x10" [ 0.531x 107
3. AsA 5.25x10° [3.46x10° | 6.60x 10"
4, DHA 8.11x10° [222x10% | 2.74x107°
5. NAD 486x10" [264x10° | 0.054%x10°
6. NADH | - | Not detected
7. NADP 322x10° |235x10° | 0.729%x107°
8. NADPH | - | - Not detected
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CD spectroscopy is a powerful technique that is widely used to study the secondary structure
of proteins and it provides valuable information about structural changes that occur in

proteins upon interaction with other molecules.

The CD studies from Chapter 5 revealed that the secondary structure of purified
rAtAOXI1A possessed a typical a-helical structure. In this chapter, the changes in the
secondary structure of rAtAOX1A were examined to monitor its interaction with various
redox metabolites. The ellipticity at 208 and 222 nm did not vary significantly upon
interaction with different metabolites at the chosen concentrations in the CD spectrum (Fig.
7.3A-H). However, a significant change in the secondary structural elements (a-helices, -
sheets, B-turns and random coils) of rAtAOX1A was observed upon interaction with these
redox metabolites (Table 7.5). The a-helical content is decreased (<21%) while B-sheets
(<7%), B-turns (<14%) and random coils (<7%) are increased in rAtAOX1A upon interaction
with various redox metabolites at a range of concentrations against each metabolite used in
the present study except for GSSG (Fig. 7.3A-H and Table 7.5). The addition of GSSG
(0.025 and 0.05 mM) increased the a-helical content of rAtAOX1A by <3% and it is

reflected in the increase of ellipticity between 205-208 nm (Fig. 7.3B and Table 7.5).

Fluorescence spectroscopic analysis of rAtAOX1A with different redox metabolites

Fluorescence spectroscopy uses the intrinsic fluorescence of tryptophan residues as a probe
to monitor the protein conformational changes during interaction with any other molecule. In
the present study, the conformational changes in the tertiary structure of rAtAOX1A, which

contains nine tryptophan residues, were monitored upon the addition of different redox
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Fig. 7.3. CD spectra of rAtAOX1A at far UV (190-260 nm). The change in ellipticity upon
treatment with different concentrations of (A) GSH, (B) GSSG, (C) AsA, (D) DHA, (E)
NAD, (F) NADH, (G) NADP and (H) NADPH is shown in comparison with control
(rAtAOX1A) CD spectra (black line). The concentration of purified rAtAOX1A used to

obtain the CD spectra was 0.4 mg/ml in 10 mM phosphate buffer at pH 7.5.
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Table 7.5. Modulation in rAtAOX1A secondary structural elements during interaction with
GSSG, GSH, AsA, DHA, NAD, NADH, NADP and NADPH. The data is analyzed using the
CDSSTR algorithm and reference set 4. Values represent the average of four to five scans.

Sample Concentration | Predicted secondary structure elements
of metabolite %
a-helix | p-Sheet | B-Turn | Random
coil
rAtAOX1A Control 51 21 9 19
0.01mM 46 26 10 18
rAtAOX1A+ 0.025 mM 37 28 18 17
GSH
0.05mM 47 25 10 18
0.1mM 49 25 9 17
rAtAOX1A 0.01 mM 39 18 17 26
+ GSSG
0.025 mM 54 22 9 15
0.05mM 52 24 9 15
rAtAOX1A 0.05 mM 48 25 9 18
+
AsA 0.1mM 48 26 9 17
0.01mM 45 25 10 20
rAtAOX1A+ 0.025 mM 45 26 10 19
DHA
0.05mM 45 25 11 19
0.1mM 46 25 10 19
0.5mM 49 26 8 17
0.01 mM 46 24 11 19
rAtAOX1A+ 0.025 mM 47 26 9 18
NAD
0.05mM 47 25 9 19
0.1mM 32 28 19 21
0.01 mM 44 25 12 19
rAtAOX1A+ 0.025 mM 47 26 9 18
NADH
0.05mM 46 26 10 18
0.1mM 30 23 23 24
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0.01 mM 46 24 11 19
rAtAOX1A+ 0.025 mM 46 25 10 19
NADP 0.05mM 45 24 12 19
0.1mM 46 26 9 19

0.01 mM 45 25 11 19

rAtAOX1A+ 0.025 mM 44 25 11 20
NADPH 0.05mM 45 26 10 19
0.1mM 46 26 10 18
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metabolites. The fluorescence intensity of emission spectra of rAtAOX1A was measured
before and after the addition of different concentrations of redox metabolites such as GSH,
GSSG, AsA, DHA, NAD, NADH, NADP and NADPH. The fluorescence emission spectra
of rAtAOX1A have shown a peak at 339 nm upon excitation (Aex) at 295 nm. The addition
of redox metabolites caused a decrease in the fluorescence intensity of emission spectra of
rAtAOX1A without any shift in the peak observed at 339 mn compared to the control (Fig.
7.4A-H). These results suggest that the interaction of rAtAOX1A with the redox metabolites
caused conformational changes in its tertiary structure that may not allow the exposure of
hydrophobic groups of the protein to the solvent. Hence, there is no shift in the fluorescence

emission peak.

7.3. Discussion

As the plants are sessile, they are often exposed to different biotic and abiotic stress
conditions, which in turn might affect redox metabolism. Therefore, restoration of redox
homeostasis is essential for the survival of plants under such conditions. The AOX from the
mitochondrial electron transport chain is known to play a significant role in maintaining
cellular redox homeostasis under different stress conditions. Also, the knock-out plants for
AOX1a emphasized the crucial role of AOX in the maintenance of cellular redox homeostasis
during oxidative stress caused by highlight or restricting the flow of electrons through the
COX pathway (Vishwakarma et al., 2014, 2015). Besides, inhibition of AOX pathway using
SHAM in mesophyll protoplasts of pea disturbed the cellular redox homeostasis under hyper-
osmotic and sub-optimal temperature stress (Dinakar et al., 2010a; Dinakar et al., 2016).
These studies showed an increase in the cellular ROS followed by an increase in redox ratios

of malate/OAA, NAD(P)H/NAD(P), Asc/DHA and GSH/GSSG under stress conditions.
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Fig. 7.4. Fluorescence spectroscopic analysis of rAtAOX1A with different redox metabolites.
Intrinsic fluorescence emission spectra of rAtAOX1A in the absence and presence of
different concentrations of redox metabolites (A) GSH, (B) GSSG, (C) AsA, (D) DHA, (E)
NAD, (F) NADH, (G) NADP and (H) NADPH. A 10 uM protein sample (rAtAOX1A) was
prepared in 5 mM phosphate buffer at pH 7.5. Fluorescence emission spectra were obtained
at 25°C, from 300 to 450 nm, with excitation at 295 nm.
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The present study is aimed to understand the interaction of plant cellular redox
metabolites with the rAtAOX1A by employing in silico and biophysical techniques like SPR,

CD and fluorescence spectroscopy.

rAtAOX1A possessed binding pockets which interact with redox metabolites

Among the different redox metabolites that are investigated in the present study, the redox
metabolites GSH, GSSG, NADH and NADP are found to bind to a conserved binding pocket
on the AtAOX1A (Table 7.2, SI. No. 1, 2, 6 & 7). The mutational docking studies revealed
that the potent residues Glu217 & His326 involved in the binding of the ligands GSH &
NADP on AtAOX1A varied with one another in finding their location on a-3 and a-6 helices,
respectively (Table 7.3, SI. No. 1 & 7). However, all the residues were found to be equally
important for the binding of GSSG & NADH (data not shown). Further, the Glu217 (Table
7.3, SI. No. 1) is closer to Glu222 (a-helix-3); hence, GSH may coordinate with the diiron
center of AtAOX1A through Glu217 and Glu222 for the transfer of reducing equivalents
(Pennisi et al., 2016). Further, a close relation between AOX1A expression and GSH content
observed in the roots of A. thaliana under cadmium stress support this hypothesis (Keunen et
al., 2016). Besides, AOX pathway-mitigated oxidative stress also increased the GSH/GSSG
ratio in waterlogging stress-tolerant variety of watermelon (Zheng et al., 2021). Thus, the
interaction of GSH with Glu217 may possibly activate AtAOX1A by sharing reducing
equivalents to the diiron center, which plays a role in the reduction of O, to H,O. Similar to
Glu217, His326, which plays a role in the binding of NADP, is closer to His327 (a-helix-6),
which forms a hydrogen bond with highly conserved Glu residues in catalytic diiron center

(Table 7.3, SI. No. 7; Pennisi et al., 2016). This hypothesis is further supported by SPR
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studies, which showed that both GSH and NADP bind to rAtAOX1A with closer binding

affinities (Table 7.4, SI. No. 1 & 7).

In the literature, a positive correlation between AOX and AsA levels was observed
under highlight stress in A. thaliana leaves (Bartoli et al., 2006). The redox metabolites AsA
and NAD are found to bind to a binding pocket on AtAOX1A, where short helix-3 (S3) and
a-helix-6 are involved. The potent residue for the binding of AsA with AtAOX1A is Asp315
(a-helix-6). The interaction of AsA with rAtAOX1A was also observed in the present study
(Table 7.3, SI. No. 3). In the case of NAD, Thr133 is the potent residue which is present on
loop region (Table 7.3, SI. No. 5). The redox metabolites DHA and NADPH shares Met191
(a-helix-2) and Phe251 (a-helix-4). The potent residue for the binding of DHA is Val192 (a-
helix-2), whereas, Vall88 (a-helix-2) and Arg223 (a-helix-3) are the potent residues for
binding of NADPH (Table 7.3, SI. No. 4, 8 & 9). Overall, the interaction between redox

metabolites and AtAOX1A appears to be charge based (hydrophobic/hydrophilic).

In the present study, different redox metabolites were passed on to the immobilized
rAtAOX1A to measure the real-time kinetic constants. According to the SPR kinetic analysis
data (Fig. 7.2A-F and Table 7.4), the metabolite NAD has shown higher affinity (Kp =
0.054 nM) with rAtAOX1A as compared to all other redox metabolites. Further, both
components in redox couple GSH-GSSG has an almost similar binding affinity with Kp =
0.551 and 0.531 nM, respectively, but the affinities of these redox metabolites are tenfold
less than that of NAD. The redox metabolite AsA has shown lower affinity (Kp = 6.60 nM)
as compared to DHA (Kp = 2.74 nM) in the redox couple Asc-DHA. The redox metabolite
DHA has shown higher affinity than that of AsA (Kp = 6.60 nM) (Table 7.4). The previous

reports suggest that DHA keeps thiol groups of protein in the oxidized state. Whereas, under
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stress conditions, there is a decrease in the DHA levels and an increase in AsA levels which
in turn may lead to the activation of AOX (Arrigoni and Tullio, 2002; Bartoli et al., 2006).
The redox metabolite NADP has a Kp = 0.729 nM for rAtAOX1A, while the affinity for its
counterpart (NADPH) in NADP- NADPH is not detected in the SPR studies. Similarly, the
affinity for NADH, the counterpart of NAD - NADH redox couple, is also not detected in the
SPR studies. These results showed the following order of affinity of redox metabolites with

rAtAOX1A: NAD > GSSG > GSH > NADP > DHA > AsA (Figs 7.1, 7.2 and Table 7.4).

Structural changes are induced in rAtAOX1A upon interaction with redox metabolites

The CD spectra from the far-UV region of rAtAOX1A on binding with different redox
metabolites have not shown significant changes in its ellipticity as compared with the control
spectrum, which displayed the characteristic shape of an a-helical protein. In the present
work, different concentration of the redox metabolites was used to obtain CD spectra from
the far-UV region. Due to the high HT voltage, we could not go beyond the concentration
mentioned in the materials and methods. However, a significant decrease in the a-helical
content (<21%) with a concomitant increase in -sheets (<7%), pB-turns (<14%) and random
coils (<7%) was observed in the secondary structural content of rAtAOX1A when the redox
metabolites interact with rAtAOX1A except for GSSG where the a-helical content increased

at 0.025 and 0.05 mM concentration (Fig. 7.3A-H and Table 7.5).

These results indicate that there is a transition in the secondary structural
conformation from a-helices to B-sheets, B-turns and random coils. The interaction of the
redox metabolites with the rAtAOX1A might cause the rearrangement in the hydrogen bond

network of the amino acid residues resulting in conformational changes in the AOX protein.
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The addition of GSSG caused a marginal blue shift with an increase in the ellipticity of the
spectral peaks (Fig. 7.3B). Together, these results indicate that local conformational changes

occur in the AOX protein when it interacts with redox metabolites.

The tryptophan fluorescence is usually used as a probe to understand the
conformational changes of the protein upon interaction with the analyte molecule. A decrease
in the fluorescence intensity with no shift (red or blue) in the spectral peak was observed
upon the addition of different redox metabolites (Fig. 7.4A-H). These results indicate that the
metabolites are interacting with rAtAOX1A. The decrease in the fluorescence intensity of
rAtAOX1A upon binding with redox metabolites could be due to structural changes

associated with fluorescence quenching (Fig. 7.4A-H; Lelis et al., 2020; Duysak et al., 2021).

Nevertheless, these observations need further investigation to validate potent residues
involved in the binding with different redox metabolites and their role in AOX function since

the crystal structure of plant AOX/AtAOX1A is not yet resolved.
Highlights of the study
v Molecular docking studies have shown some important conserved binding pockets or
residues in rAtAOX1A for different redox metabolites, as shown below:
* NADH, NADP, GSH and GSSG (a3 and a6)
* NAD and Ascorbic acid (S3 and a6)
* NADPH & DHA shares Met191(a2) and Phe251(a4)

v Point mutational studies revealed that the potential candidates involved in binding to

different types of redox metabolites are either polar or/and hydrophobic in nature.
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v SPR kinetic studies have shown that rAtAOX1A is able to interact with redox couples
in a reversible binding fashion, however, in the following order of affinity: NAD >
GSSG > GSH > NADP > DHA > AsA.

v When rAtAOXIA interact with redox metabolites, the a-helical content decreases
with a concomitant rise in -sheets, indicating possible conformational changes in its

secondary structure.

v Also, a decrease in the fluorescence intensity with no shift (red or blue) in the spectral
peak indicates that the interaction of rAtAOX1A with redox metabolites caused an
overall change in its conformation without disturbing the hydrophobic environment of

tryptophan residues.
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Chapter 8

Summary and Conclusions

157



Summary and Conclusions

The present study aimed to characterize the purified rAtAOX1A protein and its interaction
with known AOX inhibitors (SHAM and n-PG), pyruvate, TCA cycle metabolites, and redox
metabolites using biophysical and in silico studies. For this, we need a large amount of
purified AtAOX1A. Hence, in this study, the cDNA, which encodes mature AtAOX1A
protein, was amplified and cloned into a pET28a(+) vector (Figs. 4.1-4.2). The pAtAOX1A
plasmid construct was transformed into BL21(DE3) E. coli cells and the positive colonies
were selected by colony PCR and restriction digestion (Figs. 4.3-4.4). Recombinant
plasmids from these positive colonies were isolated and confirmed by DNA sequencing (Fig.
4.5). After confirming the AtAOX1A sequence; these colonies were used for recombinant
protein synthesis. The rAtAOX1A protein (~37 kDa) expression was visualized on 12.5%
(w/v) SDS-PAGE (Fig. 4.6). To identify whether the heterologously expressed protein is
functionally active or not, E. coli/pET28a (control E. coli) and E. coli/pAtAOX1A
(recombinant E. coli) were tested for concentration-dependent cyanide resistance, as well as
n-PG & SHAM sensitive respiration and growth (Figs. 4.7A-C and 4.8A-F).

In order to get active protein, rAtAOX1A was induced by IPTG in the presence of 0.1
mM FeSO,4 and 10 mM pyruvate. The expressed rAtAOX1A was extracted from the E. coli
membranes by solubilizing with DDM and purified using cobalt column affinity
chromatography, as the expression cassette contains an N-terminal Hisg-tag. The purified
rAtAOX1A possessed a molecular mass of ~37 kDa, which includes AtAOX1A mature
protein (33.44 kDa) and pET28a(+) vector sequence (3.83 kDa) (Fig. 4.9A). The purified
rAtAOX1A was confirmed by western blot (Fig. 4.9B) and MALDI-TOF/TOF analysis

(Figs. 4.10A-F). The rAtAOX1A in its soluble form has shown a specific activity of 3.86
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umol O, min™ mg™ in the presence of duroquinol (Table 4.1). All further experiments (SPR,
CD and fluorescence spectroscopy) are carried out with the soluble form of AtAOX1A
(monomeric form).

The Far-UV (190-260 nm) CD spectra of purified rAtAOX1A have shown that it
possessed a typical a-helical structure and it is structurally stable at different temperatures
and pH (Figs. 5.1-5.4). The changes in the secondary structure of rAtAOX1A in the presence
of its inhibitors were studied by using CD spectroscopy in the far-UV region from 190-260
nm. Both the inhibitors have not shown significant changes in the CD spectra except for little
deviations (Figs. 5.5A, B). However, changes in secondary structural elements were
observed upon analysis of the CD data using the Dichroweb online server. The rAtAOX1A
a-helical content is decreased (<10%) while B-sheets (<7%), B-turns and random coils (<3%)
increased upon interaction with the inhibitors SHAM and n-PG, which resulted in a change
in the protein conformation (Table 5.1).

The AtAOX1A protein contains nine Trp residues and the fluorescence emission
profile of rAtAOX1A has shown a red shift, with maximum wavelength emission spectra
changing from 339 nm (in the absence of inhibitors) to 358 nm in the presence of SHAM and
378 nm in the presence of n-PG, respectively (Figs. 5.6A, B). These results indicate that
protein gets unfolded in the presence of inhibitor(s) and tryptophan residues are exposed to
the more polar environment.

The real-time binding affinity (SPR) studies of rAtAOX1A with its known inhibitors,
such as SHAM and n-PG, indicated that n-PG has more affinity than SHAM for rAtAOX1A,

suggesting that n-PG is a better inhibitor than SHAM (Figs. 5.7A, B). Also, SPR results
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revealed that the immobilized rAtAOX1A is able to interact with its inhibitors in a reversible
binding fashion.

Further, molecular docking studies have revealed that the SHAM and n-PG bind at
the same hydrophobic cavity to which DQ binds in the AtAOX1A (Figs. 5.8A, B and Fig
5.1011Ib). The residues, Met195 and Phe255 were identified as potent residues using
mutational docking studies (Figs. 5.9A, B). Further, the binding pockets for AOX substrates
such as duroquinol and ubiquinol and oxidized products, ubiquinone and duroquinone were
identified (Figs. 5.101-1V) and compared the location of the diiron cavity with the inhibitors
and substrates/products binding sites. The AOX substrates (Q:H, and DQH,) binding sites
are far from the inhibitor binding site, while the UQ; (oxidized form) binding site bridges the
diiron cavity and inhibitors binding site (Figs. 5.101-V1 and 5.11A, B).

The literature reveals that pyruvate, the end product of glycolysis, and a few TCA
cycle metabolites such as a-KG, OAA and malate are known to enhance mitochondrial
respiration through the AOX pathway. However, their interaction with AOX is not revealed
so far. In this study, the molecular interaction of purified rAtAOX1A with pyruvate and TCA
cycle metabolites (citrate, a-KG, succinate, fumaric acid, malic acid and OAA) (Table 6.1)

was studied.

Molecular docking studies have shown binding pockets on the AtAOX1A surface for
these metabolites. However, few metabolites, such as (i) citrate & o-KG and (ii) malic acid &
OAA, bind to the same groove (Table 6.2). Further, mutational docking studies revealed the
potent residues in the binding pocket on AtAOX1A for each of the TCA cycle metabolites or
pyruvate. In the case of citrate and a-KG, Arg223 of AtAOX1A plays a crucial role in the

interaction; for the interaction of fumaric acid, two residues of AtAOX1A (Glu275 and
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Thrl67) play an important role; for malic acid and OAA interaction, Asp315 is found
important, while for pyruvate interaction three residues Argl74, Gly176, and Cys177 were

found to be important (Table 6.3).

The SPR kinetic results showed the following order of binding affinity of TCA cycle
metabolites with rAtAOX1A: a-KG > fumaric acid > OAA > malic acid (Figs. 6.2A-D & 6.3
and Table 6.4). Contrarily, though pyruvate, citrate, and succinate are used for binding
analysis, we could not get proper binding signals with these metabolites (Figs. 6.1A, B and

D).

The addition of pyruvate and TCA cycle metabolites to rAtAOX1A has shown
marginal deviations in the ellipticity of its CD spectrum taken in the far-UV region from
190-260 nm (Figs. 6.4A-G). But, the rAtAOX1A a-helical content is decreased (<10%)
while B-sheets (<7%), B-turns and random coils (<3%) increased upon interaction with
pyruvate and TCA cycle metabolites (Table 6.5). Further, the results suggest that, although a
transition in the secondary structural conformation occurred from a-helix to B-sheet, the
typical a-helical signal was retained in the CD spectrum even upon binding with pyruvate or
TCA cycle metabolite(s).

The conformational changes in rAtAOX1A upon the addition of different
concentrations of pyruvate and TCA cycle metabolites were monitored by following the
changes in the fluorescence emission spectra. Also, in the present study, a decrease in the
fluorescence intensity was observed without a shift in the peak (339 nm) upon the addition of
these metabolites (Figs. 6.5A-G). These results indicate that the interaction with pyruvate
and TCA cycle metabolites caused an overall conformational change in the rAtAOX1A

without disturbing the hydrophobic environment of Trp residues.

161



From the literature, it is known that in plants, under different biotic and abiotic stress
conditions, the mitochondrial alternative oxidase (AOX) activity is increased dramatically to
maintain cellular redox homeostasis. But, the physical interaction of the cellular redox
metabolites (GSH, GSSG, Asc, DHA, NAD, NADH, NADP and NADPH) with AtAOX1A
and the concurrent structural changes that occur in AOX is not yet revealed. In this study, the
molecular interaction of purified rAtAOX1A with different redox metabolites (Table 7.1)

was analyzed using molecular docking, SPR, CD and fluorescence spectroscopy.

The molecular docking studies have shown several conserved locations on the
rAtAOX1A surface for different redox metabolites. For e.g., the metabolites GSH, NADH
and NADP are bound to the same binding pocket on WT-AtAOX1A. Besides, the most
probable binding site for GSSG and GSH on AtAOX1A possessed ten residues in common
on WT-AtAOX1A. Further, the ligands NAD and AsA possessed several residues in
common in their binding pocket on AtAOX1A, while the binding sites for ligands DHA and
NADPH have not shown any commonality with other binding pockets but shared two
residues in common (Table 7.2). It is found that Thr133 is the potent residue for the binding
of NAD and Asp315 is the potent residue for the binding of AsA. Besides, the amino acid
Val192 is found to be the potent residue for the binding of DHA and in the case of NADPH,
Met191 and Glu220 are found to be important residues for binding with AtAOX1A (Table

7.3).

The redox metabolites have shown reversible binding with rAtAOX1A in the
following order in the SPR analysis: NAD > GSSG > GSH > NADP > DHA > Ascorbic acid
(Figs. 7.2A-F and Table 7.4). However, the metabolites NADH and NADPH did not show

binding signals to rAtAOX1A (Figs. 7.1F and H).
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The addition of redox metabolites to purified rAtAOX1A has shown a marginal
change in the ellipticity of the CD spectrum (Figs. 7.3A-H). However, the rAtAOXI1A a-
helical content is decreased (<21%) while B-sheets (<7%), B-turns (<14%) and random coils
(<7%) are increased in rAtAOX1A upon interaction with various redox metabolites at the

chosen concentrations used in the present study (Table 7.5).

Also, the addition of redox metabolites caused a decrease in the fluorescence intensity
of emission spectra of rAtAOX1A without any shift in the peak observed at 339 nm in the
control (Figs. 7.4A-H). These results suggest that the interaction of rAtAOX1A with the
redox metabolites caused minute changes in its tertiary structure that may not allow the

hydrophobic groups of the protein to get exposed to the solvent.

The following conclusions are drawn from the present study

1. The rAtAOX1A expressed in E. coli BL21(DE3) cells is found to be functionally
active, as evident by its sensitivity to respiratory and growth rates in the presence of
metabolic inhibitors SHAM and n-PG.

2. The rAtAOX1A purified by affinity chromatography was confirmed by Western blot
and MALDI TOF/TOF analysis and possessed a molecular mass of ~37 kDa. Also,
the purified rAtAOX1A has shown moderate specific activity with duroquinol as
substrate in Tris-HCI (pH 7.5).

3. Secondary structural analysis of rAtAOX1A has shown strong negative bands at 222
nm and 208 nm and a positive band at 193 nm, which indicates that purified

rAtAOX1A is in a- helical conformation.

4. The rAtAOX1A, which is purified from the non-thermogenic plant Arabidopsis
thaliana, is stable at a wide range of temperatures, as shown in the case of

thermogenic plants.
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5. The binding of SHAM or n-PG binds to the hydrophobic groove of rAtAOX1A,
unfolds it and causes a decrease in its helical structure, which in turn may not allow

the binding of its substrate.

6. Mutational docking studies revealed that Met195 and Phe255 are the potential
candidates to bind the inhibitor. Hence, this binding pocket could be a potential

gateway for the oxidation-reduction process in AtAOX1A.

7. Molecular docking, together with mutational docking studies, confirmed the presence
of binding pockets on rAtAOX1A for pyruvate, TCA cycle, and redox metabolites
examined in the present study, while few metabolites shared common binding

pockets.

8. The SPR kinetic analysis has shown the following order of affinity of (i) TCA cycle:
a-KG > fumaric acid > OAA > malic acid and (ii) redox metabolites: NAD > GSSG >
GSH > NADP > DHA > AsA with rAtAOX1A in a reversible binding fashion.

9. The interaction of rAtAOX1A with redox metabolites caused significant changes in
the secondary structural elements (o-helix, B-sheet, B-turn, and random coils) as

compared to pyruvate or TCA cycle metabolites.

10. A decrease in the fluorescence intensity with no shift (red or blue) in the spectral peak
of rAtAOX1A indicates that the interaction of pyruvate, TCA cycle or redox
metabolites caused an overall conformational change in the tertiary structure of
rAtAOX1A without disturbing the hydrophobic environment of tryptophan residues.
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Future Directions

% Crystallization: Although the present study gave some knowledge on the molecular

%

R/

interaction mechanism of AOX with its inhibitors and different cellular metabolites
(Chapters 4, 5, 6 and 7), proper crystal structure with high resolution is yet to be
solved from non-thermogenic plants, which is essential for the better understanding of
the structure-function biology of AOX from plants.

Agricultural use: Several abiotic and biotic stress conditions cause less crop yield in
the crop plant. The results from the present study (Chapters 6 and 7) have shown the
metabolites interacting with AOX. Exogenous application of AOX-activating
metabolites on the crop plant may increase crop yield under stress conditions (Godoy
et al., 2021), which will be time-saving and legally risk-free compared to the
transgenic approach.

Therapeutic use: Proteoliposome formulation with purified rAOX, which can target
specific tissues as a remedy for miETC over-reduction or dysfunction in animals,

including humans.
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In higher plants, alternative oxidase (AOX) participates in a cyanide resistant and
non-proton motive electron transport pathway of mitochondria, diverging from the
ubiguinone pool. The physiological significance of AOX in biotic/abiotic stress tolerance
is well-documented. However, its structural and biophysical properties are poorly
understood as its crystal structure is not yet revealed in plants. Also, most of the AOX
purification processes resulted in a low yield/inactive/unstable form of native AOX protein.
The present study aims to characterize the purified rAtAOX1A protein and its interaction
with inhibitors, such as salicylhydroxamic acid (SHAM) and n-propyl gallate (n-PG), as
well as pyruvate (activator), using biophysical/in silico studies. The rAtAOX1A expressed
in E. coli BL21(DE3) cells was functionally characterized by monitoring the respiratory
and growth sensitivity of E. coli/pAtAOX1A and E. coli/pET28a to classical mitochondrial
electron transport chain (mMETC) inhibitors. The rAtAOX1A, which is purified through
affinity chromatography and confirmed by western blotting and MALDI-TOF-TOF studies,
showed an oxygen uptake activity of 3.86 umol min—! mg~" protein, which is acceptable
in non-thermogenic plants. Circular dichroism (CD) studies of purified rAtAOX1A revealed
that >50% of the protein content was a-helical and retained its helical absorbance signal
(ellipticity) at a wide range of temperature and pH conditions. Further, interaction with
SHAM, n-PG, or pyruvate caused significant changes in its secondary structural elements
while retaining its ellipticity. Surface plasmon resonance (SPR) studies revealed that both
SHAM and n-PG bind reversibly to rAtAOX1A, while docking studies revealed that they
bind to the same hydrophobic groove (Met191, Val192, Met195, Leu196, Phe251, and
Phe255), to which Duroquinone (DQ) bind in the AtAOX1A. In contrast, pyruvate binds to
a pocket consisting of Cys Il (Arg174, Tyr175, Gly176, Cys177, Val232, Ala233, Asn294,
and Leu313). Further, the mutational docking studies suggest that (i) the Met195 and
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